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This thesis introduces a new emulsion polymerization technique called mini monomer
encapsulated emulsion polymerization (mini ME emulsion) using activators regenerated
by electron transfer (ARGET) atom transfer radical polymerization (ATRP) to form
narrow dispersity poly(methyl methacrylate), PMMA and polystyrene, PS. Subsequent
chapters discuss use of this method to create polymer brushes on silica nanoparticles to
form “hairy” nanoparticles, and the use of polymer brushes on silica and cellulose
substrates to serve as an antibody sensor. “Hairy nanoparticles” use a combination of a
polymer brush and an inorganic nanoparticle core to improve the mechanical and
thermal properties of a film.

Mini ME emulsion polymerization was created for the controlled polymerization of
PMMA and PS in an aqueous medium. By guiding reaction localization with a phase
transfer agent, tetrabutylammonium bromide (TBAB) and with acetone to control their
diffusion rate, continuous feeding of the reaction loci with monomer was employed to
keep a constant concentration of propagating radicals. This reaction process leads to low
dispersity polymers with a predetermined molecular weight in an emulsion
polymerization.

Once mini ME emulsion polymerization was established in aqueous media, the
polymerization method was modified to grow polymer chains on a nanoparticle surface

to obtain hairy nanoparticles. Within recent years, the study of polymer brushes, which
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is broadly defined as polymer chains bound to a surface, has enabled ground-breaking
materials with tailored interfaces, finding applications in nonfouling biosurfaces and
creating novel mechanical and optical nanocomposite materials. The particles were
functionalized with a hydrophobic initiator to control the polymerization loci forcing
initiation to occur only within the organic phase surrounding the nanoparticle and
minimizing reaction in the aqueous medium. Results of the new reaction route are
described.

This technique was also employed to generate polymer brushes on surfaces such as
those suitable for biosensing devices and is discussed. Reaction conditions and the
results of preliminary testing to these new structures for antibody sensing are described.
A poly(oligoethylene glycol) methacrylate (POEGMA) polymer brush, which is used
to prevent non-specific adsorption of biomolecules, was grown from cellulose or silica
microparticles under aqueous conditions. These brushes were then post-modified with
a model antigen, dinitrophenyl (DNP) to increase the specificity of the sensor via
specific antibody-antigen recognition. Preliminary results suggest that polymer brushes
are needed to increase the sensitivity of the sensor by repelling molecules that would
lead to a false positive result. A sensor based on the antibody catalyzed water oxidation
pathway (ACWOP) eliminates the need for a secondary antibody, thus further
increasing both the specificity and sensitivity of the device and is described in this

thesis.
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CHAPTER 1
POLYMER BRUSHES ON FLAT AND CURVED SURFACES: AQUEOUS
SYNTHETIC TECHNIQUES AND APPLICATIONS

Abstract
Polymer brushes have become a significant focus of polymer research with the need

for straightforward and versatile surface modification. With the development of
controlled radical polymerization from surfaces, new theoretical models and
sophisticated characterization tools, the resulting ability to control brush density and
brush thickness gives unparalleled control over surface properties and functionality. By
increasing brush density, a stretched brush conformation results by constraining the
cross-sectional area of that brush strand which thereby influences the interactions of
molecules with the brush surface. Polymer brushes have produced many desired surface
architectures for applications in fouling resistant medical devices, biosensing, and
medical implant materials.® Their stability in relatively harsh biological environments
makes them good candidates for low fouling applications. In particular, polymer brushes
are advantageous due to their chemical versatility, which allows tuning of interfacial
properties such as hydrophilicity and surface energy, adsorption of biological
molecules, and cell adhesion.? This chapter will provide a literature review of the use
of brush surfaces in biology relevant applications and include resistance to non-specific

binding, cell bioadhesion, their use as platforms for

*Portions are excerpted from WL. Chen, R. Cordero, H. Tran, and C.K. Ober.

Macromolecules 2017 50 (11), 4089-4113. DOI 10.1021/acs.macromol.7b00450.



biosensors, and thermoresponsive surfaces. Furthermore, to expand on their
multifaceted functionality, polymer brushes that are grafted onto spherical surfaces such
as inorganic metal oxide nanoparticles provide films with enhanced thermal, optical,
and mechanical properties for applications such as gradient index optical material
(GRIN) for midwave-IR photonics, faraday rotators, as well as “nano-inks” for flexible
hybrid electronics packaging. The focus of this thesis is on the synthesis of polymer
brushes on spherical surfaces to manufacture polymer-grafted nanoparticles (PGNs) or
“hairy nanoparticles” (HNPs) in an aqueous dispersed system for applications in not
only biology but in opto-electronics, owing to their chemical diversity and
microstructure.
1.1.Introduction
1.1.1. Polymer Brushes on Flat Surfaces

Polymer brushes are thin films of polymer chains covalently anchored to surfaces.
Recent development of new theory to describe polymer brushes combined with new
synthetic and characterization tools have led to a better understanding of their unique
features and this, in turn, has triggered a significant growth of interest in the application
of these important polymeric materials. Polymerization methods now permit the
formation of complex polymer brush architectures with uniform molecular sizes,
following growth from initiator sites bound to surfaces. The appropriate surface initiator
coupled to controlled radical polymerization methods such as ATRP, NMP and RAFT?-
® also enables control of brush density and, thus, brush chain conformation from the
substrate surface. In a typical dense polymer brush, the number of attachment or

tethering points is sufficiently high that the crowded polymer chains are forced to stretch



normal to a planar surface. This leads to residual tension in polymer brushes and may
produce mechanochemical effects, influence location of brush chain ends in planar
regions in the brush layer, and affects access by solvent and other molecules to the
brush.®

Covalently attached brushes may also be prepared by other methods in addition to
“grafting from” surface initiation. "Grafting to" techniques have been extensively
studied and may involve attachment of polymer chains to a substrate by exposing photo
radical surface-bound initiators in the presence of a polymer film.” The polymers
become chemically linked to the surface and form the brush, enabling brush formation
from polymers of extraordinarily high molecular weight. Alternatively, end functional
chains have been tethered to surfaces using a simple thermal process to end link polymer
chains to form a brush layer and create a neutral surface for the directed self-assembly
of block copolymers for high resolution patterning.® These methods cannot readily form
the dense, extended brush possible when using initiation from uniform arrays of initiator
groups.

Stretched conformations, which require neither a confining geometry nor an external
field, produce both extension of the chains and restricted mobility. The behavior of
polymer brushes can, therefore, be quite different from the typical behavior of flexible
polymer chains in solution or the melt where chains adopt a random walk.® The
thickness of the polymer brush (h) may be obtained by using the equation below, as w
is the excluded volume and o is the graft density (number of chains per area), N is degree

of polymerization:



h ~ N(ow)'/3 1)

Assuming that in a dense brush the polymer chain is confined to a cylinder centered
around its surface attachment point, the increase in brush thickness (L) scales with the
degree of polymerization (N). The brush is then said to lic within the “concentrated
brush” regime. In contrast, a sparsely packed brush chain behaves more like a random
coil whose radius of gyration (Rg) ~ N*2. In this case, the brush is considered to be in
the “mushroom” regime, whereas the “semi-dilute brush” (SDPB) regime is dominated
by excluded volume repulsion, thus lies in a region between “mushroom” and
“concentrated brush” (CPB) regimes (Fig. 1). The stretching or lack of it provides
polymer brushes with properties that can be tuned and exploited in a variety of surface
applications.

Brush stretching can lead to interesting mechanical properties in the solid state,
including the ability to span channels and gaps over surprising distances because of the
residual stress. If brush layers are removed from the substrate, this stiffness enables
them to form robust thin films even if not crosslinked.*® De Gennes among others was
responsible for recognizing these differences*? and the seminal work by Milner? has
led to a greater understanding of these materials and the resulting interest in brushes as
unique surface modifiers.

Polymer brushes are well known for transforming the nature of a surface with a layer
just a few nanometers thick. Control of wetting properties, prevention of non-specific
binding of biomolecules, colloidal stabilization and resistance to fouling are all
examples of successful application of polymer brushes. Other uses include polymer

compatibilizers'*, new adhesive materials®®, chromatographic devices'®, and etch



Neutral Brushes h ~ Nag?

Variation of grafting density

M% |

v=0 v=1/3 v>1/3
Mushroom Semi-dilute brush Concentrated brush

Figure 1. Schematic depiction of neutral brushes with general scaling law
h ~ No" with variation of v at different conditions.



barriers.!” Responsive polymer brushes can be used to change wettability and binding
properties, act as valves in microfluidics, control transport of ions and transduce
chemical and biochemical signals.'® Synthetic polymer brushes are increasingly
important as interfaces between materials and biological environments, as stimuli
responsive surfaces, in drug delivery!®, as surfaces for cell growth and for
bioseparation.?® For example, charged brushes are used in lubrication and wetting and
as antimicrobial coatings. Charge controls adsorption of molecules, enables attachment
of specific molecules and living cells to surfaces and greatly influences such factors as
non-specific binding on these surfaces. Nature uses brushes on interfaces to control
surface wetting in the cartilage in joints?! or the surfaces of lung tissue, for lubrication?,
or to limit deposition of macromolecules (polysaccharides, proteins) onto surfaces.
1.1.2 Key Applications of Polymer Brushes on Flat Surfaces

Polymer brushes have become an effective tool for surface modification producing
many desired surface architectures for applications in antifouling medical devices,
biosensing, antibacterial coatings, cell culture substrates, stem cell expansion and
implant material.! Their stability in relatively harsh biological environments makes
them good candidates for low fouling applications. In particular, polymer brushes are
advantageous due to their chemical versatility, which allows tuning of interfacial
properties such as hydrophilicity and surface energy, adsorption of biological
molecules, and cell adhesion.? This section will focus on recent advances and
applications of polymer brushes for the biomedical field, with a particular emphasis on

brush surfaces that resist fouling and non-specific binding, serve as biosensing



platforms, or cell adhesive surfaces.
1.1.3 Antifouling Brush Surfaces and Resistance to Non-specific Binding

Materials that resist non-specific binding and that have antifouling surface properties
are a fundamental component of several biological applications as they prevent the
uncontrolled adsorption of proteins, cells or other biological species that can lower the
sensitivity and reliability of biosensors as well as certain medical devices (i.e., heart
valves, catheters, coronary stents).?>?* Principally, antifouling surfaces minimize the
intermolecular forces between extracellular biomolecules and an interface so that an
adhered biological unit is easily released under low shear stresses.?® While hydrophobic
surfaces?®?” exhibit protein adsorption, hydrophilic polymers show resistance to protein
and cell adhesion.?® There are two major classes of hydrophilic antifouling brushes:
neutral and zwitterionic polymer brushes.?®

In theory the antifouling ability of both neutral and zwitterionic polymers is associated
with a hydration layer near the surface. This results from a tightly bound water layer
which forms a physical and energetic barrier to prevent undesired protein adsorption.
Aside from surface hydration, chain flexibility plays a role in protein resistance.?’2°
When a protein molecule approaches a surface, the compressed polymer brush chains
cause steric repulsion and as a result the brush chains resist adsorption due to an
unfavorable decrease in entropy. When surface hydration and steric repulsion come
together, it produces optimal conditions for protein resistance, leading to “stealth
surfaces”. These surfaces remain entirely undetected in a biological setting, producing
a true antifouling surface.?®

1.1.4. Neutral Hydrophilic Brush Surfaces



Commonly, neutral antifouling polymer brushes are prepared from monomers such as
HEMA or poly(ethylene glycol) methacrylate (PEGMA).*® These monomers are
appealing, since they behave similarly to polyethylene glycol (PEG), a well-known
biocompatible polymer.3! Furthermore, such monomers contain hydroxyl end groups,
providing opportunity for post-modification to further tailor properties for devices and
applications such as those highlighted in this section.*?

A means of brush modification is through active ester chemistry that has been utilized
to post-modify neutral brushes via amide coupling reactions.®*3* Many researchers in
recent years have demonstrated successful coupling of specific molecules on nonfouling
neutral hydrophilic brush surfaces®®" Lavanant et al.*® modified low density
polyethylene (LDPE) surfaces with PEGMA10 brushes where the brush coating was then
modified with a peptide ligand, GGGRGDS. Murata et al.>® synthesized polymers with
succinimide side chains and then subsequently coupled numerous functional amines.
Unfortunately, this approach relied on succinimide substituted monomers which
involved specially tailored reagents, complicating the reaction synthesis. On the other
hand, Diamanti et al.“° post-functionalized PHEMA brushes via activation with N,N’-
disuccinimidyl carbonate (DSC) with a subsequent coupling of molecules containing a.-
amine moieties.

Several others have employed neutral brushes to demonstrate fouling resistance for
various platforms. Andruzzi et al.** exploited SI-NMP to polymerize styrene
derivatives containing semi-fluorinated alkyl side groups or oligo(ethylene
glycol)(OEGnN) side groups to tune surface properties. In the study of fluorinated

styrene-based polymer brushes, a second block in the diblock copolymer brushes was



always exposed at the air-polymer interface due to stretching of the polymer brushes at
high grafting density. Moreover, NEXAFS measurements showed that thicker brushes
had more oriented fluorinated side chains, therefore increasing the surface stability
toward reconstruction upon long time contact with water.** The OEGn-containing
styrene based polymer brushes significantly resisted protein adsorption and were also
effective in preventing nonspecific cell adhesion. Surman et al.*? compared polymer
brushes of poly[oligo (ethylene glycol) methyl ether methacrylate], PHEMA, poly[N-
(2-hydroxypropyl) methacrylamide] (PHPMA) and poly(carboxybetaine acrylamide)
and their resistance to fouling when exposed to blood plasma. They were able to
demonstrate that PHPMA brush surfaces had the best combination of
hemocompatibility and stability. More recently, Rastogi et al.** used electrochemical
methods to demonstrate that poly(acrylic) acid brushes grown from OEG containing
ATREP initiators were extremely effective in suppressing non-specific adsorption of
antibodies on gold surfaces. They used CV and QCM experiments to demonstrate that
protein fouling can be significantly reduced while using gold electrodes coated with
PEG polymer brushes.

Grafting densities and brush thicknesses have an immense impact on the non-fouling
behavior of polymer brushes.**" Zhao et al.*® studied PDMA brushes and found that
relative fouling significantly decreased when the grafting density was above 0.27
chains/nm? and brushes were strongly stretched. In fact, several studies show that such
stretching is ideal for protein repellence, while brushes in the low density “mushroom”
regime show nonspecific adsorption of protein and other biomolecules (See Figure 2).4%-

51 Moreover, other research with PHPMA and PHEMA have shown that brush thickness



alters surface antifouling properties, changing the amount of protein adsorption when
exposed to blood serum. An increase in protein resistance was observed as the brush
length increased until ~20 nm in thickness, followed by a plateau, with subsequent
increase above 40 nm.*® Yandi and colleagues® have attributed reduced antifouling at
thicknesses below the optimum range (20-40 nm) for poly(HEMA-b-PEG1oMA)
brushes to a lower hydration capacity of the block copolymer. At chain lengths above
an optimum range, the reduced antifouling properties were attributed to entanglement
and crowding in the film reducing conformational freedom and hydration capacity.>?

Although PEG polymer brushes show incredible fouling resistance, it was revealed
that PEG decomposes in the presence of transition metal ions and oxygen, which are
present in biochemically relevant solutions.3'%® This has led to the search for
alternatives to PEG leading to the increase of studies employing zwitterionic brushes
for their antifouling purposes.>
1.1.5. Biosensors

Antifouling surfaces are crucial for the production of medical devices and biosensors
as they increase their effectiveness.?* Many biological systems have the capacity to
exhibit intricate receptor-recognition; however, they tend to physically adsorb onto solid
substrates without specific receptor-recognition interactions, causing high background
noise or “false positives” in sensing applications.?® This introduces several limitations
of such technology especially at low analyte concentrations.® Antifouling brush systems

have been widely investigated for their purpose in receptor-
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High Density, Modified Nonspecific Resistance

Low Density, Unmodified Nonspecific Adsorption

Figure 2. Schematic depiction of (a) A high density brush (light blue lines)
modified with a functional molecule (dark blue triangles); (b) Nonspecific
resistance of biomolecules allowing for the selective binding of the target
molecule from a solution. (c) A low-density brush in the “mushroom”
regime that allows for (d) nonspecific adsorption of biomolecules from a
solution.
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recognition interactions, i.e. biosensors.>® This type of detection method offers many
advantages as it affords a three-dimensional platform providing a higher density of
functional groups for biomolecular ligand conjugation per surface area, leading to
higher sensitivity of the sensor itself.>® Polymer brush platforms have had widespread
use in biosensor applications ranging from clickable protein modified surfaces®’ to the
use of diblock copolymer interfaces with dual purposes.®”*® Vaisocherova and
coworkers®® investigated a copolymer brush system with ultra-low fouling, poly[N-(2-
hydroxy  propyl)  methacrylamide] (PHMAA) and poly(carboxybetaine
methacrylamide) (PCBMAA), as a surface bio-recognition platform for analysis of a
variety of complex food samples. The same group also introduced a biosensor capable
of quantifying very high concentrations of anti-Epstein Barr Virus (EBV) antibodies in
buffer or blood serum; nonetheless, diagnosis with this technique remained uncertain.®
Riedel et al. 5! developed a label-free SPR biosensor assay capable of real-time
recognition of different stages of EBV infection in blood serum. The use of brushes
offered significant advantages not only in fouling resistance, but post-modification of
the brushes tailored the brush properties for specific bio-recognition. The surface was
prepared by coating an SPR chip with a poly(HOEGMA) antifouling brush, with
successive attachment of streptavidin, biotinylated oligonucleotides (ON), and
complementary oligonucleotide (CON)-antigen conjugates.

In an effort to reduce the complications of battling diabetes, a glucose biosensor was
developed in 1962 paving the way for modern glucose sensors. Recently, Welch et al.5?
used a PGMA-ran-PHEMA brush tethered to the surface of conducting polymer,

poly(3,4-ethylenedioxythiophene) doped with poly(styrene sulfonate) (PEDOT: PSS)
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Figure 3. Schematic depiction of biosensor platform based on the
ACWOP process. POEGMA polymer brushes (light blue lines) are
functionalized with DNP (dark blue circles) molecules to specifically bind
anti-DNP IgG antibodies. Photosensitizer (purple circles) is excited via
UV irradiation generating singlet oxygen. Hydrogen peroxide is then
generated in the presence of singlet oxygen. Reproduced with permission
from C.K.Ober.
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for the covalent sequestration of glucose oxidase (GOx). The PHEMA copolymer
imparted resistance against non-specific protein adsorption, thus increasing the
sensitivity and selectivity of glucose detection. PHEMA also served as a means to
achieve a much higher loading capacity by helping to expose more functional groups
within the system. Results indicated that without the incorporation of PHEMA,
homogeneous PGMA brushes were likely to be in a glassy state and too rigid to react
with glucose oxidase, thereby decreasing the efficiency of the system.

The detection of hydrogen peroxide is another important analyte of measurement in
industrial and environmental analysis.>® Most recently, Welch et al.%® developed an
immunosensor platform based on the antibody-catalyzed water oxidation pathway
(ACWOP), a process inherent in all antibodies that catalyzes the conversion of singlet
oxygen (*O2) and water to hydrogen peroxide (H202).%* POEGMA polymer brushes
were conjugated with small dinitrophenyl (DNP) molecules that specifically bind to
anti-DNP 1gG antibodies. Ruthenium (v-bipyridine)s 2* served as a photosensitizer and
when excited it reacts with ambient oxygen generating 1Oz (see Figure 3). Hydrogen
peroxide levels generated through this pathway were measured as low as 0.33 nM using
electrochemical methods. This demonstrates great sensitivity via receptor-recognition
interactions due to the POEGMA polymer brush patterns on its interface.

1.1.6. Cell Adhesive Surfaces

The incorporation of specific cell or protein interactions is a fundamental factor for
advanced materials such as “smart surfaces”. “Smart surfaces” that possess reversible
properties in response to diverse environmental stimuli are pivotal in tailoring and

controlling biological interactions. Polymer brushes have a plethora of capacities not

14



only in antifouling or prevention of non-specific binding, but in guiding and directing
cellular behavior and function for applications such as regenerative medicine and tissue
engineering. The topic below will focus on thermoresponsive polymer brushes that can
be thermally triggered to change from a hydrophobic state to a hydrophilic antifouling
state.
1.1.7. Thermoresponsive Brush Surfaces

Thermoresponsive polymer brushes exhibit a volume phase transition from a solvated
state to non-solvated state under a certain critical temperature. This transition
temperature, the lower critical solution temperature (LCST), happens when the
polymers are heated above a critical value. Polymer brushes made from such polymers
typically switch from a hydrated, extended conformation state into a dehydrated
collapsed state through heating (see Figure 4). Polymers with LCST behavior are based
on  N-isopropylacrylamide  (NIPAM), N, N-diethylacrylamide (DEAM),
methylvinylether (MVE), poly(poly(ethylene glycol) methyl ether methacrylate)
(PPEGMEMA), and N-vinylcaprolactam (NVCI) as monomers.%® By utilizing a
thermoresponsive polymer as a substrate for cell growth, a small change in ambient
temperature can be applied to induce cell detachment.®

Several fundamental features must be possessed by a thermoresponsive polymer in
order to be conducive to cell culture studies. First, the polymer must be responsive in a
physiologically relevant temperature range as too high a temperature can cause cell
degradation. Furthermore, the interface should be able to switch from cell-compliant to
cell-repulsive over a small temperature range.%® PNIPAM is one of the most studied

thermoresponsive polymers for cell culture and biological platforms. In solution,
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PNIPAM shows a sharp LCST at 32 °C, while the LCST transitions observed for
PNIPAM polymer brushes are much broader, start at a lower temperature, and occur
over a wider temperature range (from ~ 29 °C to ~ 49°C).%%%7 In 1990, Yamada and
coworkers®® studied the behavior of cells on temperature-responsive PNIPAM polymer
surfaces in order to control cell attachment and detachment. They found that the cells
adhered completely to the surface of the plates at 37°C, nevertheless, when the
temperature was cooled to 4°C, nearly 100% of the hepatocytes were detached and
recovered. Similarly, others observed cell detachment at 20°C when using a PNIPAM
polymer brush surface.®®® This interesting discovery led to more extensive research
and use of this particular polymer brush to implement biological “smart” platforms.

Tissue engineering has become a highly studied field in bioengineering due to its
significant impact on the development of biological substitutes that restore and improve
tissue function. The manufacture of these thermoresponsive polymeric interfaces is of
significant importance as topology and architecture provide additional knowledge in
cell response. Recently, SI-ATRP has been the most employed method of preparation
for these thermoresponsive polymeric surfaces.”t Xiao and Wirth’®> prepared
polyacrylamide brush surfaces on either silica or poly(dimethyl siloxane) and observed
a resistance to irreversible protein adsorption. Balamurugan et al. ”® prepared PNIPAM
brush surfaces on gold and examined the hydration transition behavior of the polymer
brush. Xu et al.” prepared the same polymer brush on silicon surfaces and observed the
adhesion or detachment of 3T3 cells when temperatures were increased or decreased,
respectively.

One major obstacle to using substrates fabricated from PNIPAM is that this polymer
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generally does not promote cell adhesion. Nevertheless, a number of approaches have
been reported applying PNIPAM as a platform for cell growth.®®” Various reports
acknowledge that the thickness of a film is critical in the properties of PNIPAM
regenerative platforms.”®’® Previously, Okano and colleagues’’ prepared PNIPAM
brushes on poly(4-vinylbenzyl chloride) coated polystyrene surfaces using SI-ATRP.
They found that thicker PNIPAM layers with high grafting density exhibited negligible
fibronectin (FN) adsorption, thus providing insignificant cell adhesion, supporting the
claim that thick films are simply poor cell hosts. They also prepared endothelial cell
sheets using PNIPAM brush surfaces grafted by electron beam (EB) radiation
polymerization. It was observed that confluent endothelial cells (EC) monolayers
detached as contiguous cell sheets from EB-grafted PNIPAM brush surfaces at reduced
temperatures.’” According to their studies, an effective thickness of a grafted PNIPAM
layer should be between 15 nm and 20 nm to obtain optimal cell attachment and
detachment in response to temperature changes.%°
1.2 Polymer Brushes on Spherical Surfaces

Interestingly, as curvature increases in a substrate, the brush confinement and
resulting chain stretching of planar substrates fades and a more relaxed brush is formed.
Typically, curvature must be rather high (a radius of a few nm) to observe this effect
and it is often associated with brushes on nanoparticles. A new family of materials,
PGNSs, which are also called “hairy” nanoparticles (HNPs), has been developed based
on this effect in which the tight curvature permits entanglement of the pendent brushes.
HNPs consist of a central core surrounded by a polymeric corona and their dispersion

into a matrix strongly depends on their graft density and the
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Cell-Repellent Surface Cell Adhesive Surface

T>LCST

T<LCST

Figure 4. Schematic depiction of a cell-repellent surface (Left) with PNIPAM brushes
in the hydrated state below its lowest critical solution temperature (LCST). As the
temperature increases above the LCST, the brushes dehydrate and collapse allowing
for cells to adhere to the surface (Right).
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degree of polymerization of the corona. While these materials are relatively new,
significantly improved thermomechanical, optical, and electrical properties’® have
already been observed. HNPs combine the properties connected with the inorganic core
(i.e. band gap, dielectric properties, optical, etc.) with the processability and mechanical
properties of the organic/polymeric component in one unified platform.”

Hairy nanoparticles are categorized depending on the DP and grafting density (o) of
the surface grafted chains, like brushes on flat surfaces, into the different brush regions
“mushroom”, “semi-dilute brush” (SDPB), and “concentrated brush” (CPB) (Fig. 5). At
low molecular weights or grafting densities, the radius of gyration (Rg), does not exceed
the interchain spacing. This results in adjacent chains not interacting, thus adopting the
mushroom-like conformation. At high grafting densities, interchain interactions give
rise to extended chain conformations, thus are in the CPB regime.”® When the segmental
interactions are reduced from those on the CPB region, a more relaxed chain
conformation is observed and the chain density decreases leading to the SDPB regime.
This relaxed chain conformation suggests that the mechanical properties of HNP brush
assemblies may very well be enhanced if the segment length of the polymer chains, in
the SDPB regime, form chain entanglements and lead to HNP assemblies.”® ! These
corona entanglements lead to enhanced mechanical properties, that are otherwise not
present in dispersed HNPs. The critical radius R¢ determines whether a transition from
the CPB regime to the SDPB regime will occur as:”

Rc = Ro (o%)Y2 (v%) 1 (1.1)

where Ry is the radius of the core, 6* is the reduced grafting density, and v* is the
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Figure 5. Structure of hairy nanoparticles (HNPs) at different grafting
densities. (From upper-left going clockwise) At grafting densities (o) less than
Rg 2, the corona is in the “mushroom” conformation. As the grafting density
increases, the chains are forced to extend into a semi-dilute polymer brush
(SDPB), and then into a concentrated polymer brush (CPB). Particle curvature
implies that the area per chain increases with distance from the surface, and
thus the outer ends of the chain are less crowded and may transition to the SDPB
regime.
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A) B)

Figure 6. Illustration of HNP arrays and superlattice structure A) HNP 2D array
through brush entanglement and B) Superlattice structures of HNPs using a variety of
core sizes and selective brush interactions.
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effective excluded volume parameter (Fig. 5). There are three main avenues to take in
order to obtain HNP assemblies. Large assemblies can be held together through van der
Waals, interactions on the outer surface of the corona’®2° (e.g. chain entanglements, H-
bonding) (Fig. 6), or chemical interactions (e.g. click-chemistry). The reinforcement of
mechanical properties via corona entanglement was reported by Akcora et al.8? and
McEwan et al.8 In their work, poly(methyl methacrylate) grafted HNPs in a matrix
proved that mechanical reinforcement can occur as a result of corona bridging from
neighboring particles. This bridging usually occurs when the polymer chains of the
corona are in the SPDB regime. The entangled brushes on neighboring particles can
enhance the toughness and fracture resistance of HNP assemblies by dissipating the
fracture energy through craze formation and plastic deformation.®* HNPs can also form
superlattice structures as seen in Fig. 6B, where different size HNPs can form a network
through brush interactions.
1.3 Agueous Synthetic Approaches to HNP Systems

Synthetic techniques for the large-scale production of HNPs has been limited due to
the difficulties of achieving high through-put, monodisperse, high purity HNPs. Chain
growth polymerizations are necessary in order to prevent cross-linking of adjacent
brushes. However, ideal polymerization techniques, such as living ionic
polymerizations, require extremely pure solvents, rendering these techniques
impractical for HNP synthesis as nanoparticles inherently have trace impurities.”
Another limitation of HNP synthesis is the transformation of the hydrophilic metal oxide
surface to that with a hydrophobic shell. This synthesis requires the use of toxic organic

solvents (i.e. dimethyl acetamide, methyl isobutyl ketone, methyl ethyl ketone) with a
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high dielectric constant, €, for the stabilization of the metal oxides.

Aqueous dispersed methods (emulsion polymerization, miniemulsion polymerization,
suspension polymerization) have recently been used for synthesis of HNPs with a
polymeric core; however, little research has been implemented for synthetic approaches
involving from beginning to end the synthesis of HNPs with an inorganic core. Two of
the most widely used controlled/living radical polymerization techniques, atom transfer
radical polymerization (ATRP)®8 and reversible addition fragmentation transfer
(RAFT)® polymerization have also been implemented for the generation of HNPs. This
section will bring attention to the concepts of various types of emulsion polymerizations
and ATRP in aqueous dispersed systems for the production of HNPs.

1.3.1 Emulsion polymerization as a means to HNPs

Emulsion polymerization is a chemical process that is widely used in industry to
produce water-borne resins with various colloidal and physicochemical properties. The
heterogenous process is a free-radical polymerization that involves emulsification of
hydrophobic monomers in water by an oil-in-water emulsifier. The initiation typically
occurs in the water phase using a water-soluble initiator (e.g. sodium persulfate (NaPS));
however, oil-soluble initiators, such as 2-2’-azobisisobutyronitrile (AIBN) are
sometimes used allowing initiation to occur in the oil phase.88&

Typical monomers used in emulsion polymerization include butadiene, styrene,
acrylonitrile, acrylates and methacrylates. Emulsion polymerization is characterized by
emulsified monomer droplets (1-10 pm in diameter) dispersed in the continuous phase
along with monomer swollen micelles (~ 5-20 nm in diameter).8%%° For micelles to exist

in the dispersed phase the concentration of surfactant needs to be above its critical
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micelle concentration (CMC). A small amount of monomer can also be dissolved in the
aqueous phase; however most of the monomer dwells in the large monomer droplets
that act as reservoirs feeding monomer to the growing particles.

In general, monomer droplets are not effective in competing with micelles in capturing
free radicals generated in the aqueous phase due to their relatively small surface area.
However, monomer droplets can become the predominant particle nucleation loci if the
droplet size is reduced to the submicron range. The droplet sizes may be reduced
through high shear forces (e.g. probe-sonication) leading to droplet sizes below 500 nm
in diameter. This technique is termed miniemulsion polymerization and has been used
in laboratory settings to obtain small polymer particles. %+

Waterborne free radicals are typically initiated in the aqueous phase with the monomer
molecules dissolved there. As the molecular weight of the growing chain increases, the
chain becomes more hydrophobic creating oligomeric radicals. When a critical chain
length is achieved, these oligomeric radicals become so hydrophobic that they show a
strong tendency to enter the monomer-swollen micelles and then continue to propagate
by reacting with those monomer molecules therein. Consequently, monomer swollen
micelles become the particle nuclei growing the particles until the monomer reservoirs
have been exhausted.

Another type of emulsion polymerization is seeded emulsion polymerization. Unlike
ab initio polymerizations (unseeded), where the nucleation of particles has to take place,
seeded emulsion polymerizations avoids this nucleation step. The size of the seed latex
particles can span a wide range from below 50 nanometers for industrial emulsion

polymerizations up to micrometers for preparation of monodisperse latexes. In the latter,
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the seed latexes are treated in a specific way to allow a high degree of swelling.®
Ugelstad et. al.® developed a two-step process involving the addition of a low
molecular weight water-soluble solvent, such as acetone, to “activate” or allow transport
of monomer through the aqueous phase to swell a seed particle due to a designed-in
increased entropy of mixing in the particles. Acetone was then removed, effectively
trapping the water-insoluble monomer in the seed particles, thereby localizing the
monomer where it could be polymerized in the oil phase (up to 100 times the initial seed
volume) (see Fig. 7).*° This idea of using acetone as a transport agent and allowing
monomer to traverse through the aqueous phase will be highlighted in chapter 2.
1.3.2 ATRP in Emulsion Polymerizations

Atom transfer radical polymerization is the most widely used form of controlled/living
radical polymerizations (CLRP) where polymers of predetermined a molecular weight
and low dispersity (B) are obtained with it. The vital mechanism in ATRP is the
reversible redox equilibrium between activator and deactivator, maintaining low
concentration of radicals suppressing side reactions.®>°" Over the last 30 years, ATRP
been improved with new mechanisms such as activators regenerated by electron transfer
(ARGET) ATRP and aqueous ARGET ATRP. ARGET ATRP allows the

polymerization to be conducted with ppm levels of copper catalyst, thereby
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reducing the amount of copper in the polymerization. ARGET ATRP also employs a
reducing agent (e.g. ascorbic acid or tin(Il) 2-ethylhexanoate) to reduce the oxidatively
stable Cu'-Bri/Ligand species to Cu'-Br/Ligand activator to create a
reducing/reactivating cycle that eliminates radical traps (e.g. oxygen).%°

Although ATRP offers controlled polymerizations within organic solvents, there is an
inherent disadvantage with the mechanism when water is introduced to the system. The
halide associated with the Cu'-Brz/ligand transition metal catalyst dissociates leaving
an increased concentration of activators in solution. This causes a large number of
radicals in the reaction which can undergo bimolecular termination yielding high
dispersity polymers. Simakova et al. ®® have addressed issues of halogen dissociation
with water -based ARGET-ATRP reactions by adding an excess of a monovalent halide
salt to promote the reformation of the deactivator species.

For ATRP reactions in aqueous systems, a dispersed polymerization method is still
preferred; its controlled/living characteristics may be best compared with those of
emulsion polymerization and miniemulsion polymerization methods.*®® Min, Gao, and
Matyjaszewski 1°* first reported a miniemulsion ATRP via an activator generated by
electron transfer (AGET) process starting from an oxidatively stable catalyst complex
for the preparation of pure linear and star-shaped block copolymers. Wang et al. 12 were
able to successfully conduct a miniemulsion using tris(2-pyridylmethyl)amine (TPMA)
via the interaction between hydrophilic catalysts and an anionic surfactant sodium
dodecyl sulfate (SDS).

Most recently, dispersed phase ATRP has also been employed for the production of

HNPs. Bombalski et al. ® reported the synthesis of hybrid materials via ATRP of butyl
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acrylate on silica nanoparticles in an aqueous miniemulsion system. However, the
ATRP initiator functionalized silica particles were first synthesized in methyl isobutyl

ketone 103

prior to ATRP and not in an aqueous system. A straight-forward synthesis of
hairy nanoparticles with an inorganic core has yet to be developed in the field, thus
allowing us to probe significant questions regarding reaction localization and enhance

current methods of emulsion ATRP to achieve HNPs.

Conclusions

This chapter has explored and outlined recent work being conducted in the field of
polymer brushes on flat and spherical surfaces. Polymer brushes have demonstrated
ease of synthesis on flat surfaces, the effective ability to alter surface properties and
application to a number of advanced technologies. They can be bound to a large range
of interfaces from gold to silica and attached using “grafting-to” and “grafting-from”
techniques.

Polymer brushes on flat surfaces are used for many applications in the biomedical
field. The anti-fouling properties of PEG polymer brushes are most desirable for
biosensor platforms as they prevent non-specific binding of biomolecules. Although
PEG polymer brushes show incredible fouling resistance, it was revealed that PEG
decomposes in the presence of transition metal ions and oxygen, which are present in
biochemically relevant solutions.

Polymer brushes of spherical surfaces are known as HNPs and are a family of
materials that offer a unique combination of polymer processability and potential to

scale novel organic-inorganic opto-electronic interfacial effects to the bulk. These new
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hybrid materials, offer solutions for numerous applications ranging from quantum dots
and chalcogenide-doped high-index lenses and gradient index optical elements for mid-
wave IR (MWIR) photonics, to optimization of nanocomposite Faraday rotators,
thermoelectrics, low-cost, low-dark-current, broadband PV-inspired IR photodetectors,
plasmon-enhanced nonlinear optics for filters and limiters, and passive components
(capacitors, resistors) for flexible hybrid electronics packaging.

This thesis consists of several projects that study the mechanism of obtaining low
dispersity polymers in an aqueous dispersed system for the goal of obtaining polymer
brushes grafted onto inorganic surfaces. Chapter 2 describes a new emulsion
polymerization technique called mini monomer encapsulated emulsion polymerization
(mini ME emulsions) using ARGET ATRP for the synthesis of PMMA. This emulsion
polymerization technique uses acetone, an idea borrowed from seeded emulsion
polymerization, to help monomer diffuse through the aqueous phase into the oil phase,
while a phase transfer agent, tetrabutylammonium bromide (TBAB), shuttles the ATRP
catalyst in the same manner.

In chapter 3, mini ME emulsion polymerization is used to achieve low dispersity
polystyrene (PS). This polymerization presented a separate set of challenges that than
the previous chapter as reaction localization shifted due to the increased hydrophobicity
of PS. Effects such as compartmentalization are studied, and low dispersity PS is
achieved through optimization of certain parameters such as initial monomer
concentration, [M],, ATRP initiator, and ATRP ligand.

Chapters 4 and 5 go one step further and implement this new emulsion polymerization

technique on the surface of SiO2 nanoparticles. In chapter 4, the surface is modified with
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PMMA while in chapter 5 it is modified with PS. This aqueous-based “grafting-from”
technique generated hairy nanoparticles with a uniform polymer corona. Future studies
need to be conducted to perfect this technique on the nanoparticle surface.

Chapter 6 describes a biosensor platform based on the antibody catalyzed water
oxidation pathway (ACWOP) that directly detects captured primary antibodies by using
their inherent catalytic activity. In this process, antibodies are used as catalysts in the
reaction between singlet oxygen and water to generate hydrogen peroxide, which is then
detected via colorimetric readout. Our sensor incorporates silica microparticles as an
inexpensive substrate that is functionalized with Rose Bengal (photosensitizer), to
generate singlet oxygen, and dinitrophenyl (antigen), to capture primary antibodies. We
demonstrate specific capture of anti-DNP antibodies on our substrates followed by
generation of an antibody-dependent colorimetric ACWOP signal.

In Chapter 7, a preliminary demonstration of a cellulose substrate that was
functionalized with POEGMA polymer brushes shows that the ACWOP biosensor can
be transformed onto a paper platform if the polymer brushes are present to repel any
unwanted adsorption. Paper substrates are desirable as point-of-care devices for mass
production. Furthermore, within this chapter mini ME emulsion polymerization is
pushed further by using an iron catalyst, where PMMA was obtained with a moderate
dispersity index. Future studies would involve the use of iron-mediate as well as metal-
free mini ME emulsion polymerizations to continue to improve and span its applications

for industry.
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CHAPTER 2
MINI MONOMER ENCAPSULATED EMULSION POLYMERIZATION OF
PMMA USING AQUEOUS ARGET ATRP

Abstract
A new emulsion polymerization based on Activators Regenerated by Electron

Transfer Atom Transfer Radical Polymerization (ARGET ATRP) has been developed
to produce polymethyl methacrylate (PMMA). The critical components of single-pot
synthesis via a mini Monomer Encapsulated ARGET ATRP emulsion polymerization
will be discussed. In this method, monomer is isolated in a micelle by pre-
emulsification in a non-ionic surfactant through high power stirring while acetone is
introduced to the polymerization to aid in reactant transport and tetrabutyl ammonium
salts are used as phase transfer agents. Polymerizations using tetrabutylammonium
bromide (TBAB) were more controlled and demonstrated low B (Mw/Mn<1.17), where
those using tetrabutylammonium chloride (TBAC) exhibited higher B (Mw/M; >1.50).
First-order linear kinetics for MMA polymerizations at 100 mM TBAB was
demonstrated, while the reactions deviated from linearity at higher concentrations of

TBAB and all concentrations of TBAC.

Introduction
Dispersed phase controlled radical polymerization has recently advanced in such
water-borne systems as microemulsion, miniemulsion and emulsion polymerization due

to the development of living polymerization options.*-®

*This chapter was published by R. Cordero, A. Jawaid, M.S. Hsiao, Z. Lequeux, R.A.
Vaia, and C.K. Ober in ACS Macro Lett,2018,7(4), pp 459-463.
DOI: 10.1021/acsmacrolett.8b00038.
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These aqueous dispersed reactions use mild conditions, are eco-friendly and provide a
high safety margin for industrial scale-up due to effective heat dissipation.’
Miniemulsion polymerization, for example, has recently been the preferred method for
co-polymerizing highly water-insoluble monomers that are difficult to polymerize in
emulsion due to limited transport though the aqueous phase.! By coupling atom transfer
radical polymerization (ATRP), for instance, with an aqueous dispersed polymerization
we gain the ability to create narrow dispersity polymers.8-1°

ARGET ATRP has been previously implemented in miniemulsion and emulsion
polymerization offering controlled polymerizations in environmentally benign
systems.'** ARGET ATRP typically uses parts per million levels of catalyst
suppressing any side reactions between the chain end and the catalyst, thereby allowing
the formation of high molecular weight polymers with low dispersity. 4 ARGET
ATRP also employs a reducing agent (e.g. ascorbic acid or tin(Il) 2-ethylhexanoate) to
reduce the oxidatively stable Cu"-Brz/Ligand species to Cu'-Br/Ligand activator to
create a reducing/reactivating cycle that eliminates radical traps (e.g. oxygen). Although
ARGET ATRP in emulsion systems has many advantages, commercially available
ATRP ligands (e.g. TPMA and MesTREN) which perform well in low catalyst
concentrations are not useful in aqueous dispersed media because of their higher affinity
toward water than the oil-phase, leading to uncontrolled polymerizations. 3

Recently, Wang et al. ! were able to successfully conduct a miniemulsion using
TPMA via the interaction between hydrophilic catalysts and an anionic surfactant
sodium dodecyl sulfate (SDS); however, emulsion polymerizations with TPMA and a
non-ionic surfactant still remains a challenge. Another challenge of water based ATRP

is controlling localization of the reaction, something that takes place naturally in
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Scheme 1. Depiction of proposed mechanism of mini Monomer Encapsulated (mini ME) ARGET
ATRP emulsion polymerization. The polymerization begins with A) a monomer encapsulated
micelle and ATRP catalyst, ligand, TBAB, and initiator dissolved in the aqueous phase. Slow
addition of ascorbic acid into the reaction reduces the Cu'-Br/TPMA deactivator to the Cul-
Br/TPMA activator species with initiation occurring in the aqueous phase. B) These ATRP
components are transported in and out of the micelle by TBAB. Polymerization occurs within the
micelle until C) polymeric nanoparticles are formed. The aqueous phase is composed of 20%

acetone and 80% water.
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conventional emulsion polymerization, but is often complex in other dispersed
polymerization reactions.

In this report, our intention is to use some of the recent ideas of ARGET ATRP in
emulsion and miniemulsion polymerization, combined with ideas of reaction
localization first developed by Ugelstad,®8 to create an emulsion polymerization
method for methyl methacrylate that addresses the limitations of traditional
miniemulsion and emulsion polymerizations. We introduce here mini monomer
encapsulated (mini Me) ARGET ATRP emulsion polymerization that side-steps many
of the issues of monomer transport through an aqueous phase by shifting the limiting
step of the polymerization.'® The incorporation of acetone to aid solubility of several
components in the aqueous phase, the use of a phase transfer agent such as
tetrabutylammonium bromide (TBAB) or tetrabutylammonium chloride (TBAC) to
shuttle into the micelle halogen ion, a water-soluble initiator, and a transition metal
catalyst are key aspects to this polymerization system.

This combination allows the use of commercially available ligand (TPMA) affording
controlled polymerizations with low B (<1.17) and molecular weights over 70,000
g/mol. The halide associated with the phase transfer agent is crucial as it will dictate the
rate of polymerization as well as the dispersity. A faster rate and lower dispersities are
observed when TBAB is used as the phase transfer agent due to faster exchange of the
halide at the chain end.

Scheme 1 outlines a proposed mechanism to our emulsion system. There are two
major differences between prior work in this area and mini Me ARGET ATRP emulsion
polymerizations. The first is the introduction of acetone to the aqueous continuous phase
and the second is the use of a tetrabutylammonium halide salt whose purpose is two-
fold. First, it serves as the source of extra halide in ARGET ATRP to form the stable

deactivator and increase control of the polymerization.*® Second, it is used as a phase
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transfer agent to aid in the transport of transition metal catalyst into the micelle.
Ascorbic acid is slowly fed into the reaction vessel reducing Cu'-Bro/TPMA
(deactivator) to Cu'-Br/TPMA (activator) allowing for the polymerization to commence
once it enters the monomer swollen micelle. The ratio of monomer to initiator was
chosen according to a similar ratio used by Simakova et al. in aqueous ARGET ATRP.?
Pluronic® F127 was the nonionic surfactant of choice with an HLB of 22 showing
optimal results over other nonionic surfactants. Five halide salts were tested in this
system: TBAB, TBAC, tetramethylammonium bromide (TMAB), sodium chloride
(NaCl), potassium bromide (KBr).

Materials

Methyl methacrylate (MMA), stabilized, 99%, aluminum oxide (basic), L (+)-ascorbic
acid, tetrabutylammonium bromide (99%), tetrabutylammonium chloride (98%), and
copper (1) bromide (99%, extra pure, anhydrous) were all purchased from Acros
Organics and used as received. Tris (2-pyridyl methyl) amine (TPMA, >98%), was
purchased from TCI, while triethylamine, Pluronic®F-127, tetramethylammonium
bromide, and 33% HBr in acetic acid were purchased from Sigma-Aldrich and used as
received. 'H NMR spectra were obtained with an INOVA 400 MHz spectrometer.
Polymer conversions were obtained using 'H NMR Mercury 300 MHz. Polymer
molecular weights and dispersities were obtained using a Waters ambient temperature
GPC in THF (polystyrene standards). The GPC is equipped with triple-detection
capability: A Waters 410 differential refractive index detector; a Waters 486 UV-Vis
detector; and a Wyatt Technologies TREOS three-angle light-scattering detector, useful
for absolute molecular weight determination. The GPC columns are 3 PSS SDV
(Polymer Standards Service); 8 mm x 300 mm with porosities of 1,000 angstroms;

10,000 angstroms, and Linear M. Optical microscope images were taken with an
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Olympus BX51 with crosses polarization.

Experimental Procedure

Synthesis of N-(2-aminoethyl)-2-bromo-2-methylpropanamide (OBr) ATRP Initiator
A solution of a-bromoisobutyryl bromide (19.72 g, 85.8 mmol) in 40 mL of THF was
slowly added at 0°C to a solution of N-Boc-Ethylenediamine (9.16g, 57.2 mmol), in
THF (150 mL) in the presence of triethylamine (11.58 g, 114.4 mmol) over a period of
2 hours. After 2 hours, the reaction was stirred at room temperature for 24 hours.
Triethylammonium bromide was formed as a white precipitate and filtered off. The
solvent was removed under vacuum resulting in a yellow solid. The yellow solid was
dissolved in dichloromethane (DCM) and extracted twice with an aqueous solution
saturated with Na,COs. The organic phase was dried over sodium sulfate anhydrous,
and DCM was evaporated under vacuum. Column chromatography was performed in a
95:5 solution of DCM: methanol. The resulting solid was washed with ethyl ether and
a white solid was obtained as the Boc-protected product. Subsequently, 5g of the Boc-
protected initiator was dissolved in 40 mL of ethyl acetate in a 400-mL beaker equipped
with a stir bar. To this solution, 33% HBr in acetic acid (6 mL) was added dropwise
until it formed a white precipitate. The precipitate was collected, dissolved in ethanol
and re-precipitated in ethyl ether yielding a white solid corresponding to the initiator in
its ammonium form (yield= 90%). *H NMR spectrum of initiator is given in Appendix
A, Figure 5.

Synthesis of PMMA Homopolymer using Mini-ME ARGET Emulsion ATRP

In a 100-mL round-bottom flask, TBAB (1.934g, 6 mmol), OBr initiator (12.6 mg, 0.06
mmol), CuBr2 (1 mg, 4.48 umol), and Tris(2-pyridylmethyl) amine (TPMA) (10.45 mg,
36 umol) were added to a mixture of acetone (12 mL, 20% v/v) and water (34.4 mL),

then purged with argon for 30 min. In a separate vial, a surfactant mixture of pluronics
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F127 (0.80 g) in water (10 mL) was then added to MMA (3.09 g, 30.85 mmol) and
vortexed until it formed a milky white solution. This solution was then added to the
contents of the 100-mL round-bottom forming a cloudy white solution and purged with
argon for 30 mins. Lastly, in a separate vial, a stock solution of ascorbic acid (2.27 mM,
5 mL) was prepared and purged with argon for 30 min before being fed to the reaction
using a syringe pump at a rate of 10 uL/min (3.6 mL). The polymerization was stopped
by opening the reaction to air and PMMA was precipitated with methanol. The polymer
was centrifuged and dissolved in THF and re-precipitated in hexanes. The polymer was
collected and washed with water before oven drying. Purified polymer was dissolved in

THF at Img/mL for GPC analysis.

Results and Discussion

The tetraalkylammonium salts demonstrated higher activity in shuttling the transition
metal ligand due to their finite solubility in both phases, thus allowing it to shuttle
between phases. On the other hand, the inorganic salts exhibited inactivity due to their
failure to penetrate the micelle, making them ineffective. Polymerizations performed
with TBAB demonstrated higher molecular weights and lower B (<1.20). The
polymerization starts with a monomer-swollen micelle in a solution of 1:4 acetone:
water, a ratio that offered optimal results. The ATRP transition metal catalyst (Cu''-
Bro/TPMA), TBAB, and hydrophilic ATRP initiator N-(2-aminoethyl)-2-bromo-2-
methylpropanamide (OBr) are also dissolved in the aqueous continuous solvent.
Initiation of OBr is thought to occur in the aqueous phase producing oligomeric PMMA
which is then absorbed into the micelle or transported via the phase transfer agent.

Molecular weights for polymerizations with both TBAC and TBAB are very similar
in the lower concentration range with M, for 30 mM and 50 mM being 68,000 g/mol

and 73,000 g/mol, respectively (Figure 1A). Although the final molecular weights are
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similar within this lower range of salt concentrations, the polymer dispersities were
significantly different with TBAC displaying B above 1.6, while B with TBAB was
below 1.2 (Figure 1B). When salt concentrations reached 100 mM, MMA
polymerization rates for TBAB continued within the same molecular weight range
(~74,000 g/mol) as the lower concentration TBAB reactions (Figure 1A). The
dispersities of the resulting polymers with 100 mM TBAB remained quite low (b =
1.14-1.17) throughout the polymerization, indicative of a fast exchange between active
sites and the dormant species (Figure 1B). On the contrary, at 100 mM TBAC, the rate
dramatically decreased giving a final molecular weight of ~ 55,000 g/mol after a 6-hr
polymerization time.

The high stability of the C-Cl bond at the chain end produces an inefficient propagator
in mini ME emulsion polymerization compared to the C-Br bond. Because of this slower
rate, not all the chain ends are available to propagate simultaneously, thus broadening
the dispersity. On the other hand, because the C-Br bond is less stable, propagation is
faster and the accessibility of the monomer to the chain end is higher leading to fast but
simultaneous propagation of the chain ends. The dispersity is thus controlled by the
availability of monomer to the chain end where propagation occurs. If the chain end is
inaccessible to monomer, not only does a reduced reaction rate occur, but control will
be lost during the polymerization.

As salt concentrations were increased from 100 mM to 300 mM, the polymerization
rates decreased giving a final molecular weight of ~55,000 g/mol for MMA
polymerizations at 300 mM TBAB with a slightly higher B (< 1.34) (Figure 1B, Table
1). Alternatively, rates steadily decreased with a more dramatic effect in
polymerizations with TBAC showing a final molecular weight of ~ 48,000 g/mol at 300
mM TBAC with a B > 3.0 (Figure 1B, Table 1). De Paoli et al.?’ observed a similar

phenomenon of a decrease in rate of polymerization with increasing
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Figure 1. A) Effect of halide salt concentration (30 mM, 50
mM, 100 mM, and 300 mM) on molecular weight of PMMA
(ascorbic acid feeding rate= 23 nmoles/min) B) Dispersity of
MMA polymerization as a function of TBAC and TBAB
concentrations. [M]o = 0.518 M, [I]o = 1 mM, [CuBrz] = 0.075
mM. All polymerizations were conducted at 30°C for 6 hrs.
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Halide Salt

TBAB

TBAC

TMAB

TBAB

TBAC

Concentration
(mM)

100
100
100
300

300

1.14

2.72

1.34

1.35

3.81

(SEC)
Mn (g/ m()l)

74,088
55,006
57,513
55,087

48,356

Table 1. Data table of MMA polymerizations at 6 hrs. with halide salts at 100 and 300 mM
concentrations, their dispersity (P), and molecular weights. [M]o = 0.518 M, [I]o = 1 mM, [Cu]=
0.075 mM, and ascorbic acid feeding rate at 23 nmoles/min. All polymerizations were performed

at 30°C.
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concentration of either Cl- and Br- in their ATRP polymerizations. It was shown that
the real activator in ATRP is the Cu'L+ species and Cl- and Br- have different affinities
to this activator. They explained that the effect of Br- on Kact is smaller than the effect
of Cl- and is related to the speciation of Cu', which, for any given concentration of X-,
produces a higher fraction of the activator in the presence of Br- than CI-.2° The overall
decrease in rates with increasing X- concentrations are attributed to the production of
inactive species (Figure 1A).

To assess the effect the cation has on the reaction mechanism, two inorganic halide
salts were utilized, KBr and NaCl. When these salts were employed, polymerization did
not occur (Table 2). Figure 2 (inset: left) illustrates an image of a reaction mixtures
when NaCl was used and its appearance did not change from when the reaction
commenced. Figure 2 (inset: right) illustrates when the polymerization was conducted
with TBAB. The solution transforms from cloudy and colorless to blue and transparent.
This blue scattering is due to the Tyndall effect as the dispersed phase remains extremely
small. The inability to produce PMMA when the inorganic salts are used is likely due
to the localization of these salts in the aqueous phase and their limited ability to enter
the micellar phase. As there is a large excess of salt compared to the CuBr», ligand and
initiator ATRP components, these components will also likely remain in the aqueous
phase with the salt, therefore, impeding the polymerization.

Figure 2 further confirms the ineffectiveness of the inorganic salts (KBr and NaCl) in
the polymerization of PMMA with mini ME emulsions. The carbonyl peak at 1728 cm”
1 associated with PMMA is not present after purification when mini ME emulsions are
done with NaCl. When TBAB is utilized, the strong carbonyl peak is apparent after
purification. Unswollen micelles were measured to have a diameter of 11 nm using

dynamic light scattering measurements (DLS) (Figure 3A), while monomer
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Halide Salt
KBr
NaCl
TBAB
None

TBAB

TBAB

Acetone
Yes
Yes
None
Yes

Evaporated

Yes

Result
No polymer
No polymer
No polymer
Polymer with B > 2.0

M,: 40,427 g/mol D: 1.37

M,. 74,088 g/mol  D: 1.14

Table 2. Data table of MMA polymerizations at 6 hrs. with halide salts at 100 mM. [M]o = 0.518 M, [I]o
=1 mM, [CuBr:] = 0.075 mM, and ascorbic acid feeding rate at 23 nmoles/min. All polymerizations

were performed at 30°C.
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Figure 2. Fourier Transform Infrared Spectroscopy (FTIR) of polymerizations of
MMA with TBAB or NaCl as halide salt in Pluronics F-127 surfactant. (Inset: mini
ME emulsion with NaCl (Left) and TBAB (Right))
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swollen micelles were measured to be 21 nm (Figure 3B). The final particle size was
measured as 54 nm using DLS (Figure 3C). Emulsions were viewed under an optical
microscope before the start of the polymerization revealing small monomer droplets (~2
um) sparsely dispersed (Figure 4). This indicates that although monomer droplets exist
in this emulsion system, most of the monomer is in the aqueous phase and in the
monomer swollen micelles.

To compare the diffusion rate of the phase transfer catalyst in mini ME emulsion
reactions, a less bulky cation on the phase transfer salt, TMAB, was employed.
Polymerizations in which TMAB was utilized as the halide salt produced polymer with
lower molecular weights and higher  than those done with TBAB; however, the
polymerizations were more controlled than those with TBAC (Table 1). Plots of
In([M]o/[M]) vs time were obtained and used to compare phase transfer salts at 100 mM
concentrations (Figure 5).  This plot demonstrates the relative linearity of
polymerizations with TBAB as also shown in Figure 6A, and the non-linear nature of
the polymerizations in 100 mM TBAC and TMAB. The bulkiness of the cation is pivotal
as the diffusion into the micelle appears to be faster with TBAB than with TMAB. This
rate of diffusion becomes the limiting step of the polymerization. If the diffusion of the
halide into the micelle is slow, such as in the case of TMAB, the overall polymerization
rate slows and is associated with higher dispersity.

Figure 6B demonstrates a plot of In([M]o/[M]) for MMA polymerizations with 100
and 300 mM TBAB and TBAC. The linearity of MMA polymerizations with TBAB
indicates that the number of propagating species remains constant as described by the
persistent radical effect (PRE).?! This linearity starts to deviate as the concentration of
the salt increases; a very similar mechanism to that mentioned previously with TBAC.
These plots demonstrate that faster polymerization rates and exchange result in

polymers with B lower than 1.2 in a mini ME ARGET ATRP emulsion system.
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Figure 3. Particle size distribution of A) Pluronics F-127 micelle alone, B)
monomer swollen micelle, and C) polymer particle after mini Me emulsion
polymerization occurred. Ascorbic acid feeding rate= 23 nmoles/min, [M]o =
0518 M, [IJo = 1 mM, [CuBr:] = 0.075 mM, [TBAB] = 100 mM. All
polymerizations were conducted at 30°C for 6 hr.
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Figure 4. Optical microscope image of mini ME emulsion before the start
of polymerization. Nominal magnification 40x
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Figure 5. A) Conversion of PMMA versus time using mini-ME ARGET ATRP emulsions
polymerizations with 100 mM TBAB, TMAB, and TBAC. B) First-order kinetic plot of mini-
ME ARGET ATRP emulsions with TBAB, TBAC, and TMAB at 100 mM. [M]o = 0.518 M,
[[lJo = 1 mM, [CuBrz] = 0.075 mM, and ascorbic acid feeding rate at 23 nmoles/min. All
polymerizations were performed at 30°C. Note: dotted lines are provided to guide the eye.
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Figure 6. A) First-order kinetic plot for polymerization of MMA in
mini ME ARGET emulsion ATRP with 100 mM and 300 mM TBAB
and TBAC. B) Kinetic plot for polymerization of MMA with mini-
ME ARGET ATRP emulsion conducted with 100 mM of TBAB.
[M]o = 0.518 M, [I]Jo = 1 mM, [CuBr2] = 0.075 mM and ascorbic
acid feeding rate at 23 nmoles/min. All polymerizations were
conducted at 30°C. Note: Lines were provided to guide the eye.
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Finally, the effect of acetone on the polymerization was evaluated and the results are
summarized in Table 2. In 1979, John Ugelstad developed a seeded emulsion
polymerization involving the addition of a low molecular weight water-soluble
solvent, such as acetone, to “activate” or allow transport of monomer through the
aqueous phase to swell a seed particle due to a designed-in increased entropy of mixing
in the particles. Acetone was then removed, effectively trapping the water-insoluble
monomer in the seed particles, thereby localizing the monomer where it could be
polymerized in the oil phase (up to 100 times the initial seed volume).!®

As a control experiment in our studies using TBAB, acetone was not added to the
reaction vessel at the start of the polymerization resulting in no polymer production.
Another experiment was performed under the same conditions except acetone was
added to the reaction vessel along with the pre-emulsified monomer swollen micelles.
This mixture was stirred for 10 mins and then acetone was evaporated under argon for
an hour. This experiment resulted in a lower molecular weight polymer (~40,000 g/mol)
and a higher B (1.37) than under preferred conditions with TBAB, confirming the
importance of using acetone as a shuttle system throughout the entire polymerization.
Another control experiment involved the utilization of a hydrophobic initiator, methyl
a-bromoisobutyrate, in lieu of the hydrophilic OBr initiator. The results of this
experiment were similar to the previous control experiment with acetone evaporation.
Polymer conversion was lower resulting in a molecular weight of 41,281 g/mol with a
dispersity of 1.41 indicating that the location of initiation is pivotal to overall control of
the polymerization.
Conclusions

In this work, an emulsion polymerization method based on ARGET ATRP was
developed to polymerize MMA in an aqueous dispersion. Mini ME ARGET ATRP

emulsion polymerization resulted in well-defined PMMA with dispersities as low as
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1.14. By localizing the propagation and controlling the availability of monomer, we
provide a framework that addresses the challenges of traditional miniemulsion and
emulsion polymerizations. This was done by a) the incorporation of acetone and b) using
a phase transfer agent. Acetone was used as an aid for reaction localization that helped
lower molecular weight dispersity. The presence and choice of halide in the phase
transfer catalyst was also pivotal in the reaction rate and overall control of the
polymerization. Introduction of bromide anion to the oil phase using TBAB was shown
to provide excellent polymerization results with dispersities as low as 1.14 and My as
high as 74,088 g/mol. A linear kinetic plot was obtained with polymerizations using
TBAB thus suggesting a constant number of propagating species, proving it to be a
facile method of PMMA polymerization.

Polymerizations using TBAC as phase transfer agent generated polymer with much
higher dispersities (B >1.5) and slower polymerization rates. The use of inorganic salts
in the emulsion process impeded polymerization due to a lack of transport into the oil
phase micelle, while a less bulky cation (TMAB) offered weaker partitioning into the
micelle, thus lowering the rate and increasing B. It was concluded that faster rates of
polymerization are associated with lower dispersities and higher molecular weights;
these rates strongly depended on the phase transfer catalyst, the halide used and the

nature of the cation.
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CHAPTER 3
SYNTHESIS OF POLYSTYRENE USING MINI MONOMER ENCAPSULATED

EMULSION POLYMERIZATION WITH AQUEOUS ARGET ATRP

Abstract

Polystyrene was successfully polymerized using Mini Monomer Encapsulated
Emulsion polymerization (mini ME) based on activators regenerated by electron
transfer atom transfer radical polymerization (ARGET ATRP). In this system, styrene
monomer and the hydrophobic initiator, ethyl 2-bromoisobutyrate (EBIB), are pre-
emulsified using Pluronic F127 surfactant. A phase transfer agent, tetrabutyl ammonium
bromide (TBAB), acetone (20% v/v), and ATRP catalyst are dissolved in the aqueous
phase while ascorbic acid is slowly fed into the reaction vessel at a constant rate. At an
initial monomer concentration of 260 mM, using the CuBro/TPMA (1:8) ATRP catalyst,
a controlled polymerization of polystyrene (b < 1.2) was obtained where My~ M theo.
The effects of initiator, monomer concentration and ligand type were studied.
Compartmentalization effects were observed when [M], was increased to 518 mM using
CuB2/TPMA as the catalyst as well as when varying the ATRP ligand when [M_] was

260 mM.

*This chapter was submitted at the time of graduation by R. Cordero, Z. Lequeux, R.A.

Vaia, and C.K. Ober to Macromolecules.
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Introduction

Controlled/living radical polymerizations (CLRP) is a well-established area of
research providing innovative routes to designing polymers with controlled
microstructures.  Within recent years, the implementation of CLRP with aqueous
dispersed phase polymerizations has seen increased interest, providing control over
emulsion based systems that is desirable for a plethora of applications, including the
manufacture of polymer-grafted nanoparticles.>® Activators regenerated by electron
transfer (ARGET) ATRP is the most common CLRP technique used in conjunction with
emulsion systems in which a reducing agent, such as ascorbic acid, is used to convert in
situ the less air-sensitive Cu(ll) into Cu(l) allowing the polymerization to occur in the
presence of a limited amount of oxygen. ARGET ATRP is also well suited to lower
catalyst concentrations, reducing the amount of residual transition metal in the final
product and suppressing many side reactions.* This bodes well for industry as emulsion
polymerizations using ARGET ATRP, given the interesting properties discussed below,
are more amenable to large-scale production of hydrophobic polymers.

The key to controlling radical polymerizations is to maintain a rapid equilibrium
between the growing radicals and dormant species.® Due to the complex localization of
monomer and transition metal catalyst in a heterogeneous system, for example emulsion
polymerization, the unbalanced partitioning of the ligand and catalyst causes a shift in
the equilibrium, thus generating poorly controlled polymerizations. Our group has
recently reported the development of a new emulsion polymerization (mini ME),
producing poly(methyl methacrylate) with distinctly low dispersity.® In this system, a

tetraalkylammonium bromide phase transfer agent was used to shuttle the water-soluble
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transition metal catalyst, Cu(l)Br/tris(2-pyridylmethyl)amine (TPMA), from the
aqueous phase into the micelle.

Most recently, Lorandi et al.” used this idea to create an ab initio emulsion ATRP
polymerization of methacrylate monomers using an amphiphilic catalyst system based
on the hydrophilic complex (Cu/TPMA) and an anionic surfactant, sodium dodecyl
sulfate (SDS).%° In 2013, Rusen and Mocanu ° had a similar idea for the
polymerization of styrene in an emulsion system with a water-soluble initiator. They
executed this concept by employing a dual-ligand technique using 2,2'-bipyridine (Bpy)
as the water-soluble ligand and N, N, N’, N’, N”-pentamethyldiethylenetriamine
(PMDETA) as the hydrophobic ligand soluble in the organic phase. However, this
method will typically generate polymers with high B since introducing different ligands
to the same polymerization can lead to different polymerization rates. A number of these
effects are consistent with the known phenomenon of compartmentalization.

Compartmentalization and reactant partitioning involve the physical isolation of
reactants within a confined locus.}* Compartmentalization in CLRP can become
complex specifically when deactivator species are sufficiently low in concentration and
if they are sufficiently insoluble in the aqueous phase.'> In our previous study,®
localization of the monomer and transition metal catalyst was a valuable tool in gaining
control of an ARGET ATRP polymerization. Our use of acetone in the aqueous phase
further enabled the solubility and transport of monomer in both phases, allowing
initiation to occur in the aqueous phase and polymer growth to take place in the
monomer rich oil phase. Polymerization rates were consistent with the persistent radical

effect 3 and compartmentalization did not seem to play a significant role in the
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polymerization. However, localization of a monomer throughout the polymerization
may be significantly more pronounced with the hydrophobic monomer, styrene,
described in this study.

In the study reported herein, mini ME emulsion polymerization was carried out for
the polymerization of polystyrene. Parameters such as the ligand type, initiator,
monomer concentration, ascorbic acid feed rate, and copper:ligand ratio were varied to
adjust the polymerization conditions. The ATRP ligand, TPMA, was observed to have
desirable polymerization rates and B as low as 1.14 with initial monomer concentrations
of 260 mM using the hydrophobic initiator, ethyl 2-bromoisobutyrate (EBIB) was
achieved. As [M]o was increased to 518 mM, polymerization rates were decreased;
however, the molecular weight distribution (MWD) remained low (B <1.2), indicative
of compartmentalization effects. Ascorbic acid feed rates and copper:ligand ratios both
had significant effects on the polymerization rates and molecular weight dispersity.
Higher ascorbic acid feed rates and higher copper:ligand ratios produced the most
uniform molecular weight and highest yields when TPMA was used as the ligand, while
a lower copper:ligand ratio was more effective for the more active tris[2-
(dimethylamino) ethyl] amine (MesTREN) ligand. PDMETA ligand provided the least

control while generating polymers with © >1.9.

Experimental Section
Materials
Styrene, stabilized, 99%, aluminum oxide (basic), L (+)-ascorbic acid,

tetrabutylammonium bromide (99%), and copper (Il) bromide (99%, extra pure,
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anhydrous) were all purchased from Acros Organics and used as received. Tris (2-
pyridyl methyl) amine (TPMA, >98%), tris[2-(dimethylamino) ethyl] amine
(MesTREN), and N, N, N, N’, N"-pentamethyldiethylenetriamine (PMDETA) were
purchased from TCI, while triethylamine, Ethyl 2-bromoisobutyrate (EBIB), 2-
hydroxyethyl-2-bromoisobutyrate (HEBIB), Pluronic®F-127, and 33% HBr in acetic

acid were purchased from Sigma-Aldrich and used as received.

Instrumentation

Polymer molecular weights and dispersities were obtained using a Waters ambient
temperature GPC in THF (polystyrene standards). The GPC is equipped with triple-
detection capability: A Waters 410 differential refractive index detector; a Waters 486
UV-Vis detector; and a Wyatt Technologies TREOS three-angle light-scattering
detector, useful for absolute molecular weight determination. The GPC columns are 3
PSS SDV (Polymer Standards Service); 8 mm x 300 mm with porosities of 1,000
angstroms; 10,000 angstroms, and Linear M. Optical microscope images were taken
with an Olympus BX51 with crosses polarization. Polymer particle size distribution
was measured using dynamic light scattering (DLS) with the Zetasizer Nano ZS at 25°C
(Malvern Instruments).

Synthesis of N-(2-aminoethyl)-2-bromo-2-methylpropanamide (OBr) ATRP Initiator
OBr was prepared using a previously reported method.® Briefly, a solution of a-
bromoisobutyryl bromide (19.72 g, 85.8 mmol) in 40 mL of THF was slowly added at
0°C to a solution of N-Boc-Ethylenediamine (9.16g, 57.2 mmol), in THF (150 mL) in

the presence of triethylamine (11.58 g, 114.4 mmol) over a period of 2 hours. After 2
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hours, the reaction was stirred at room temperature for 24 hours. Triethylammonium
bromide was formed as a white precipitate and filtered off. The solvent was removed
under vacuum resulting in a yellow solid. The yellow solid was dissolved in
dichloromethane (DCM) and extracted twice with an aqueous solution saturated with
Na2COs. The organic phase was dried over sodium sulfate anhydrous, and DCM was
evaporated under vacuum. Column chromatography was performed in a 95:5 solution
of DCM: methanol. The resulting solid was washed with ethyl ether and a white solid
was obtained as the Boc-protected product. Subsequently, 5g of the Boc-protected
initiator was dissolved in 40 mL of ethyl acetate in a 400-mL beaker equipped with a
stir bar. To this solution, 33% HBr in acetic acid (6 mL) was added dropwise until it
formed a white precipitate. The precipitate was collected, dissolved in ethanol and re-
precipitated in ethyl ether yielding a white solid corresponding to the initiator in its
ammonium form (yield= 90%).

General Procedure for Synthesis of Polystyrene Homopolymer using Mini ME
ARGET Emulsion ATRP

In a three-neck 100-mL round-bottom flask equipped with a stir-bar, TBAB (1.934g, 6
mmol), initiator (LmM), CuBr2 (2 mg, 8.96 umol), and Tris(2-pyridylmethyl) amine
(TPMA) (20.80 mg, 71.63 pumol) or MesTREN (4.78 pL, 0.018 mmol) or PMDETA
(3.74 uL, 0.018 mmol) were added to a mixture of acetone (12 mL, 20% v/v) and water
(33.2 mL). In a separate vial, a surfactant mixture of Pluronics F127 (0.80 g) in water
(10 mL) was added to styrene (1.62 g, 15.54 mmol) (if EBIB was used as initiator, it
was added directly to the monomer) and vortexed until it formed a milky white

suspension. This solution was then added to the contents of the three-neck 100-mL
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round-bottom flask forming a cloudy white suspension. The flask was then equipped
with a reflux condenser sealed with a septum and an argon filled balloon attached to the
condenser. The solution was purged with argon for 30 mins. Lastly, in a separate vial, a
stock solution of ascorbic acid (18 mM, 5 mL) was prepared and purged with argon for
30 min before being fed to the reaction using a syringe pump at a rate of 1.67 uL/min
(4.8 mL) at 80°C. The polymerization was stopped by opening the reaction to air and
polystyrene was precipitated with methanol. The polymer was centrifuged and dissolved
in THF and re-precipitated in hexanes. The polymer was collected and washed with
water before oven drying. Purified polymer was dissolved in THF at Img/mL for GPC

analysis.

Results and Discussion
The ATRP ligand, MesTREN, was utilized for the mini ME emulsion polymerization

of styrene at a Cu/ligand ratio of 1:2, unless otherwise indicated. Cu/ligand ratios and
ascorbic acid feeding rates were varied in select experiments and discussed in below.
Effect of Initiator
N-(2-aminoethyl)-2-bromo-2-methylpropanamide (OBr) as ATRP Initiator

Formerly, with mini ME emulsion polymerization of PMMA, the hydrophilic OBr
amine initiator was successfully used with excellent initiator efficiency.® For this study,
OBr was originally employed along with Cu(11)/MesTREN at 80°C while varying the
Cu/ligand ratios and ascorbic acid feeding rates as illustrated in Fig. 1 (A and B). The
plot in Fig. 1A shows an initial sharp decline in B from 1.82 (M»=75,868 g/mol) using

a 1:1 mole ratio of Cu(Il)/MesTREN to a b of 1.53 (Mn=85,913g/mol) using a 1:2
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Cu(I1)/MesTREN ratio. This reduction was followed by an increase reaching a b of 1.64
(Mn=277, 886 g/mol) at 1:4 mole ratio of Cu(ll)/MesTREN. Initiator efficiency
dramatically decreased from ~ 71% at 1:1 Cu(ll)/MesTREN to ~19 % at 1:4
Cu(Il)/MesTREN, consistent with fast propagation due to a low concentration of
deactivator species in solution.*®* When the ascorbic acid feeding rates were varied at
a Cu(I)/MesTREN mole ratio of 1:2, no detectable trend in molecular weight was
observed as seen in Fig. 1B. A sharp rise in molecular weight was detected when
doubling the feed rate from 5 nmoles/min to 10 nmoles/min; however, the polymer’s
dispersity remained above 1.80. As ascorbic acid feeding rates continued to rise from
30 nmoles/min to 50 nmoles/min, a growth in dispersity was observed. Nevertheless,
the experimental molecular weights (Mn cec) were substantially higher than theoretical
molecular weights, which was calculated by using equation (1) where [M], is the initial
monomer concentration, [I]_ is the initial initiator concentration, MWmonomer iS the

monomer molecular weight, and MWinitiawor is the molecular weight of the initiator:

Mn, theoretical = ([M], + [I].) X MWmonomer X Conversion + MWinitiator (1)

There are several possible reasons why mini ME emulsion polymerization of styrene
using the OB initiator produced such uncontrolled polymerizations. First, the initiator
itself could be reducing the oxidation state of the Cu(l1)/MesTREN catalyst. Ethylene
diamine is a known reducing agent having previously been employed to reduce

Cu(I1)/TPMA ATRP complexes in the past.™®
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Figure 1. Using OBr initiator, (A) Effect of copper: MesTREN
ratio (ascorbic acid feeding rate = 30 nmol/min) on M, and
dispersity. (B) Effect of ascorbic acid feeding rate on M, and
dispersity ([MesTREN] = 0.30 mM). [M], =0.518 M, [I],= 1 mM,
[CuBr;] = 0.150 mM. All polymerizations were conducted at 80°C
for 48 hrs.
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Although OBr proved to be an efficient initiator for mini ME of PMMA, MesTREN is
a more active ligand than TPMA. Consequently, the constant reduction of the transition
metal ligand along with the high activity of MesTREN, led to higher molecular weight
polymers with a broad MWD. Lastly, ethylenediamine is often used as a simple
chelating agent, thus displacing the ATRP ligand as the ratio of initiator to ligand
increases from ~1.7:1 for mini ME of PMMA to 3:1 for mini ME of polystyrene. This
displacement causes an imbalance of radicals in the polymerization rendering OBr an
ineffective initiator for mini ME emulsion polymerization of polystyrene. The
commercially available HEBIB initiator subsequently replaced OBr as the water-soluble
initiator.
2-Hydroxyethyl 2-bromoisobutyrate (HEBIB) as ATRP Initiator

Copper to ligand mole ratios were varied while utilizing the hydrophilic HEBIB
ATREP initiator with initial monomer concentration of 518 mM in an effort to increase
control of the polymerization. As illustrated in Fig. 2, an acute decrease in both the
molecular weight and dispersity is seen as Mes TREN concentrations are increased from
0.150 mM (1:1 Cu/L) (Mn= 116,479 g/mol, B = 2.04) to 0.30 mM (1:2 Cu/L) (Mn=
72,186, B = 1.76). Further increasing the ligand concentration from 0.30 mM to 0.60
mM (1:4 Cu/L), dramatically increased the dispersity to 2.22. All polymerizations at

[M].=518 mM using MesTREN as the ligand and a hydrophilic initiator remained

78



1201
1 " » M, 2.2
110 —o—M /M
1 - 2.1
~ 100+ -
: y 20 2
£ 20 <=
2 90- _ =
- ] | m |
= g0l T. 1.9
70 - - -1.8
L ]
60 T T T T T 1?

T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
[Me, TREN] (mM)
Figure 2. Using HEBIB initiator, (A) Effect of copper: MesTREN ratio (ascorbic
acid feeding rate = 30 nmol/min) on M, and dispersity. (B) Effect of ascorbic
acid feeding rate on My and dispersity ([MesTREN] = 0.30 mM). [M], = 0.518

M, [I].= 1 mM, [CuBrz] = 0.150 mM. All polymerizations were conducted at
80°C for 48 hrs.
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Figure 3. GPC curve of polystyrene from mini ME emulsion
polymerization using EBIB and HEBIB as initiators. [M] .= 518 mM,
[1].= 1 mM, [Mes TREN] = 0.30 mM, [CuBr,] = 0.150 mM. Ascorbic acid
feeding rate= 30 nmoles/min. All polymerizations were conducted at 80°
C
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poorly controlled. For comparison, the oil-soluble ethyl 2-bromoisobutyrate (EBIB),
was used at a 1:2 Cu/L ratio and resulted in a polymer with a molecular weight of

~79,000 g/mol with B = 2.05 (Fig. 3).

Effect of Monomer Concentration

Styrene monomer is more hydrophobic than MMA monomer; therefore, polymer
initiation and localization of the ATRP components will differ under the same surfactant
and dispersion conditions used in the emulsion polymerization. This in part controls the
initial size of the monomer droplets in solution and ultimately affects micelle formation
and the nature of the reaction site.

In comparison, our prior studies of mini ME emulsion polymerization of PMMA a
combination of micelles and monomer droplets were observed. The monomer droplets
with a maximum size of ~ 2 um looked sparse in population under the optical
microscope.’. However, optical microscope images of the mini ME emulsion of PS
under the conditions described above displayed many droplets with a large size
distribution ranging from ~5 pm — 50 pm before the start of the polymerization (Fig.
4A). The disparate size of these monomer droplets leads to reaction inhomogeneity as
the loci of the polymerization can occur in multiple environments ranging from micelles
to the larger monomer droplets. The presence of multiple reaction environments may
also lead to differences in local catalyst deactivator concentration which adds to
broadening of MWD. To remedy this issue, the initial monomer concentration was
reduced from 518 mM to 260 mM enabling smaller and more uniform micelle and

droplet sizes much below ~ 2 um (Fig. 4B). Polymerization was
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Figure 4. Optical microscope images of mini ME emulsion monomer droplets before the start of
the polymerization at A) [M],= 518 mM (nominal magnification 50X) and B) [M],= 260 mM
(nominal magnification 100X).
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carried out with an initial monomer concentration at 260 mM using both EBIB and
HEBIB initiators.

The reduction in initial monomer concentration significantly reduced the MWD,
leading to a  of 1.35 for polymerizations using HEBIB and B of 1.30 with those using
the water-insoluble EBIB initiator (Fig. 5). The EBIB initiator provided a lower
dispersity indicating the importance of reaction locus. Nevertheless, the molecular
weight for both polymerizations were ~ double the theoretical molecular weight. This
was indicative of coupling between chains or the use of an over-active ligand, thus,
TPMA and PDMETA ligands were analyzed for the optimization of mini ME emulsion
of polystyrene.

Effect of Ligand

CuBr2/ MesTREN complexes are ~10,000 times more active than the originally used
CuBr2/Bpy for conventional ATRP. Based on the relative K° values for activation of
EBIB initiator by CuBr complexed with select ATRP ligands, the activity of the

complexes decreases in the following order of ligand °

Keitivey MesTREN (39,000) > TPMA (2400) > TPEN (500) > PMDETA (20) > Bpy (1)

However, too large K° or K results in high radical concentration causing irreversible
termination. Although MesTREN is exceptional as it not only makes a very active Cu
based activator, but it is also an efficient deactivator and side reactions and cross-linking
do occur as the deactivation step in the ATRP equilibrium can be too slow when

MesTREN is used as the ligand.®* TPMA offers control of ATRP
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Figure 5. GPC curve of polystyrene from mini ME emulsion polymerization
using EBIB and HEBIB as initiators. [M] = 260 mM, [I]= 1 mM,
[MesTREN] = 0.30 mM, [CuBr] = 0.150 mM. Ascorbic acid feeding rate=
30 nmoles/min. All polymerizations were conducted at 80° C for 48 hrs.
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polymerizations specifically at low catalyst concentrations as well as having a stronger
binding constant to copper than MesTREN and PMDETA.Y/

Mini ME emulsion polymerization of polystyrene was performed using TPMA and,
for comparison, the hydrophobic PMDETA ligand was also used as a control. Fig. 6
displays the GPC curves of each polymerization using EBIB as the initiator at a
monomer concentration of 260 mM. Utilizing PMDETA ATRP ligand led to
polymerizations with B > 1.90 and an experimental molecular weight over 3 times the
theoretical molecular weight. This control result was consistent with our expectations
as at high dilution and elevated temperatures, PMDETA displays a stability constant,
B', below 1088 and consequently is not suitable for ARGET ATRP. Significant
dissociation of the CuBr and CuBro/PMDETA complexes ultimately result in a lower
absolute value of deactivator concentration (and poor control over the polymerization).
15,18

Polymerizations using TPMA instead generated polymer with B < 1.40 and an
experimental molecular weight (Mn epc= 28,501 g/mol, B = 1.35) close to the theoretical
molecular weight (Fig. 6). Dynamic light scattering (DLS) measurements of the
polymer particles with mini ME emulsion polymerization of PS using MesTREN,
TPMA, and PMDETA are seen in Fig. 7. A bimodal particle distribution is observed in
all three polymerizations with varying volumes of particle sizes. Within the larger size
range (200 nm — 1.3 um), PS particles made using Cu/MesTREN as ATRP catalyst
displayed the largest volume fraction of larger particles, while the volume fraction of
particles within the 200nm — 1.3 um range was significantly decreased when Cu/TPMA

was used as the ATRP catalyst. The volume fraction of
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Figure 6. GPC curve of polystyrene from mini ME emulsion polymerization varying
the ligand using EBIB as initiator. [Ligand]= 0.30 mM, [M] =260 mM, [I].= 1 mM,
[CuBr2] = 0.150 mM. Ascorbic acid feeding rate= 30 nmoles/min. All
polymerizations were conducted at 80° C for 48 hrs.
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particles within this larger size range was the lowest for PS particles made using
Cu/PMDETA. However, when focusing on the smaller size range (20 nm-180 nm)
(Inset: Fig. 7), PS particles made using PMDETA as ligand displayed the broadest
overall size distribution, whereas resulting PS particles using TPMA as ligand showed
the smallest size distribution offering PS particles of ~ 50 nm. The bimodal results
observed from the DLS measurements coupled with the molecular weight and dispersity

of these experiments can be best explained by compartmentalization effects.

Compartmentalization Effects

Compartmentalization is a term that refers to the physical confinement of reactants to
a very small volume (usually in particles under 100 nm). This effect is primarily
observed in heterophase polymerizations (e.g. miniemulsion polymerization) and
depending on a number of factors, this confinement can alter the local polymerization
rates compared to an uncompartmentalized system.'! Compartmentalization comprises
a confined space effect,*® which acts to improve control over MWD, a segregation
effect,'® which results in increased livingness, a fluctuation effect,!* whereby an uneven
distribution of deactivator species between particles exists, and a monomer
concentration variation (MCV) effect,!* which refers to a reduction in R, due to
monomer concentrations varying between particles. %19

The confined space effect primarily leads to lower R, and narrower MWD in smaller
particles whereby deactivation occurs more rapidly as the radicals are closer in space.

When physical separation of the propagating radicals occurs as in the case of the
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Figure 7. Dynamic light scattering measurements of polystyrene polymer
particles manufactured using mini ME emulsion polymerization using PDMETA,
MesTREN, or TPMA ATRP ligand. [Ligand]= 0.30 mM, [M] = 260 mM, [I] =1
mM, [CuBrz] = 0.150 mM. Ascorbic acid feeding rate= 30 nmoles/min. All
polymerizations were conducted at 80° C for 48 hrs.
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Figure 8. A) GPC curve of polystyrene from mini ME emulsion
polymerization using either HEBIBB or EBIBB initiator. B) DLS
measurements for particle sizes using HEBIBB or EBIBB as initiator.
[M].=260 mM, [I],= 1 mM, [TPMA]= 0.30 mM, [CuBrz] = 0.150 mM,
ascorbic acid feeding rate = 30 nmoles/min. All polymerizations were
conducted at 80°C for 48 hrs.
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segregation effect, their termination rate is significantly decreased leading to higher Ry,
broader MWD, and an increase in livingness. The fluctuation effect leads to an increase
in Rp, broadening of the MWD and a decrease in livingness as a result of having different
concentrations of deactivator species per particle. Finally, the MCV effect occurs when
some particles contain very little monomer. Theoretically, as a radical enters said
particle, the radical is “wasted” due to a low level of accessible monomer, thus this
effect is more pronounced at higher conversions. However,
experimentally, monomer transfer between droplets reduces this effect. What is also
seen experimentally is the R, decreasing as the diameter is reduced beyond a certain
minimum diameter. The MCV effect becomes stronger than the segregation effect in
this case, reducing bimolecular termination.t%1%20

In the recent literature, M.E. Thomson and M. F. Cunningham ?, theoretically
investigated compartmentalization effects in ATRP in aqueous dispersed phase systems
to understand the effects of particle size on the rate of polymerization and degree of
control for the n-butyl methacrylate/CuBr/EHAs TREN system. They concluded that for
the highly active catalyst CuBI/EHATREN, the rate of polymerization increases with
increasing particle size to a maximum and levels out to the rate in an equivalent bulk
system. For small particle sizes, both the rate of polymerization and the number of units
added per activation decreased proportionally to the volume of the particles, attributed
to the confined space effect. This effect is consistent with the results seen in Fig. 7 with
the PS particles using CuBr/TPMA and CuBr/MesTREN catalysts. The higher volume
of large particles associated with the CuBr/MesTREN system is consistent with the

literature as the polymerization is faster resulting in higher molecular weight polymers.
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Figure 9. Using TPMA as ATRP ligand (A) Effect of copper:
TPMA ratio (ascorbic acid feeding rate = 30 nmol/min) on My
and dispersity. (B) Effect of ascorbic acid feeding rate on My
and dispersity ([TPMA] = 0.30 mM). [M], = 0.260 M,
[EBIBB].= 1 mM, [CuBrz] = 0.150 mM. All polymerizations
were conducted at 80°C for 48 hrs.
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The lower volume of large particles and lower size distribution within the smaller
particle size range using CuBr/TPMA further agrees with a confined space effect, where
lower molecular weight polymer was generated suggesting a slower rate of

polymerization.

Utilizing TPMA Ligand

Use of the TPMA ATRP ligand generated polymers with the lowest dispersity and
M gpc Closest to the theoretical molecular weight of ~ 30,000 g/mol. At a Cu/TPMA

ratio of 1:2, mini ME emulsion polymerization of PS using EBIB was compared to
that of a polymerization using HEBIB. As shown in Fig. 8A, the hydrophilic initiator
produced polymer with a high dispersity (B = 1.56), while the hydrophobic initiator
yielded a polymer with lower dispersity.

The GPC curve illustrated in Fig. 8A also exhibits a shoulder on PS with HEBIB as
initiator. This shoulder is symptomatic of lower molecular weight chains being
produced as a result of the aqueous location of initiation. Since styrene monomer is far
more hydrophobic than MMA, initiation is more efficient in the organic phase, thus, the
EBIB is the more efficient initiator for mini ME emulsion polymerization of
polystyrene. The polymerizations using HEBIB also produced much larger polymer
particles (~ 800 nm) compared to the polymer particles generated using the EBIB
initiator (Fig. 8B). Due to a shift in the location of initiation and reaction loci
(fluctuation effect)!!, the concentration of deactivator species may vary between

particles causing a broadening of the MWD.
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Figure 10. GPC curve of PS using mini ME emulsion polymerization
when [M],=518 mM or [M],=260 mM. [EBIBB]= 1 mM, [CuBrz] =0.150

mM, [TPMA]= 1.2 mM, ascorbic acid feeding rate= 40 nmoles/min. All

polymerizations were conducted at 80°C for 48 hrs.
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The copper to TPMA ratios were systematically varied for polystyrene polymerization.
Fig. 9A displays a graph of molecular weight, Mn, and dispersity at increasing
concentrations of TPMA. A clear trend is observed as TPMA is increased; M, also
increases, while the dispersity decreases. Higher Cu/TPMA ratios produce polymers
with controlled polymerizations with B as low as 1.14. Ascorbic acid feed rates were
also varied as a function of molecular weight and dispersity, producing similar effects
(Fig. 9B). Higher ascorbic acid feed rates allow the polymerization to go to almost full
conversion while the MWD decreases.

Ascorbic acid feed rate of 40 nmoles/min with a Cu/TPMA ratio of 1:8, and [M] =
260 mM were determined to be the optimal parameters for this particular
polymerization. This polymerization yielded a B as low as 1.14 and a molecular weight
close to theoretical (Fig. 10). For assessment, these optimum parameters were then
employed at an initial monomer concentration of 518 mM and the results observed may
be attributed to compartmentalization effects as described in References 1 and 11. When
compartmentalization effects are dominant, both control (narrower MWD) and
livingness are increased, but this is at the expense of a lower rate of polymerization. As
[M], increased to 518 mM, the theoretical molecular weight also
increased to ~ 60,000 g/mol. However, the M cpc for this polymerization shows a lower
molecular weight with a conversion of 61% at 48 hours; nonetheless, the dispersity
remained below 1.2. It is not possible to obtain a simultaneous increase in

control/livingness and rate of polymerization as a result of compartmentalization.
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Conclusions

In conclusion, mini ME emulsion polymerization of polystyrene was successfully
implemented yielding a B as low as 1.14. Initiator, ligand, ascorbic acid feed rates, and
Cu/Ligand ratio were essential for successful polymerization of PS. TPMA was the most
efficient ATRP ligand at a Cu/Ligand ratio of 1:8 and ascorbic acid feed rate of 40
nmoles/min. TPMA has a K° (elative) Value of 2,400 versus MesTREN whose value is
over 16 times that. Nonetheless, TPMA is still considered a very active ligand, and can
withstand low catalyst loadings essential for ARGET ATRP. Employing the
hydrophobic initiator, EBIB, with polymerizations using Cu/TPMA, improved the
control of the system; while the hydrophilic initiator, HEBIB, led the polymerizations
that formed PS with high B (> 1.50). This was attributed to efficient initiation only
occurring within the organic phase due to the hydrophobicity of the styrene monomer
partitioning within the micelle and/or monomer droplets. MesTREN ATRP ligand was
an unsuccessful deactivator in this heterogenous system offering polymer molecular
weights over two times Mneo, While the PMDETA control provided little catalyst
stability rendering it inefficient.

Compartmentalization effects were prominent as the ATRP ligand was varied from
most active MesTREN ligand to the more stable TPMA ligand offering slower and more
controlled polymerizations. The PS dispersed phase using the catalyst Cu/MesTREN
was located in the large micelle/droplet regime and formed a broad size distribution
(200 nm —1.3 um). The polymer dispersed phase generated using the Cu/TPMA catalyst
possessed a narrower size distribution with species of ~ 50 nm, while a PS dispersed

phase produced using the Cu/PMDETA catalyst had the largest size distribution with
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the most uncontrolled polymerization (Mn= 94,400 g/mol, B = 1.95). Effects due to
compartmentalization were also seen when the [M], was increased from 260 mM to 518
mM using CuBr2/TPMA as the catalyst in a ratio of 1:8, with an ascorbic acid feed rate
of 40 nmoles/min. Although increasing the initial monomer concentration still offered
a controlled polymerization (B < 1.2), the rate of polymerization was significantly
decreased with a polymer conversion of 61% at 48 hours. This is typical of
compartmentalization as increasing the control/livingness, and degree of

polymerization, often comes at the expense of rate of polymerization.
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CHAPTER 4
MINI MONOMER ENCAPSULATED EMULSION POLYMERIZATION FOR THE
SYNTHESIS OF HAIRY NANOPARTICLES

Abstract

Hairy nanoparticles with an SiO. core and PMMA brushes (SiO2-PMMA) were
synthesized utilizing mini monomer encapsulated emulsion polymerization (mini ME
emulsion) with ARGET ATRP. Ludox-TM 40 particles (27 nm) were initially modified
with a hydrophobic ATRP initiator in ethanol, then dispersed in methyl methacrylate
monomer before carrying out the new emulsion polymerization technique. Mini ME
emulsion polymerization allows ATRP catalyst and ligand to be delivered to the micelle
employing the phase transfer agent, TBAB. Lower concentrations (5.56 x 10 M) of the
surfactant, Pluronic F127, were found to facilitate the polymerization on the
nanoparticle surface offering a larger polymer canopy while the samples were devoid
of excess surfactant. The effect of initial monomer concentrations was also examined
showing a uniform polymer shell of ~ 5 nm and ~ 10 nm when [M], was 0.670 M and

1.340 M, respectively.

Introduction

Surface modification of nanoparticles with polymeric chains has been prevalent in
engineering hybrid materials to enable new technologies with well-controlled
microstructures. Polymer-grafted nanoparticles (PGNs) or “hairy” nanoparticles
(HNPs) have been the focus of research over recent years due to their ability to produce

a wide range of advanced materials.! HNPs possess unique properties due to their
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versatility and capacity to entangle with the brushes on neighboring polymer grafted
nanoparticles, giving them enhanced thermal, mechanical and electrical properties
compared to their micro and macroscale counterparts.? Their unique combination of
polymer processability and the potential to scale-up novel organic-inorganic hybrid
material is of interest to the successful development of new hybrid materials for
numerous applications such as gradient index optical material (GRIN) for midwave-IR
photonics, faraday rotators, as well as “nano-inks” for flexible hybrid electronics
packaging. Owing to the improvement of synthetic techniques within the past decade,
it has become possible to methodically address topics such as NP-based organic-
inorganic materials for not only opto-electronics, but for biological applications as
well.3

Nevertheless, several challenges persist with the assembly of HNPs limiting the ability
to produce them at a large-scale (grams). These challenges involve the control of
initiator density, control of brush molecular weight and dispersity of longer chains, as
well as aggregation of functionalized particles and purification. Several synthetic
strategies exist to produce these polymer-inorganic hybrids. Matyjaszewski et al.
synthesized poly(methyl methacrylate) (PMMA) and polystyrene (PS) grafted SiO>
nanoparticles using atom transfer radical polymerization (ATRP) with Nissan
nanoparticles dispersed in methyl isobutyl ketone (MIBK).* Chevigny et al. synthesized
PS-SiO> particles using the commercially available Ludox TM-40 and through a
solvent-transfer  technique, successfully dispersed the particles in N’N’-
dimethylacetamide (DMACc) and later functionalized the particles with an ATRP

initiator.> Ludox-TM particles are supplied dispersed in an aqueous solution as
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hydrophilic bare SiO. nanoparticles and are not stable in organic solvents unless they
are dispersed in high boiling point/high dielectric solvents such as MIBK or DMACc.
Several other groups have synthesized SiO; particles using the Stdber method, attaching
an ATRP initiator to the surface and then dispersing them into an organic solvent such
as anisole or toluene before polymerizing PMMA or PS on the surface.® However, large-
scale production of these nano-hybrids in such conditions is difficult and comes with a
potential negative environmental impact.

Water-based polymerization methods offer many advantages for the direct, one pot
synthesis of HNPs, particularly for large-scale production, since water is readily
available and eco-friendly. A successful water-based method for HNP synthesis could
transform the availability of HNPs and enable implementation of many future
applications. To date no straightforward, aqueous HNP synthesis, using a metal oxide
core, has been carried out.

Previously, this group has discovered and successfully carried out a new emulsion
polymerization technique, mini monomer encapsulated emulsion polymerization (mini
ME emulsions) using ARGET-ATRP.” Low dispersity PMMA was formed (P <1.2) in
the presence of a phase-transfer agent, tetrabutyl ammonium bromide, and acetone.
Herein, we report the application of mini ME emulsion polymerization to generate a
PMMA canopy on the surface of silica nanoparticles to produce SiO2-PMMA HNPs.
First, the commercially available Ludox-TM 40 SiO; particles are conditioned with ion-
exchange resin, transferred to ethanol, then functionalized with a hydrophobic ATRP

initiator. Second, the particles are purified and dispersed in MMA monomer before
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Step 1: Particle functionalization with hydrophobic ATRP initiator
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Figure 1. Two-step synthetic procedure for SiO2-PMMA HNPs where in Step 1) the particle
surface is initially functionalized with the hydrophobic initiator EDMP in ethanol at basic pH
and refluxed for 24 hours. After initial particle functionalization and removal of excess
initiator, Step 2) requires the particles to be dispersed in MMA monomer and pre-emulsified
using Pluronic F-127 surfactant before carrying out mini ME emulsion in 20% acetone in

water.
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carrying out mini ME emulsion polymerization using ARGET-ATRP. Finally, the
HNPs are purified and washed before their final dispersion in a good solvent for
characterization and analysis. This method generated HNPs with uniform polymer
canopies that can be fine-tuned by varying initial monomer and surfactant

concentrations.

Experimental Section

Materials:

MMA, stabilized, 99%, aluminum oxide (basic), L (+)-ascorbic acid,
tetrabutylammonium bromide (99%), and copper (II) bromide (99%, extra pure,
anhydrous) were all purchased from Acros Organics and used as received. Tris (2-
pyridyl methyl) amine (TPMA, >98%), was purchased from TCI, while triethylamine,
2-bromoisobutyryl bromide (BIBB), Pluronic®F-127, 28% NHjs in water, and Karstedt
catalyst were purchased from Sigma-Aldrich and used as received. Ludox-TM 40 was
also purchased from Sigma-Aldrich and treated with an ion exchange procedure. Dowex
1X8-200 mesh and Dowex 50W X8 100-200 mesh ion-exchange resin, ammonium
hydroxide and Snakeskin dialysis tubing, 10k MW cut-off, 35 mm, were all purchased
through Fisher Scientific. Dimethylethoxysilane was purchased through GELEST and
used as received.

Instrumentation:

Polymer molecular weights and dispersities were obtained using a Waters ambient
temperature GPC in THF (polystyrene standards). The GPC is equipped with triple-

detection capability: A Waters 410 differential refractive index detector; a Waters 486
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UV-Vis detector; and a Wyatt Technologies TREOS three-angle light-scattering
detector, useful for absolute molecular weight determination. The GPC columns are 3
PSS SDV (Polymer Standards Service); 8 mm x 300 mm with porosities of 1,000
angstroms; 10,000 angstroms, and Linear M. Powder x-ray diffraction (XRD)
characterization was carried out on Bruker-AXS D8 Discover Diffractometer using Cu
Ka radiation at A = 1.54 A by depositing powder on glass substrate. Fourier transform-
infrared (FT-IR) (Vertex V80V vacuum FT-IR; Bruker, Billerica, MA, USA)
spectroscopy was used to confirm production of PMMA-SiO2 HNPs using mini ME
emulsion technique. Samples for FT-IR analysis were ground into fine powder using a
mortar and pestle. Sample morphologies were observed using a field-emission scanning
electron microscope (Zeiss Ultra SEM; Zeiss) at an accelerating voltage of 3 kV.
Thermogravimetric analysis (TGA) was performed on a TGA Q500 instrument (TA
Instruments Inc.) at a heating rate of 10°C /min to 700°C under a nitrogen atmosphere
with a sample size of 8-10 mg. Transmission electron microscope (TEM) images were
collected on a corrected FEI Talos TEM with an accelerating voltage of 200 kV.
Synthesis of 11-(ethoxydimethylsilyl) undecyl 2-bromo-2-methylpropanoate (EDMP)
ATRP Initiator

Step 1: Bromination

In a 100 mL round-bottom flask equipped with a stir bar, 10-undecen-1-ol (4.257 g,
5mL, 0.025 mol) and pyridine (2.1 mL, 0.026 mol) were dissolved in 30 mL of
anhydrous tetrahydrofuran (THF). Then, at 0°C, 2-bromoisobutyryl bromide (BIBB)
(5.760 g, 3.1 mL, 0.024 mol) in 10 mL of THF was added dropwise to the solution in

the round-bottom flask over a period of 2 hours with stirring. After 2 hours, the solution
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was warmed to room temperature and stirred for 24 hours. Triethylammonium bromide
salt was formed as a white precipitate and filtered out. The solvent was removed under
vacuum resulting in a yellow oil. The yellow oil was dissolved in dichloromethane
(DCM) and extracted twice with an aqueous solution saturated with Na,COs. The
organic phase was dried over sodium sulfate anhydrous, and DCM was evaporated
under vacuum. Column chromatography was performed in a 100% dichloromethane
resulting in a pale-yellow oil (yield = 95%).

Step 2: Hydrosilylation

Dimethylethoxysilane (0.04 mol) and Karstedt catalyst (6 pL) were added to the product
from step 1 (0.004 mol), and the mixture was stirred for over-night at room temperature
in a nitrogen environment. Excess dimethylethoxysilane was then removed under
vacuum and the residual liquid was then stored at -20° C until needed.

Addition of EDMP ATRP Initiator to Ludox-TM 40 particles

Conditioning of Dowex Resin

Dowex 50W X8 and Dowex 1X8 resin (50 g each) were each transferred to a 600 mL
beaker (separate beakers). Each resin was washed with 3N NaOH, hot water, methanol,
and cold water. After each individual wash, the resins were recollected via filtration,
added back into the beaker and washed again with the subsequent solvent. This cycle
was repeated 5 times with each resin. After the last wash cycle of Dowex 50W X8, the
resin was converted to the hydrogen form with a final wash using excess 3N HCI.
Likewise, Dowex 1X8 was converted to the hydroxy form with 3N NaOH. This must
be converted shortly before use. Resins were then rinsed with copious amounts of

doubly distilled water and mixed under stirring. The resins were recollected via
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filtration.

lon-exchange of Ludox-TM 40

Ludox-TM 40 (100 mL) was diluted with 100 mL of Millipore water, stirred and added
to Dowex 50W X8 resin in a beaker under agitation over-night. Ludox-TM 40 particles
were then collected via filtration and then added to Dowex 1X8 resin in a beaker and
subsequently stirred over-night. The particles were then collected via filtration (large
aggregates were centrifuged down at 3000 rpm), then dialyzed against ethanol for 1
week.

Addition of EDMP to Ludox-TM 40 in Ethanol

Ludox particles dispersed in ethanol (1 g, 50 mL) was added to a 200 mL round-bottom
flask. Then, 28% NHjs in water was slowly added to the ethanol dispersion until the pH
was 10. The ATRP initiator, EDMP (0.860 g, 0.002 mol) was then slowly added to the
suspension and sonicated for 1 hour before refluxing the solution at 85°C for a period
of 24 hours. After 24 hours, the solution was cooled to room temperature and
centrifuged at 4000 rpm to separate out any aggregates. The solution was then dialyzed
against ethanol for 1 week.

Synthesis of PMMA-SiO. Hairy Nanoparticles using ARGET-ATRP Mini ME
Emulsion Polymerization

EDMP-SiO> particles in ethanol (200 mg) were added to MMA monomer (4.3 mL,
0.040 mol) in a 20 mL scintillation vial and mixed. The ethanol was then evaporated
leaving the particles dispersed in the MMA monomer. A surfactant mixture of Pluronics
F-127 (0.40 g) in water (10 mL) was then added to the MMA-particle suspension and

vortexed until it formed a milky white solution. Ina 100-mL round-bottom flask, TBAB
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(1.934g, 6 mmol), CuBr2 (1 mg, 4.48 umol), and Tris(2-pyridylmethyl) amine (TPMA)
(10.45 mg, 36 umol) were added to a mixture of acetone (12 mL, 20% v/v) and water
(34.4 mL). The pre-emulsified solution of MMA with particles and surfactant was then
added to the contents of the 100-mL round-bottom flask forming a cloudy white solution
and purged with argon for 30 mins. Lastly, in a separate vial, a stock solution of ascorbic
acid (2.27 mM, 5 mL) was prepared and purged with argon for 30 min before being fed
to the reaction using a syringe pump at a rate of 10 pL/min (3.6 mL). The polymerization
was stopped by opening the reaction to air. The hairy nanoparticles were separated from
free polymer by centrifugation (4400 rpm for 20 mins). The particles were then
dispersed in THF and precipitated in hexanes before being washed with water to get rid
of any residual surfactant. They were then oven dried at 80°C for several hours before

being re-dispersed in THF.

Results and Discussion

Ludox-TM 40 SiO. particles (25 nm) are commercial aqueous dispersions of
negatively charged silica particles. Ludox was chosen as the inorganic core due to its
relative monodispersity in solution and extensive literature on surface functionalization
and treatment of these particles. According to suppliers (DuPont), the counter-ion is Na*
while the co-ion is OH". The particles must be pretreated to remove Na* ions and any
other additives that may be adsorbed onto the surface of the particles hindering efficient
modification. It was previously observed that ethanol addition to Ludox TM particles
flocculates the suspension because of the presence of soluble silica.® Consequently, the

particles were conditioned via an ion-exchange technique using Dowex resin (detailed
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in experimental section), and later dispersed in ethanol. The particles were then
modified with the EDMP hydrophobic ATRP initiator in an ethanol dispersion that was
basified to a pH 10 using and aqueous solution of 28% NHz and refluxed for 24 hours
(Fig. 1A). The particles decorated with EDMP ATRP initiator were then transferred to
MMA monomer ([M].=0.670 M) before performing mini ME emulsion polymerization

to obtain SiO2-PMMA HNPs.

Effect of Surfactant Concentration

The concentration of Pluronic F-127 surfactant was varied in initial experiments to
gauge its effect on polymer canopy growth. The TGA graph is illustrated in Fig. 2,
showing that as surfactant concentrations increase from 5.56 x 10* M (sample A) to
1.59 x 10 M (sample B), there is an increase in % weight change from 50% to 22%,
respectively. PMMA undergoes a two-step degradation process evidenced by the TGA
curves in Fig.2. The first stage, which can be divided up into two steps, represents
decomposition of weak head-to-head linkages and impurities for the range between 160-
240°C (and decomposition of PMMA chain ends at ~ 290°C). The second stage,
between 300-400°C, represents random scission of the polymer chains.® Free polymer
generated from each polymerization was measured using GPC, sample A resulted in an
M of 51,275 g/mol (b = 1.37), while sample B was measured to have an M, of 24,828
(B = 1.38) (Inset: Fig. 2). These molecular weights are inconsistent with the TGA

curves as sample B displays a higher polymer content,
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Figure 2. TGA of SiO.-PMMA hairy nanoparticles synthesized via mini ME
emulsion polymerization. Pluronic F127 surfactant concentrations were varied from
1.59 x 103M for sample B to 5.56 x 10 M for sample A, displaying a 22% and 50%
weight change, respectively. Free polymer (Inset) formed in the aqueous phase was
measured to have molecular weights of 51,275 g/mol (B = 1.37) and 24, 828 g/mol
(B =1.37) for samples A and B, respectively. [M],=0.670 M, [CuBrz] = 0.075 mM,
[TBAB]= 100 mM, and ascorbic acid feeding rate is 23 nmoles/min. All
polymerizations were conducted in 20% acetone in water at 30°C for 6 hrs.

111



but the free polymer was measured to have a lower molecular weight than sample A.

To address this apparent contradiction, scanning electron microscopy (SEM) was
performed on samples A and B to view their surface morphologies. As shown in Fig.
3A, the particle sizes for sample A range from 40-50 nm and do not appear to be
aggregated nor embedded in polymer or surfactant. However, sample B (Fig. 3B)
displays the particles embedded in what was concluded to be excess surfactant. The
individual particles sizes are still ~40 nm, therefore, the % weight change on sample B
from the TGA was skewed by unremoved surfactant. Furthermore, sample A exhibits
higher degradation temperatures than that of sample B, which can be attributed to the
surfactant present in the polymer emulsion powder in sample B. Sample B required
extensive washing steps to fully rid the powder of any surfactant.

Further analysis of the polymer canopies on both samples using dark-field
transmission electron microscope (TEM), demonstrates a clear polymer shell with a size
of ~5 nm and uniform coverage (Fig. 4B and 4C). High-resolution TEM was performed
on sample A and illustrated in Fig.4A, displaying the HNPs interacting via their polymer
canopies. The dark-field TEM images of sample B (Fig. 4E and 4F) show faint and
smaller polymer canopies than those of sample A, affirming a lower molecular weight
PMMA shell on the surface of the inorganic core. This verifies that higher
concentrations of surfactant lead to lower molecular weight polymers in solution and,

under such conditions, on the nanoparticle surface as well.
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(A) PMMA-SiO, (5.56 X 10 M Surfactant)  (B) PMMA-SIO, (1.59 x 10 *M Surfactant)
u » ¢ »

Figure 3. SEM images of SiO>-PMMA hairy nanoparticles synthesized via mini ME
emulsion polymerization using A) sample A, surfactant concentration of 5.56 x 10“ M and
B) sample B, surfactant concentration of 1.59 x 10 M. [M].= 0.670 M, [CuBr;] = 0.075
mM, [TBAB]= 100 mM, and ascorbic acid feeding rate is 23 nmoles/min. All
polymerizations were conducted in 20% acetone in water at 30°C for 6 hrs.
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Sample A: 5.56 x 10 *M Surfactant
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Figure 4. TEM images (high-resolution and dark-field) of sample A generated utilizing mini
ME emulsion polymerization with a surfactant concentration of 5.56 x 10* M (top row)
displaying a PMMA corona and sample B with a surfactant concentration of 1.59 x 102 M
(bottom row) exhibiting a smaller polymer corona. [M],= 0.670 M, [CuBrz] = 0.075 mM,
[TBAB]= 100 mM, and ascorbic acid feeding rate is 23 nmoles/min. All polymerizations were
conducted in 20% acetone in water at 30°C for 6 hrs.
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This observation agrees with the confined space effect, as when the concentration of
surfactant is increased, particle sizes are smaller, thus, leading to lower rates of
polymerization (Rp) with higher degrees of livingness.!® To further confirm the
attachment of PMMA to the SiO» surface, Fourier transform infrared spectroscopy
(FTIR) was performed using sample A, comparing bare SiO; to SiO2-PMMA HNPs.
The C=0 stretch at ~ 1730 cm™ and -CH_ peaks from ~ 2952-2997 cm signature of the
PMMA polymer are present along with the Si-O-Si peak at ~ 1100 cm™ from the SiO-
nanoparticle (Fig. 5A). Depicted in Fig. 5B is the TGA of sample A compared to that
of bare silica and SiO2-Initiator, showing a 40% weight difference between the particles
grafted with only initiator and SiO2-PMMA particles; the remainder 50% of the weight
its due to the inorganic portion of the HNPs.

XRD Characterization of SiO2-PMMA HNPs, Pure PMMA and Bare SiO>

To further investigate structures of PMMA, SiO2, and SiO>-PMMA HNPs (sample
A), X-ray diffraction patterns at 10-70° (20) were examined. The data shows three
characteristic peaks at 20= 13.8° (a very broad peak) and 26= 30.3° and 42.1° (two
bands of lower intensity) in the XRD pattern of unmodified PMMA (Fig. 6), which is
similar to Bergamonti et al.!* In comparison, an additional peak at 20= 22.3° appears on
the XRD pattern of SiO-PMMA nanoparticles. This can be assigned to the SiO>
functional group in the SiO.-PMMA nanoparticles as this peak aligns with the reference
bare SiO,.1? However, the addition of the SiO, nanoparticles to a PMMA shell via mini
ME emulsion does not induce changes in the XRD pattern of PMMA and there is no

evidence of crystalline phases as the HNPs appear to be completely amorphous.
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Figure 5. A) FTIR of sample A SiO>-PMMA hairy nanoparticle compared to bare SiO» and B)
TGA of sample A compared to bare SiO2 and SiOz-Initiator. [M]_= 0.670 M, [CuBr2] = 0.075
mM, [TBAB]= 100 mM, and ascorbic acid feeding rate is 23 nmoles/min. All polymerizations
were conducted in 20% acetone in water at 30°C for 6 hrs.
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Effect of Monomer Concentration

As evidenced above, utilizing lower concentrations of Pluronic F-127 surfactant for
the synthesis of SiO.-PMMA HNPs is optimal, because 1) it allows the polymer to grow
at a faster Rp providing higher molecular weight polymers on the surface of SiO2 and 2)
the cleaning procedure of surfactant from the HNPs is made easier and less extensive.
Going forward, varied monomer concentrations and their effect on the molecular weight
and surface functionalization of the particle was studied using the surfactant
concentration implemented on sample A (5.56 X 10 M Pluronic F-127). At an initial
monomer concentration of 0.343 M (sample C), the HNPs obtained from this synthesis
only displayed a 73% polymer content through TGA analysis. This was compared to
the 50% polymer content on sample A which had an initial monomer concentration of
0.670 M and the 41% polymer content on the HNPs with [M] = 1.340 M (sample D).

The TGAs demonstrate that as [M], is increased, the polymer content is also increased
in the sample (Fig. 7). This is supported by the molecular weight of the free polymer in
solution generated during each synthesis (Fig. 7: Inset). The molecular weight of the
free polymer from sample D ([M],= 1.340 M) was 81,279 g/mol with a D of 1.66, while
the molecular weight of sample A ([M],=0.670 M) was 51,275 g/mol with a D of 1.37.
No free polymer was generated with the polymerization that produced sample C ([M] =
0.343 M) as it was assumed that most of the monomer was polymerized on the surface
of the nanoparticle. Interestingly, the livingness of the polymerization decreased as [M],

was doubled from 0.670 M to 1.340M.
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Figure 6. XRD of sample A hairy nanoparticle in reference to
pure PMMA and bare SiOz. [M].= 0.670 M, [CuBrz] = 0.075
mM, [TBAB]= 100 mM, and ascorbic acid feeding rate is 23
nmoles/min. All polymerizations were conducted in 20%
acetone in water at 30°C for 6 hrs.
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Nevertheless, there was only a 9% weight difference between sample A ([M].= 0.670
M) and sample D ([M].= 1.340 M) HNPS. It was unexpected to see such a small increase
in polymer content as, theoretically, a higher initial monomer concentration should lead
to a higher degree of polymerization, thus, an increase in polymer content on the
nanoparticles was expected.

Although a slight increase in % weight change is still observed, the weight difference
was expected to be larger (~ 20%). SEM images of samples C and D HNPs are
displayed in Fig. 8 and show extreme differences. Sample C, having the lowest initial
monomer concentration, is assumed to also have the lowest molecular weight and
grafting density, o, on the particle surface. This is evidenced by the “raspberry-like”
morphology adopted by the polymer on the particles. When the distance, D, between
the grafting points is larger than twice the radius of gyration, Ry, the polymers assume
the “mushroom” conformation.?*® These mushroom-like conformations can appear as
globular structures as it seems in Fig. 8A. On the other hand, Fig. 8B exhibits the SEM
image of sample D where the particles have aggregated. It was unclear whether the
organic material on the surface was just the PMMA polymer or a mixture of excess
MMA monomer that was incorporated within the sample causing the particles to
aggregate during sample preparation.

To further examine samples C and D, TEM analysis was performed and illustrated in
Fig.9. The polymer shell on sample C was difficult to see under TEM; however, looking
closely, a slight polymer shell of ~ 1-2 nm was observed (Fig. 9A-C). The image in Fig.

9D shows the particles from sample D embedded in polymer or excess
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Figure 7. TGA of SiO2-PMMA hairy nanoparticles synthesized via mini ME
emulsion polymerization. Initial monomer concentration was varied ([M] = 0.343
M, 0.670 M, and 1.340 M). Free polymer (Inset) formed in the aqueous phase was
measured to have molecular weights of 51,275 g/mol (b = 1.37) and 81,279 g/mol
(B = 1.66) for samples A and D, respectively. Sample C did not produce free
polymer. [CuBrz] = 0.075 mM, [TBAB]= 100 mM, [Pluronic F127] = 5.56 x 10*
M and ascorbic acid feeding rate is 23 nmoles/min. All polymerizations were
conducted in 20% acetone in water at 30°C for 6 hrs.
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[M],=0.343 M

Figure 8. SEM images of SiO.-PMMA hairy nanoparticles synthesized via mini ME
emulsion polymerization A) sample C ([M] = 0.343 M) and B) sample D ([M] =
1.340 M). [CuBr;] = 0.075 mM, [TBAB]= 100 mM, [Pluronic F127] = 5.56 x 10*
M and ascorbic acid feeding rate is 23 nmoles/min. All polymerizations were
conducted in 20% acetone in water at 30°C for 6 hrs.
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[M].=0.343 M

Figure 9. TEM images (high-resolution and dark-field) of sample C generated utilizing mini
ME emulsion polymerization with [M] = 0.343 M (top row) and sample B with [M] = 1.340
M (bottom row) displaying a corona of ~ 10 nm. [CuBrz] = 0.075 mM, [TBAB]= 100 mM,
[Pluronic F127] = 5.56 x 10* M and ascorbic acid feeding rate is 23 nmoles/min. All
polymerizations were conducted in 20% acetone in water at 30°C for 6 hrs.
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monomer, still, to definitively see the polymer canopy covering the particle surface,
dark-field images were taken (Fig. 9E-F).

These TEM images of sample D show a clear polymer shell ~ 8-10 nm around the
nanoparticle, confirming that mini ME emulsion polymerization can be applied to a
nanoparticle surface. Nevertheless, although SiO2-PMMA HNPs were produced, there
seems to be some barrier to efficient surface brush growth as initial monomer

concentrations are increased. There is also a large amount of free polymer generated
as [M], is increased (~ 80 wt.%). One possible explanation for the polymerization to
produce such a large amount of free polymer is that perhaps as a few polymer chains
come off the surface throughout the polymerization, they are polymerized within new
loci in the dispersed phase. The monomer within reservoirs or in the aqueous phase are
feeding into these new reaction loci and are no longer feeding into the micelles
containing the SiO> particles with initiator. This feeding of monomer into new loci is
more pronounced as monomer concentrations are increased. Production of free polymer
in the aqueous phase can be diminished by the addition of a water-soluble
polymerization inhibitor. This would inhibit further polymerizations in the agqueous
phase and only allow them to occur where the nanoparticles functionalized with initiator
are present.

Another way to prevent free polymer formation is by changing the initiator. The
current initiator that is functionalized on the surface has an ester linkage. Esters are
known to hydrolyze in aqueous solutions making them unstable. Amide linkages are far
more stable in aqueous dispersed systems, therefore free polymer will not form if

initiators do not hydrolyze off the nanoparticle surface. Mini ME polymerizations of
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SiO2-PMMA will address this issue in a future paper.

Conclusions

Hairy nanoparticles of SiO.-PMMA were synthesized using a novel aqueous synthetic
method. Ludox-TM SiOz nanoparticles were initially functionalized with a hydrophobic
ATRP initiator, EDMP, in ethanol. A uniform polymer shell was successfully formed
on the surface of these SiO. nanoparticles forming SiO2-PMMA HNPs via mini ME
emulsion polymerization using ARGET ATRP. The effect of surfactant concentration
was examined, and it was observed that synthesis in the presence of lower
concentrations (5.56 x 10*M Pluronic F127) of surfactant was beneficial to the
manufacture of SiO2-PMMA HNPs. It allowed polymer to grow on the surface with a
faster Rp and purification excess surfactant from the HNPs was made easier. Initial
monomer concentrations, [M], were varied using a surfactant concentration of 5.56 x
10" M and initial monomer concentrations of 0.343 M, 0.670 M, and 1.340 M. HNPs
produced using [M]_ = 0.343 M, the lowest monomer concentration studied, the particles
were observed via SEM to adopt a “raspberry”’-like morphology on the inorganic
surface. These SEM images showed evidence that the polymer brush shell fell into the
“mushroom” regime assuming these globular structures. The polymer canopy was
difficult to detect under TEM as a faint polymer canopy was present.

As initial monomer concentrations increased from 0.343 M to 0.670 M, the polymer
content was also increased; however, polymerization on the nanoparticle surface was
dramatically reduced as the initial monomer concentration was increased from 0.670 M

to 1.340 M. Although the monomer concentration was doubled, there was only a 9 %
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weight difference between samples, compared to the 23% weight difference between
HNPs produced when [M] .= 0.343 M and [M]_= 0.670 M, respectively.

Nevertheless, TEM images of HNPs produced using an initial monomer concentration
of 1.340 M displayed a clear polymer corona of ~ 8- 10 nm. It was expected to produce
a much larger polymer canopy. Another observation during this study was that as initial
monomer concentrations increased, a larger volume of free polymer was produced in
the dispersed phase (as high as 80 wt. %). This large amount of free polymer may have
been formed from chains coming off the particle surface and polymerizing in a different
locus. As initial monomer concentrations were increased, the polymerizations occurring
in the aqueous phase would expend the monomer, thus not allowing all the monomer to
enter the micelles containing the nanoparticles. Future work will address this issue by
diminishing polymerization in the aqueous phase, therefore, allowing the main loci to

be within nanoparticle-containing micelles.
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CHAPTER 5
SYNTHESIS OF SILICA-POLYSTYRENE HAIRY NANOPARTICLES USING
MINI MONOMER ENCAPSULATED EMULSION POLYMERIZATION

Abstract

Mini ME emulsion polymerization using ARGET ATRP was employed for the
synthesis of SiO»-polystyrene hairy nanoparticles. Ludox particles were initially
modified with a hydrophobic ATRP initiator in ethanol, then dispersed in styrene
monomer with an initial monomer concentration, [M],= 0.400 M before carrying out
the emulsion polymerization technique. Mini ME emulsion polymerization allows
ATREP catalyst and ligand to be delivered to the micelle using the phase transfer agent,
TBAB. Spherical aggregates were formed during the polymerization with the sphere

diameters ranging from 200 nm — 500 nm in size.

Introduction

Within recent decades, interest in the development of nanoparticle-filled polymer
composites has been prevalent.!® The combination of inorganic nanoparticles and
organic polymers can result in various advanced materials with enhanced thermal,
electronic, and optical properties, which are strongly dependent on the dispersion
characteristics of the nanoparticle in the polymer matrix.? In the early 1950s, Van de
Waarden introduced the idea of grafting organic molecules on inorganic particles which
stabilized the particles in the matrix and this idea has been used for stabilization of
particles since.® Hairy nanoparticles (HNPs), a subset of these composites, are an

emerging family of material that possesses the combined properties of the core (i.e.
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dielectric, band gap, dielectric properties) and the mechanical properties of the organic
polymer (i.e., flexibility). 8

Recently, many synthetic techniques have been developed to produce HNPs; however,
low product yield, initiator instability, and use of toxic/high boiling point solvents has
been an issue.>1% Aqueous synthetic techniques are the desired route to generate HNPs
in a large-scale batch. Mini ME emulsion polymerization using ARGET ATRP,
developed in this group, has recently proven to successfully manufacture SiO>-PMMA
HNPs.!!  This new emulsion technique uses acetone to facilitate the solubility of
monomer in the aqueous phase, as well as aiding the transfer of several components
within the aqueous phase to the micelle. The phase transfer agent, tetrabutylammonium
bromide (TBAB), assisted to shuttle ATRP catalyst between phases and provided extra
halide anions (Br’). The extra halogen was used to compensate for Br™ anions that were
dissociated from the ATRP transition metal catalyst in the aqueous phase, allowing for
a more controlled polymerization.

In this thesis, Chapter 3 discussed the important challenges that were encountered
when mini ME emulsion polymerization was used to produce low dispersity
polystyrene. One of those challenges was the rate of polymerization being significantly
decreased when initial monomer concentration, [M], was increased due to
compartmentalization effects. The initial monomer concentration was decreased by half
to reduce the size of the monomer droplets, which led to controlled polymerizations (B
< 1.2) and experimental molecular weights close to theoretical molecular weights.

This chapter will focus on the synthesis of SiO2-PS hairy nanoparticles using mini ME

emulsion polymerization via the procedure outlined in Chapter 3. The method for
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nanoparticle modification was outlined in Chapter 4 and was also implemented to
provide SiO2-PS HNPs. Nanoparticles of ~ 200-500 nm were obtained from this
procedure and were found to be highly aggregated. In future, further studies will be

performed to obtain unaggregated SiO2-PS HNPs.

Experimental Procedure

Synthesis of 11-(ethoxydimethylsilyl) undecyl 2-bromo-2-methylpropanoate (EDMP)
ATRP Initiator

Step 1: Bromination

In a 100 mL round-bottom flask equipped with a stir bar, 10-undecen-1-ol (4.257 g,
5mL, 0.025 mol) and pyridine (2.1 mL, 0.026 mol) were dissolved in 30 mL of
anhydrous tetrahydrofuran (THF). Then, at 0°C, 2-bromoisobutyryl bromide (BIBB)
(5.760 g, 3.1 mL, 0.024 mol) in 10 mL of THF was added dropwise to the solution in
the round-bottom flask over a period of 2 hours with stirring. After 2 hours, the solution
was warmed to room temperature and stirred for 24 hours. Triethylammonium bromide
salt was formed as a white precipitate and filtered out. The solvent was removed under
vacuum resulting in a yellow oil. The yellow oil was dissolved in dichloromethane
(DCM) and extracted twice with an aqueous solution saturated with Na,COs. The
organic phase was dried over sodium sulfate anhydrous, and DCM was evaporated
under vacuum. Column chromatography was performed in a 100% dichloromethane
resulting in a pale-yellow oil (yield = 95%).

Step 2: Hydrosilylation

Dimethylethoxysilane (0.04 mol) and Karstedt catalyst (6 pL) were added to the
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product from step 1 (0.004 mol), and the mixture was stirred for over-night at room
temperature in a nitrogen environment. Excess dimethylethoxysilane was then removed
under vacuum and the residual liquid was then stored at -20° C until needed.

Addition of EDMP ATRP Initiator to Ludox-TM 40 particles

Conditioning of Dowex Resin

Dowex 50W X8 and Dowex 1X8 resin (50 g each) were each transferred to a 600 mL
beaker (separate beakers). Each resin was washed with 3N NaOH, hot water, methanol,
and cold water. After each individual wash, the resins were recollected via filtration,
added back into the beaker and washed again with the subsequent solvent. This cycle
was repeated 5 times with each resin. After the last wash cycle of Dowex 50W X8, the
resin was converted to the hydrogen form with a final wash using excess 3N HCI.
Likewise, Dowex 1X8 was converted to the hydroxy form with 3N NaOH. This must
be converted shortly before use. Resins were then rinsed with copious amounts of
doubly distilled water and mixed under stirring. The resins were recollected via
filtration.

lon-exchange of Ludox-TM 40

Ludox-TM 40 (100 mL) was diluted with 100 mL of Millipore water, stirred and added
to Dowex 50W X8 resin in a beaker under agitation over-night. Ludox-TM 40 particles
were then collected via filtration and then added to Dowex 1X8 resin in a beaker and
subsequently stirred over-night. The particles were then collected via filtration (large
aggregates were centrifuged down at 3000 rpm), then dialyzed against ethanol for 1
week.

Addition of EDMP to Ludox-TM 40 in Ethanol
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Ludox particles dispersed in ethanol (1 g, 50 mL) was added to a 200 mL round-bottom
flask. Then, 28% NHj3 in water was slowly added to the ethanol dispersion until the pH
was 10. The ATRP initiator, EDMP (0.860 g, 0.002 mol) was then slowly added to the
suspension and sonicated for 1 hour before refluxing the solution at 85°C for a period
of 24 hours. After 24 hours, the solution was cooled to room temperature and
centrifuged at 4000 rpm to separate out any aggregates. The solution was then dialyzed
against ethanol for 1 week.

Synthesis of PS-SiO> Hairy Nanoparticles using ARGET-ATRP Mini ME Emulsion
Polymerization

EDMP-SiO> particles in ethanol (200 mg) were added to styrene monomer (2.78 mL,
0.024 mol) in a 20 mL scintillation vial and mixed. The ethanol was then evaporated
leaving the particles dispersed in the styrene monomer. A surfactant mixture of
Pluronics F-127 (0.80 g) in water (10 mL) was then added to the styrene-particle
suspension and vortexed until it formed a milky white dispersion. In a three-neck 100-
mL round-bottom flask, TBAB (1.934g, 6 mmol), CuBrz (2 mg, 8.96 umol), and Tris(2-
pyridylmethyl) amine (TPMA) (20.90 mg, 72 umol) were added to a mixture of acetone
(12 mL, 20% v/v) and water (34.4 mL). The pre-emulsified dispersion of styrene with
particles and surfactant was then added to the contents of the three-neck 100-mL round-
bottom flask forming a cloudy white dispersion. The flask was then equipped with a
reflux condenser and an argon-filled balloon. The flask was then purged with argon for
30 mins. Lastly, in a separate vial, a stock solution of ascorbic acid (2.27 mM, 5 mL)
was prepared and purged with argon for 30 min before being fed to the reaction using a

syringe pump at a rate of 1.67 uL/min (4.8 mL). The polymerization was stopped by
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opening the reaction to air. A yellow solid containing the hairy nanoparticles was
floating over the top of the reaction. This solid was dissolved in THF and precipitated
in hexanes before being washed with water to get rid of any residual surfactant. The
particles obtained from this solid was then oven dried at 80°C for several hours before

being re-dispersed in THF.

Results and Discussion

Compartmentalization is defined as the physical confinement of reactants to a very
small space. This effect is primarily observed in two-phase polymerization systems (e.g.
emulsion and miniemulsion polymerizations) and can alter the polymerization rates,
molecular weights, and dispersities of the polymer compared to an
uncompartmentalized system. Compartmentalization of radicals throughout the
polymerization was observed in Chapter 3 to affect the final molecular weight and
dispersity of the polymers for mini ME emulsion polymerizations of polystyrene. As
[M], concentration was decreased from 518 mM to 260 mM, the monomer droplets
became smaller and sparsely dispersed and compartmentalization of the radicals was
minimized. To that end, when applying mini ME emulsion polymerization procedure to
manufacture SiO2-PS HNPs, [M], was reduced from 0.670 M (concentration used in
chapter 4 for SiO-PMMA HNPs) to 0.400 M to evade complications due to
compartmentalization.1?14

Particles modified with the hydrophobic initiator, EDMP, were dispersed in styrene
via the procedure described in the experimental section. Once the polymerization was

complete after 48 hours, the HNPs were observed to have precipitated out of the solution

130



indicative of aggregation. This precipitate was purified and analyzed with FTIR (Fig.
1A) showing the Si-O-Si (~1100 cm) peak of the SiO2 nanoparticle along with typical
polystyrene peaks. A 44% weight difference is observed using TGA analysis (Fig. 1B)
between SiO»-Initiator (90% weight change) particles and SiO2-PS HNPs (46% weight
change).

XRD patterns of the pure PS and PS-SiO2 nanoparticles were analyzed and are
depicted in Fig. 2. The spectrum of PS revealed a broad peak at around 26 =20 ° shown
in Fig. 2 (red line). The XRD result of PS-SiO2 nanoparticles was similar to that of the
PS alone. The results revealed SiO2-PS do not have nanoparticles polymer crystallinity,
and the spectrum is analogous to previously reported literature of SiO2-PS HNPs.*®

SEM images of the SiO»-PS HNPs are shown in Fig. 3 and illustrate large, almost
perfect spheres that range from ~ 200 nm — 500 nm. According to the TGA, the polymer
content (46 wt. %) of these SiO2-PS particles does not equate to the size of the spheres
present in the SEM images as the spheres are too large for the polymer to only make up
half of the weight of the entire sample. To further examine these spheres, TEM analysis
was performed and the images are shown in Fig. 4. It was found that several particles
formed large aggregates in the form of the spheres. These aggregates are atypical of
what is usually seen with nanoparticle aggregation as they are perfectly spherical. One
explanation for this outcome is having residual surfactant still present within the solid
samples even after purification. Excess surfactant causes a reduction of the interfacial
tension between the aggregated HNPs and the solvent, tetrahydrofuran (THF), allowing

the formation of the large spheres.
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Figure 1. A) FTIR of SiO.-PS hairy nanoparticles compared to to bare SiO2 and pure
PS and B) TGA of bare SiO, SiO»-Initiator, and SiO2-PS. [M].= 0.400 M, [CuBr;] =
0.150 mM, [TBAB]= 100 mM, and ascorbic acid feeding rate is 40 nmoles/min. All
polymerizations were conducted in 20% acetone in water at 80°C for 48 hrs.
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Figure 2. XRD of SiO2-PS hairy nanoparticle compared to pure PS
and bare SiO,. [M],=0.400 M, [CuBr.] = 0.150 mM, [TBAB]= 100

mM, and ascorbic acid feeding rate is 40 nmoles/min. All

polymerizations were conducted in 20% acetone in water at 80°C for
48 hrs.
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To ascertain whether aggregation occurred during the polymerization or as a
consequence of the purification procedure the reaction was repeated, and aliquots were
removed every few hours. The 200 uL aliquots were then diluted with 800 pL of THF
and drop casted on a clean silicon wafer chip before imaging with an SEM. At T=0
hours, the surfactant is the prominent material as polymer is yet to be formed (Fig. 5,
row 1). Large spheres start to appear within the first hour of the polymerization with
increasing size and concentration as time progresses (Fig. 5).

These large particles coalesced forming even greater aggregates at longer reaction
times. However, at T=12 hours (Fig. 6, first row), the density of these spheres in solution
begin to decrease. This decrease of spheres in the SEM images is happening because
the aggregates began precipitating out of solution. As more particles are being formed,
the cycle continues with larger aggregates precipitating out; however, as free polymer
is formed, few particles become embedded in it as shown in Fig 6 and Fig. 7. After 48
hours, almost all the particles have precipitated out of solution leaving a small
percentage within the free polymer (Fig. 7). These SEM images confirm that the
particles aggregate during the polymerization and the aggregates are not the result of
purification. Further research needs to be conducted to probe this issue and understand
why this aggregation is occurring.

One possibility as to why the HNPs are aggregating during the polymerization is that
localization of the reaction in this system was still not very well controlled. Firstly,
because a high concentration of the Pluronic F127 surfactant was utilized (1.59 x 1073

M) resulting in many, very small micelles, the SiOz-initiator particles could be localized
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Figure 3. SEM images of SiO2-PS hairy nanoparticles which are aggregates that have
formed into “perfect” spheres. [M],= 0.400 M, [CuBrz] = 0.150 mM, [TBAB]= 100 mM,
and ascorbic acid feeding rate is 40 nmoles/min. All polymerizations were conducted in
20% acetone in water at 80°C for 48 hrs.
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Figure 4. TEM images of SiO2-PS hairy nanoparticles showing several aggregated
particles that form the larger spheres. [M].= 0.400 M, [CuBr2] = 0.150 mM, [TBAB]= 100
mM, and ascorbic acid feeding rate is 40 nmoles/min. All polymerizations were conducted
in 20% acetone in water at 80°C for 48 hrs.
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T=0 hr.

1 hr.

T=

T=2 hr.

T=4 hr.

Figure 5. SEM images of the time study performed with mini ME emulsion polymerization
to generate SiO»-PS hairy nanoparticles. Aliquots were taking out at T=0, T=1 hr., T=2
hr., and T=4 hr. Large spheres started to appear at T=1 hr. and became more concentrated
as time progressed. [M]_= 0.400 M, [CuBr2] = 0.150 mM, [TBAB]= 100 mM, and ascorbic
acid feeding rate is 40 nmoles/min. All polymerizations were conducted in 20% acetone in
water at 80°C for 48 hrs.
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T=12 hr.

T=20 hr.

T=24 hr.

T=28 hr.

Figure 6. SEM images of the time study performed with mini ME emulsion polymerization
to generate SiO2-PS hairy nanoparticles. Aliquots were taking out at T=12, T= 20 hr., T=
24 hr., and T= 28 hr. The aggregates start to precipitate out of solution at T=12 hr. and a
lower density of large aggregates are viewed under the SEM. [M] = 0.400 M, [CuBr2] =
0.150 mM, [TBAB]= 100 mM, and ascorbic acid feeding rate is 40 nmoles/min. All
polymerizations were conducted in 20% acetone in water at 80°C for 48 hrs.
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T=44 hr.

T=48 hr.

Figure 7. SEM images of the time study performed with mini ME emulsion
polymerization to generate SiO»-PS hairy nanoparticles. Aliquots were taking out at
T=44, and T= 48 hr. Aggregates that have not precipitated out are embedded in free
polymer. [M] = 0.400 M, [CuBrz] = 0.150 mM, [TBAB]= 100 mM, and ascorbic acid
feeding rate is 40 nmoles/min. All polymerizations were conducted in 20% acetone in
water at 80°C for 48 hrs.
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within the larger monomer droplets as these particles are ~ 30 nm. The larger droplets
may be housing a number of these particles, thus causing them to coalesce and resulting
in the large spheres. Secondly, because the polymerization is conducted at 80°C, and is
under reflux, the acetone would reflux and come back into the dispersion in a cycle. The
concentration of acetone would be varied throughout the polymerization which can lead
to complications with monomer localization. To avoid this issue, in the future, we would

need to keep the concentration of both solvents relatively constant in the reaction.

Conclusions

SiO2-PS hairy nanoparticles were synthesized using mini ME emulsion
polymerization with ARGET ATRP. These hairy nanoparticles were aggregated and
formed perfect spheres due to residual surfactant left after purification. This residual
surfactant decreased the surface tension, thus allowed the large aggregated particles to
form a network in the shape of these spheres. A polymerization time study was
performed in order to determine whether the aggregates formed during the
polymerization or as a result of the purification. The SEM images of the time study
demonstrated that the aggregates formed within the first hour of the polymerization and
continued to aggregate as time progressed. The aggregates precipitated out of the
reaction leaving only a small percentage embedded in free polymer. The aggregates
ranged from ~ 200 nm — 500 nm in size.

These masses may be forming because the larger droplets may be housing a number
of these particles, thus causing them to coalesce and resulting in the large spheres. This

aggregation can also be symptomatic of the inconsistent concentration of acetone
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throughout the polymerization due to refluxing. The concentration of acetone would be
varied throughout the polymerization which can lead to complications with monomer
localization. Further researched will be conducted in the future to diminish the amount

of aggregation that occurs throughout the polymerization.
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CHAPTER 6
A NOVEL BIOSENSOR FOR DIRECT ANTIBODY DETECTION BASED ON
THE ANTIBODY-CATALYZED WATER OXIDATION PATHWAY

Abstract

Current clinical diagnosis of infectious diseases is performed using an Enzyme
Linked Immunosorbent Assay (ELISA) that makes use of secondary reagents to detect
primary antibodies captured from serum. These secondary reagents can cause
limitations to the assay, such as false positives (due to non-specific binding), time-
intensive incubation steps, species-dependence and increased cost. To overcome these
limitations, we report a novel biosensor based on the antibody catalyzed water oxidation
pathway (ACWOP) that directly detects captured primary antibodies by using their
inherent catalytic activity. In this process, antibodies are used as catalysts in the reaction
between singlet oxygen and water to generate hydrogen peroxide, which is then detected
via colorimetric readout. Our sensor incorporates silica microparticles as an inexpensive
substrate that is functionalized with rose bengal (photosensitizer), to generate singlet

oxygen, and dinitrophenyl (antigen), to capture primary antibodies.

*Portions are adapted from Pranav Sundaram’s master’s thesis. This project was a

collaboration between the groups of Prof. Brian Kirby and Prof. Christopher Ober.

144



We demonstrate specific capture of anti-DNP antibodies on our substrates followed by
generation of an antibody-dependent colorimetric ACWOP signal. By eliminating the
use of secondary reagents, we have developed a universal platform that detects
antibodies in a species-independent manner with improved speed and inexpensive
reagents, with the ultimate goal of transitioning to a point-of-care sensor that can be

used for widespread monitoring of infectious diseases.

Introduction

Infectious diseases affect several hosts such as humans, livestock, pets and wildlife.?
For example, the influenza virus resides in reservoir hosts, such as ducks, cranes and
other wild birds, from which the pathogen then passes into transmission hosts, such as
domestic poultry and bats and ultimately to spillover hosts such as humans, cows, cats
and swine.?® Infectious diseases spread rapidly and pose the threat of developing into
epidemics that can cause large scale loss of lives.*® Several key factors aid in the spread
of infectious diseases: multiple species acting as transmission and spillover hosts,
increased contact between humans and wildlife and other species, frequent travelling
across nations and lack of global monitoring strategies.” Consequently it is important to
develop novel sensitive tools that can achieve widespread monitoring of these diseases
across several species in a timely manner.®

Currently, serology is the primary clinical tool used for detecting infectious pathogens
in several hosts. In serology, antibodies that are developed as part of the host’s immune
response to the infection are detected in the patient’s serum. These disease-specific

antibodies have a unique function of binding to a specific molecule on the target
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pathogen (i.e. the antigen), thus their presence in the patient’s serum can indicate
exposure to pathogen.

The Enzyme Linked Immunosorbent Assay or ELISA is the most commonly used in-
vitro diagnostic test to detect antibody responses to infectious agents in the host. ° In an
ELISA, the host’s serum is incubated in antigen-coated microwell plates. Antibodies
specific to the coated antigen are captured from the patient’s serum onto the plates
through antigen-antibody binding.l® These captured primary antibodies are then
detected with secondary reagents. Based on the secondary reagent used, ELISAS are
classified into two types: indirect ELISA and competitive ELISA. An indirect ELISA
uses secondary antibodies that are tagged to an enzyme such as horseradish peroxidase
(colorimetric detection) or a fluorophore (fluorometric detection). These secondary
antibodies are species-specific, as they recognize the Fc fragment of the captured
primary antibody. In contrast, a competitive ELISA, uses antibodies that compete with
primary antibodies from serum for the antigen binding sites. These competitive
antibodies are species-independent and are antigen-specific.

Use of secondary reagents present certain limitations: (a) non-specific binding of
secondary reagents in the wells can lead to false positives and low sensitivity.'!, (b)
additional incubation steps, which range from 2 hours at room temperature to overnight
at 40°C, are required for binding these secondary reagents, thereby increasing the total
test time 9, (c) the use of secondary antibodies that are specific to the species being
tested for prevents testing across several hosts with the same device *? and (d) the use
of secondary reagents increases the overall cost of the tests.™

To overcome these limitations, we eliminate use of secondary reagents by directly
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detecting the captured primary antibodies using their intrinsic catalytic property.
Wentworth et. al. showed that all antibodies, irrespective of antigenic specificity or
source, can act as a catalyst in a specific reaction between singlet oxygen(*O2) and water
to form hydrogen peroxide (H20.).%* This process is termed the antibody-catalyzed
water oxidation pathway, or ACWOP. They tested a panel of intact immunoglobulins
and antibody fragments from a range of species, clones and isotypes and found this
property to be conserved across all antibodies.®

We engineered a surface-based biosensor that uses porous silica microparticles as an
inexpensive substrate for functionalizing cofactors required for the ACWOP and
antigens required for capturing primary antibodies. The captured primary antibodies
generate H>O> via the ACWOP, which is detected and quantified using a colorimetric
method. Our sensor successfully generates an antibody-dependent ACWOP signal with
fewer incubation steps and cheaper reagents. Through the development of this universal
platform, we demonstrate potential to transform our biosensor into a species-
independent point-of-care device that can be used for rapid, cheap and sensitive

monitoring of infectious diseases across a host of species.

Experimental Section

Materials

Hydrogen  peroxide, Peroxidase from  horseradish  (HRP), 3,3',5,5'-
Tetramethylbenzidine (TMB), Hydrochloric acid, Toluene, N, N-Dimethylformamide,
HATU, N,N-Diisopropylethylamine, DNP-g-amino-n-caproic  acid, 1,4-

Dimethylpyridinium p-toluenesulfonate, DIC, TWEEN-20 and Citric Acid were
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purchased from Millipore Sigma. Rose Bengal and porous silica gel were purchased
from Alfa Aesar. 1x Dulbecco's Phosphate-Buffered Saline (DPBS), Methanol, Ethanol,
L (+)-Ascorbic acid, Triethylamine, Sodium phosphate dibasic and Dimethyl sulfoxide
were purchased from VWR International. 3-Aminopropyl (diethoxy) methylsilane was
purchased from Gelest. Rose Bengal Disodium Salt was purchased from Fisher
Scientific. Clear F-bottom 96-well microplate and Black F-bottom 96-well microplate
were purchased from Greiner Bio-one. Normal Rat 1gG, Azide free was purchased from
R&D Biosystems, Goat anti-DNP 1gG was purchased from Bethyl Laboratories and
Donkey anti-goat 1gG-Alexa Fluor 568 was purchased from ThermoFisher Scientific.
Dinitrophenyl mouse 1gG and Normal-mouse IgG were purchased from Santa Cruz
Biotechnology.

TMB stock solution: Citrate Phosphate (CP Buffer, pH 5.0) was prepared by mixing
24.3mL of 0.1N citric acid, 25.7mL of 0.2N sodium phosphate and 50mL of DI water.
TMB stock solution of 1.04mM was prepared by adding 5mg of TMB powder to 5mL
DMSO and stirred gently until TMB dissolved. The prepared solution was then added
to 15mL CP buffer.

Unless otherwise stated, all stock solutions were prepared by dilution or dissolution in
1x DPBS.
Instrumentation:

A Synergy H1 Hybrid plate reader from BioTek was used at default settings to
measure absorbance intensity, absorbance spectra, and fluorescence intensity of
samples. BioTek Gen5 data analysis software was used to analyze optical data collected

from the plate reader. A Sorvall ST16 centrifuge from ThermoFisher Scientific fitted
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with a swinging bucket rotor-Model: M20 for 96-well microplates and Model: TX-400
for Falcon tubes, was used to wash substrates. A Centrifuge 5424
from Eppendorf fitted with a fixed angle (450) rotor - Model: FA-45-24-11 was used
for microcentrifugation. A Select Series UV Crosslinker (XLE-1000A) from
Spectroline was repurposed with four 12” green cold cathode tube lights from Logisys
(CLK12GN2, brightness: 28000 to 30000 cd/m?) to form a green-light illuminator. The
green lights were controlled with an external HY3003 DC power supply at 12V and
1.25A with a toggle switch. The green light illuminates a region suitable for placing a
96-well microplate. A Vacuum filtration unit was designed by fitting vacuum tubing to
an Erlenmeyer flask and attaching a 60 mL Pore-E buchner funnel.
Detection of singlet oxygen generated by photosensitization reaction in solution:
Rose Bengal was diluted in DPBS (pH 7.4, 100puL) to form the following
concentrations: 6.25uM, 5uM, 4uM, 3.12uM, 2uM and 1.56uM and was added to wells
1-6 in Row A in a clear 96-well microplate. A negative control of DPBS (pH 7.4, 100
uL) was added to well 7 in Row A. Ascorbic Acid (100uL, 0.625mM stock) was added
to all 7 wells. The plate was placed in the green-light illuminator and illuminated from
above for 30 minutes. HRP (20uL, 0.171uM stock) and TMB (100uL, 1.04mM stock)
were added to each well. The plate was covered with aluminum foil and incubated for
5 minutes. The absorbance intensity at 650nm was measured for each well in the plate
reader. The above experiment was performed in triplicate and each data point is reported
as the mean + S.E.M. The absorbance intensity at 6550nm was converted to [H202] using
the H20. standard curve.

Proof of concept ACWOP assay in solution - all reagents freely diffusing in solution:
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Rat IgG, azide free, that was resuspended in DPBS (100uL, 20uM stock) was serially
diluted in DPBS (pH 7.4, 100uL) with a dilution factor of 1/2 in 11 wells of a clear 96-
well microplate. A well containing DPBS (pH 7.4, 100uL) was used as the negative
control. RB (100uL, 0.01mM) was added to all 12 wells. The plate was placed in the
green-light illuminator and illuminated from above for 30 minutes. HRP (20uL,
0.171uM stock) and TMB (100uL, 1.04mM stock) were added to each well. The plate
was covered with aluminum foil and incubated for 5 minutes. The absorbance intensity
at 650nm was measured for each well in a plate reader. The above experiment was
performed in triplicate and each data point is reported as the mean + S.E.M. The
absorbance intensity measured was converted to [H202] using the H>O> standard curve.
Functionalization of Rose Bengal on silica microparticles:

Activation of Silica Microparticles:

129 of silica microparticles were mixed with 100 mL of 10% HCI (10 mL HCI to 90
mL water) and refluxed with continuous stirring for 24 hours at 110°C. After 24 hours,
the silica microparticles were collected by filtration and decantation, washed with pure
water until the pH of the water was neutral, and dried at 60°C for 24 hrs.

APDMES Conjugation on Silica Microparticles:

The dried particles (11g) were then added to a 300 mL round-bottom flask along with
100 mL of anhydrous toluene, 4.5mL of APDMES, and 2.5mL of triethylamine. This
mixture was refluxed at 110°C for 24 hours. Subsequently, the mixture was left to cool
to room temperature and particles were collected by filtration. The silica microparticles
were washed with methanol and ethanol 5 times each. The APDMES-silica

microparticles were then dried in an oven for 24 hours.
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Rose Bengal Conjugation on APDMES-Silica Microparticles:

The concentration of Rose Bengal used was 2 mM (Rose Bengal: 1 equivalent,
HATU: 1 equivalent, DIPEA: 2 equivalents). APDMES-silica microparticles (2 g) was
added to a 100 mL round-bottom flask along with 30 mL of amine-free anhydrous DMF
and a stir bar. Rose Bengal sodium salt (61.06 mg), HATU (22.82 mg) (coupling agent)
and N, N-Diisopropylethylamine (21uL) (DIPEA base) was added to the mixture and
stirred manually for about 1 minute. This solution was stirred for 24 hours at room
temperature, collected via filtration, and washed in a cycle with methanol, ethanol, and
DPBS buffer solution until mother liquor was colorless.

Detection of singlet oxygen generated by photosensitization reaction on a surface:
Detection with Ascorbic Acid:

RB-functionalized silica microparticles (RB-silica) were suspended in DPBS (pH 7.4)
to obtain a concentration of 15 mg RB-silica per 100 pL of suspension. The same was
done for APDMES-silica microparticles for the negative control. RB-silica suspension
(100 pL, 15 mg per 100 pL of suspension) and APDMES-silica suspension (100 pL, 15
mg per 100 pL of suspension) was added wells in a clear 96-well microplate. Ascorbic
acid (100 pL, 78 uM stock) was added to both wells. The plate was placed in the green-
light illuminator and illuminated from the top for 30 minutes. 150 pL of the supernatant
from each well was collected in individual microcentrifuge tubes. The tubes were
centrifuged in a microcentrifuge at 18000xg for 5 minutes. 100 pL of the supernatant
from the microcentrifuge tubes were then transferred to a new clear 96-well microplate.
An absorption spectrum was performed for both wells to ensure that there was no freely

diffusing RB in solution. HRP (20 pL, 0.171 uM stock) and TMB (100 pL, 1.04 mM
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stock) were then added to each well. The plate was covered with aluminum foil and
incubated for 5 minutes. The absorbance intensity at 650 nm was measured for each
well. The above experiment was performed in triplicate and each data point is reported
as the mean + S.E.M. The absorbance intensity at 650 nm was converted to [H20-] using
the H2O. standard curve.

Detection with freely diffusing 1gG:

RB-functionalized silica microparticles (RB-silica) was suspended in DPBS (pH 7.4)
to obtain a concentration of 15mg RB-silica per 100uL of suspension. Rat IgG, azide
free, resuspended in DPBS (100 pL, 15.87 uM stock) was serially diluted in DPBS (pH
7.4, 100 puL) with a dilution factor of 1/2 in 10 wells of a clear 96-well microplate. A
well containing DPBS (pH 7.4, 100 uL) was used as the negative control. The remaining
procedure was the same as described in detection with ascorbic acid above.
Functionalization of Dinitrophenyl on silica microparticles:

APDMES-silica microparticles (0.3 g) were added to a 50mL round-bottom flask
equipped with a stir bar along with 10mL of amine-free anhydrous DMF. Then, 18.75
mg of DNP, 93.75 mg of 1,4-Dimethylpyridinium p-toluenesulfonate (DPTS), and 62.5
uL of N, N'-Diisopropylcarbodiimide (DIC) were added to the flask with the particles.
This solution was stirred at 32°C for 24 hours. The particles were then washed with
ethanol and methanol using several centrifugation steps until the supernatant was clear.
The washed particles were dried in the oven at 60°C for two hours.

Capture of primary anti-DNP IgG on DNP functionalized silica microparticles -
Readout with fluorophore-tagged secondary antibodies:

DNP-functionalized silica microparticles (DNP-silica) were suspended in DPBS (pH
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7.4) to obtain a concentration of 30mg DNP-silica per 100 uL of suspension. Goat anti-
DNP IgG (100 pL, 6.67 uM stock) was serially diluted in DPBS (pH 7.4, 100 uL) with
a dilution factor of 1/2 in 11 wells of a clear 96-well microplate. A well containing
DPBS (pH 7.4, 100 uL) was used as the negative control. DNP-silica suspension (100
uL, 30 mg per 100 uL of suspension) was added to all 12 wells. The plate was covered
with aluminum foil and incubated for 4 hours at room temperature (25°C). Wash buffer
(200 pL, 0.05% (v/v) Tween-20 in DI) was added to each well. The plate was
centrifuged at 3000xg for 3 minutes and the resulting supernatant was aspirated. The
wash protocol described was performed 3 times. AlexaFluor 568 donkey anti-goat 1gG
(100 pL, 0.01 uM) was added to all 12 wells. The plate was covered with aluminum foil
and incubated for 2 hours at room temperature (25°C). The wash protocol described was
performed 3 times. DPBS (100 uL, pH 7.4) was added to each well and all of the
contents of each well were transferred to a black 96-well microplate. The fluorescence
intensity (Ex: 568nm, Em: 603nm) was measured for each well using a plate reader.
The above experiment was performed in duplicate and each data point is reported as the
mean + S.E.M.
Demonstration of a surface-based antibody sensor that directly detects captured
primary antibodies via the ACWOP:
ACWOP readout of captured primary anti-DNP antibodies:

DNP-functionalized silica microparticles (DNP-silica) were suspended in DPBS (pH
7.4) to obtain a concentration of 15 mg DNP-silica per 100 pL of suspension. RB
functionalized silica microparticles (RB-silica) was suspended in DPBS (pH 7.4) to

obtain a concentration of 15 mg RB-silica per 100uL of suspension. Mouse anti-DNP
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IgG (100 puL, 1.33 uM stock) was serially diluted in DPBS (pH 7.4, 100 uL) with a
dilution factor of 1/2 in 7 wells of a clear 96-well microplate. A well containing DPBS
(pH 7.4, 100 pL) was used as the negative control. DNP-silica suspension (100 pL, 15
mg per 100 puL of suspension) was added to all 8 wells. The plate was covered with
aluminum foil and incubated for 4 hours at room temperature (25°C). Wash buffer
(200uL, 0.05% (v/v) Tween-20 in DI) was added to each well. The plate was centrifuged
at 3000xg for 3 minutes and the resulting supernatant was aspirated. The wash protocol
described was performed 3 times. RB-silica suspension (100 pL, 15 mg per 100 pL of
suspension) was added to all 8 wells. The plate was placed in the green-light illuminator
and illuminated from the bottom for 45 minutes. The supernatant (150 uL) from each
well was collected in individual microcentrifuge tubes. The tubes were centrifuged in a
microcentrifuge at 18000xg for 5 minutes. 50 pL of the supernatant from the tubes were
then transferred to a new clear 96-well microplate. An absorption spectrum was
performed for all 8 wells using a plate reader to ensure there was no freely diffusing RB
in solution. HRP (20 pL, 0.171 uM stock) and TMB (100 pL, 1.04 mM stock) were then
added to each well. The plate was covered with aluminum foil and incubated for 5
minutes. The absorbance intensity at 650 nm was measured for each well in a plate
reader.
ACWOP readout of captured primary control antibodies:

N-Mouse IgG (100 pL, 2.67 uM stock) was serially diluted in DPBS (pH 7.4, 100 pL)
with a dilution factor of 1/2 in 6 wells of a clear 96-well microplate. Same procedure as
ACWOP readout of captured primary anti-DNP antibody section above was followed

and instead of Mouse anti-DNP IgG, a control antibody was used to determine non-
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specific binding of 1gG to silica microparticles.
Results and Discussion

The key components of our ACWOP biosensor include silica microparticles used as
an inexpensive substrate to conjugate antigens and ACWOP cofactors, O, (reactant)
generation on a surface and an optimized colorimetric detection system to detect the
H>0> generated via antibody catalysis.

We used a TMB-HRP based colorimetric detection system to detect the H.O that is
generated in the ACWOP process. Upon oxidation by stock H.O2, TMB changes from
colorless to blue in the presence of an enzyme HRP.*8 This change in color was detected
and quantified by measuring the absorbance at 650 nm using absorbance spectroscopy
with a plate reader. The colorimetric detection signal was expressed as the Absorbance
intensity or OD at 650 nm/Path Length, with a linear trend against H2O, concentration.
We optimized the detection system for HRP and TMB to obtain a final H.O; standard
curve. Our system developed a colorimetric detection signal of H2O2 within 5 minutes,
not shown previously in literature, with a sensitivity of 0.078 pM (data in Appendix
B.1). We obtained a relationship between the measured colorimetric intensity signal and
H>0> concentration, which was used for conversion in all further experiments.

Singlet oxygen, the excited state of molecular oxygen, is a key reactant in the ACWOP

reaction and was generated via a photosensitization reaction.'® The process
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Figure 1. 'O, generation via photosensitization of RB in solution followed by
detection using an optimized ascorbic acid system (a) Green-light illuminator fit
with 4 cold cathode green tubes light and operated via an external DC power
source. The illuminator provides a constant and uniform source of green light from
the top (b) Generation of 'O as a function of [RB] in solution. There is a linear
increase in singlet oxygen generation with [RB] until 2uM beyond where the curve
saturates as AA acts as the limiting reagent.
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requires oxygen, light of a suitable wavelength and a photosensitizer that can absorb
that light and excite triplet oxygen to its singlet state. We used the xanthene dye, rose
bengal (RB) as the photosensitizer primarily for three reasons: (a) it has a high quantum
yield of 0.76, (b) it is soluble and can be used to photosensitize in DPBS and (c) it is
inexpensive.’® RB has an absorption maximum at 550 nm (Fig. S1), (i.e. green light),
so we designed an illuminator system (Fig. 1A) to provide a constant and uniform source
of green light.

Although the final readout uses ACWOP, to initially quantify the 'O, generated by
photosensitization of RB with green light, we used an ascorbic acid detection system.
Ascorbic acid (AA) reacts with 10, in a 1:1 mole ratio to generate H.O; at a pH of 7.4.2°
The generated H,O> was detected with our optimized TMB-HRP colorimetric detection
system. AA dissolved in 1x DPBS (10mM phosphate/160 mM sodium chloride, pH 7.4)
showed a decrease in pH below 7.4 for [AA] > 10 mM (Fig. S2). For [AA] < 10mM,
the generation of O, as a function of [AA] showed an ascorbate dependent detection
signal. There existed an optimal [AA] for both RB freely diffusing in solution and RB
functionalized on silica microparticles (Fig. S3, S4). Detection of 1O generated due to
photosensitization reactions in solution, using the optimum [AA], showed a linear
increase in 102 generated with [RB] (Fig. 1B). A minimum of [RB] = 0.78 uM was
required to generate detectable *O- in solution for the given conditions. We developed
an ACWOP proof-of-concept assay to confirm that our system can detect non-specific,
freely diffusing antibodies in solution via ACWOP.

We chose 10uM as the concentration of RB for this assay, as Fig 1b showed that *O>

generation saturates for [RB]>2uM. Similarly, for that concentration of RB, the limit of
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detection (LOD) of the generated H>O> in solution is the lowest (Appendix B.2). Sodium
azide, commonly used as a preservative, is known to be an inhibitor of 'O, so azide-
free rat IgG was used.?! The system, consisting of RB and 1gG in solution, was placed
in the green illuminator to generate O, followed by IgG catalysis via ACWOP to
generate H2O, (Fig. 2A). The H>O, was detected colorimetrically and we obtained a
reproducible non-linear antibody-dependent signal (Fig. 2B). Our result verifies proof-
of-concept experiments that were performed by Wentworth et. al. using horse IgG and
fluorescent detection, wherein they obtained a similar non-linear signal. They
hypothesized that the curvature is due to the reduced lifetime of 1O in solution due to
reaction with the antibody.®® This demonstration provides the basis for developing a
biosensor that can detect antibodies based on the colorimetric H20, detection signal
output produced due to ACWOP.

To develop a surface-based ACWOP biosensor that captures primary antibodies and
detects them directly, we selected porous silica microparticles as the substrate for
functionalizing the photosensitizer and the antigen. We have previously worked with
silica surfaces and Welch et. al. demonstrated an electrochemical ACWOP biosensor
using POEGMA brushes functionalized on silicon wafers.???®> APDMES was
conjugated to activated-porous silica surfaces via a silanization reaction at elevated
temperatures by modifying the protocol used by Wu et.al.?* RB was functionalized to
the APDMES-silica substrates via an amidation reaction between the carboxylic acid

group of the dye and the amine groups on the substrate (Fig. 3A).%
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Figure 2. Demonstration of a proof-of-concept ACWOP assay that detects
non-specific antibodies in solution. All reagents are freely diffusing in
solution. (a) Process involved in developing a proof-of-concept assay. Non-
specific rat IgG and RB were added to a well, illuminated with green light for
30mins to perform and the generate H>O, was detected via a colorimetric
readout (b) H.O> generated via ACWORP as a function of non-specific rat 1gG
freely diffusing in solution. Obtained a repeatable antibody-dependent H2O>
generation.
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The absorption spectrum of RB-silica (100uL, 15mg in DPBS) gave a sharp peak at
550nm, the absorption maximum of RB, thereby confirming successful
functionalization (Fig. 3B).

RB-silica particles (15 mg) have a total outer surface area of 1.14 x 107 that can
theoretically bind 2.3 x 10° moles of RB (Appendix C.1). This is roughly the same
amount of RB that was in solution in the proof-of-concept assay. Hereafter, 15mg of
RB-silica particles were illuminated with green light to generate 'O, on a surface that
was detected with ascorbic acid in solution (Fig. 4A). Comparison of photosensitization
reactions on a surface with the reactions in solution showed a 100-fold higher efficiency
of 1O generation by RB freely diffusing in solution (Appendix D). These findings agree
with Schaap et al. when they compared the efficiency of 'O production of free rose
bengal with rose bengal immobilized on Merrifield polymer and found a 100-fold higher
production rate of O from the free photosensitizer.2® To further confirm the generation
of 'O, from the RB-silica substrate, we used freely diffusing azide-free rat IgG in
solution to catalyze the reaction between the generated 'Oz and water to produce H2O:x.
We obtained repeatable antibody-dependent H2O- generation, thereby validating the
RB-silica microparticles as reliable sources of 102 (Fig. 4B).

DNP was utilized as a model antigen that is bound by anti-DNP antibodies from
several species and classes for initial development of our ACWOP biosensor.?2 DNP &-
amino n-caproic acid was functionalized to the APDMES-silica microparticles in a
manner similar to that for RB. An amidation reaction occurs between the carboxylic
acid group of DNP and the free amine on the APDMES-silica microparticles.

We confirmed the capture of anti-DNP primary 1gG on DNP-silica microparticles
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using secondary fluorophore-tagged antibodies. 30mg of DNP-silica microparticles
were used as that provided 71 times more surface area than the bottom of a well in an
ELISA plate, thereby providing more binding sites for antibody capture (Appendix C.2).
The process involved incubation of the DNP-silica microparticles with primary goat
anti-DNP 1gG, incubation with secondary donkey anti-goat IgG and fluorescence
intensity measurement with a plate reader (Fig. 5A). We observed an increase in the
fluorescence readout from the secondary antibody with increasing primary antibody
concentration used for incubation (Fig. 5B). This confirms primary-antibody
concentration dependent capture on DNP-silica particles that saturates at higher 19gG
concentrations possibly due to limited number of binding sites.

The generation of ACWOP signal from the surface-based biosensor involved the
following process: (a) capture of primary antibodies on DNP-silica microparticles, (b)
generation of O, from RB-silica microparticles and (c) antibody catalysis to generate
H202 that is detected colorimetrically (Fig. 6A). DNP-silica microparticles were
incubated with mouse anti-DNP IgG using the validated protocol used previously.

Because the lifetime of 1O, in aqueous solutions is in the range of 1-10 ps, which
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Figure 3. Functionalization of porous silica microparticles with RB
(a) Chemistry and the process involved in functionalizing 112.5uM
porous silica microparticles with RB. Activated silica microparticles
are treated with APDMES via a silanization reaction to form
APDMES-silica (top). RB is functionalized to APDMES-silica via an
amidation reaction to form RB-silica (bottom) (b) Confirmation of the
presence of RB on RB-silica microparticles using an absorption
spectrum. RB-silica shows a peak at 550nm in its absorption spectrum
(blue) when compared to APDMES-silica (yellow) confirming
successful conjugation of RB.
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Figure 4. 'O, generation via photosensitization of RB on a surface
followed by detection using two different methods (a) Ascorbic acid
detection. 15mg of RB-silica microparticles generated O, on
illumination with green light. APDMES-silica microparticles (control)
that have no RB functionalized to the surface produced no Oz (b) Freely
diffusing non-specific antibodies in solution via ACWOP. 1O, generated
by 15mg RB-silica microparticles reacted with water in the presence of
rat 1gG to generate H>O. Obtained a repeatable antibody-dependent
signal confirming generation of 1O, from RB surfaces.
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corresponds to a mean square diffusion distance of less than 0.5um (diffusion
coefficient of O,: 2 x 10”° cm?%sec), the DNP-silica and RB-silica microparticles were
mixed well together to ensure close proximity of the 1O, to the antibody.?” The system
was illuminated with green light to generate 1O, that reacted with water in the presence
of the captured antibodies to produce H>O». We obtained a captured primary antibody-
dependent H20. production (Fig. 6B). A negative control of normal-mouse IgG was
performed using the same protocol to determine non-specific binding of IgG to silica
surfaces. On comparison the H>O, generation from the specific DNP-captured antibody
was higher than the control. The curve for the ACWOP readout of primary anti-DNP
antibodies exhibits a curvature with decreasing slope at higher concentrations of IgG,
either because of saturation of primary antibody binding sites as seen in the previous
section or because of the short lifetime of 'O, due to consumption as postulated by

Wentworth in the proof of concept assay.™®
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Figure 5. Confirmation of capture of primary anti-DNP antibodies on DNP-
silica microparticles using fluorophore-tagged secondary antibodies (a) Process
involved in developing a secondary readout from captured primary antibodies.
Primary antibody: goat anti-DNP 1gG, secondary antibody: AlexaFluor 568
donkey anti-goat 1gG. (b) Fluorescence readout from secondary antibody bound
to captured primary antibodies on DNP-silica. Obtained a repeatable primary-
antibody dependent signal confirming successful capture.
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Figure 6. Demonstration of a novel surface-based ACWOP biosensor that can
directly detect captured primary antibodies and generate a colorimetric readout
(a) Process involved in capture and detection of anti-DNP primary antibodies
using the ACWOP biosensor. Mouse anti-DNP 1gG were captured on DNP-
silica. 10, generated by RB-silica reacts with water in presence of captured
antibodies to generate H2O2 which is detected via a colorimetric readout (b)
Obtained a primary antibody-dependent H>O2 generation (blue). A negative
control with n-mouse IgG showed non-specific binding of IgG to silica
substrates (yellow). The non-specific capture (yellow) occurred to a lesser
extent than the specific DNP capture (blue).
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Conclusions

In summary, we developed a silica-microparticle based biosensor that directly detects
captured primary antibodies via the ACWOP and generates an antibody-dependent
colorimetric signal. By eliminating the use of secondary antibodies that are specific to
a given species, our ACWOP biosensor is capable of directly detecting antibodies from
any species. The sensor improves testing time by eliminating the 2-hour incubation step
required for binding secondary reagents in traditional ELISA kits. We have used
relatively inexpensive substrates and reagents, which, coupled with the elimination of
expensive, specially prepared secondary reagents, our sensor is more cost effective. The
surface-based sensor provides a universal platform for direct antibody detection via a
species-independent method. Future studies involve modification of this platform into
a lateral flow test format for point-of-care monitoring of infectious diseases in multiple

hosts via ACWOP.
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CHAPTER 7
FUTURE DIRECTION

Mini ME Emulsion Polymerization of Free Polymer
Iron-Mediated Mini ME Emulsion Polymerization

Atom transfer radical polymerization (ATRP) is one of the most well-known forms of
controlled/living radical polymerizations generating well-defined polymers with precise
molecular weight and high end-group functionality.! The key to ATRP is the reversible
redox equilibrium between activator and deactivator, maintaining low concentration of
radicals suppressing side reactions.?> However, a significant factor limiting the
widespread industrial use of ATRP is copper contamination. Largely, the focus within
the ATRP field in recent years has been directed toward lower catalyst loadings, such
as those in ARGET ATRP. Nonetheless, even trace amounts of copper is problematic
for microelectronics as it acts as a conductor, and in biological applications due to its
toxicity.>4

Although mini ME emulsion polymerization utilizes ARGET ATRP >8, it would still
not be a viable method for industry as the presence of any amount of copper within the
polymerization is undesirable. As an alternate ATRP method, Iron-mediated ATRP
polymerizations has recently been studied in aqueous media and would be a good
alternative to copper-mediated ATRP as iron (Fe) is widely available, has low toxicity,
and has good biocompatibility.”

In their work, Bian et. al. used photoinduced Fe-mediated ATRP in aqueous

media for the well-controlled polymerizations of PEGMAso and PEGAgo using FeBrs

as the catalyst and triphenylphosphine-3,3°,3’-trisulfonic acid trisodium (TPPSA) as
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the ATRP ligand achieving polymers with B < 1.4.” Inspired by their work, we briefly
conducted preliminary experiments using Fe-mediated mini ME emulsion
polymerization. The results are summarized in Table 1.

Two concentrations of TBAB were utilized (100 mM and 50 mM) and compared to
the control experiment where no TBAB was added. Although a low temperature (30°C)
was used for the mini ME emulsion polymerization of PMMA with copper as the
catalyst, the temperature needed to be increased to 80°C over a 20-hour period as the
rate of polymerization (Rp) of Fe-mediated ATRP is much slower than the Rp in ATRP
with Cu. The ligand that was used was tris[2-(2-methoxyethoxy) ethyl] amine (TDA)
and TBAB was employed as the phase transfer agent; however, TBAB has also been
known to serve as an ATRP ligand for Fe-mediated polymerizations.

At 100 mM TBAB, the polymerization reached full conversion, but the polymer
dispersity was high (B = 1.96), thus the polymerization was still poorly controlled. As
[TBAB] was decreased, the molecular weight and dispersity decreased as well (Mq=
13,060 g/mol, ® = 1.41). The controlled experiment excluding TBAB from the
polymerization continued to lower the molecular weight of PMMA (Mn= 7,896 g/mol),
but the dispersity increased from B = 1.41 at 50 mM TBAB to b = 1.74 with no TBAB.
This indicated that a small amount of TBAB is still required in the polymerization for
shuttling of the catalyst. Too much TBAB causes a poorly controlled polymerization
because TBAB can also be used as a ligand, therefore, it may well be competing with

TDA causing an imbalance of radicals in solution. In the future, a systematic study
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[TBAB] (mM) Mhn (g/mol) b

100 88,314 1.96
50 13,060 1.41
None 7,896 1.74

Table 1. Iron-mediated mini ME emulsion polymerization of PMMA. [M] = 500 mM, [I]=

1 mM, [TDA]=3 mM, [ascorbic acid] =2 mM. All polymerizations were conducted at 80°C

for 20 hours.

174




must be performed to obtain the optimal amount of ligand: Fe ratio and TBAB: ligand
ratio.
Metal-Free ATRP Mini ME Emulsion Polymerization

An alternate ATRP technique that eliminates the use of any metal was developed by
Hawker et. al. with a photomediated process using an organic-based catalyst, such as
10-phenylphenothiazine (PTH). The photoexcited PTH* reduces alkyl bromide chain
end to generate a propagating radical and a corresponding PTH radical cation which
subsequently can deactivate the propagating chain to regenerate a ground state PTH and
a dormant polymer chain end allowing controlled polymerizations of methyl
methacrylate under 380 nm light (Scheme 1). 8 A broad range of monomers from
methacrylate, acrylate to styrene can be polymerized with this catalyst. The
polymerization could be switched on/off by light. They found that the conversion
increased under exposure of light and stopped after the removal of light. The conversion
went up again after re-exposure to light. High chain end functionality like traditional
ATRP was observed for the PTH mediated, metal free system, indicating by the
formation of a diblock copolymer. &

Combining this method with mini ME emulsion polymerization could have vital
implications to the large-scale industrial use of this technique. Because this method
would allow ATRP to be conducted without the use of any metals and applying what
we learned about reaction localization in mini ME emulsions to achieve low dispersity
polymers, it can lead to widespread use for future applications like in the manufacture

of hairy nanoparticles.
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Hairy Nanoparticles Arrays

Opportunities to harness controlled enthalpic and entropic interactions (e.g. hydrogen
bonds, entanglements) between particle canopies have been largely unexplored. These
interactions can affect mechanical, optical and electrical properties of HNP assemblies;
however, they are rarely studied. In large part this was due to the lack of synthetic
diversity, limited quantities of materials available and poor control of lattice symmetry
because of limited HNP canopy design.® Implementing mini ME emulsion
polymerization for the production HNPs offers an easier route to obtaining complex
polymer canopies due to its unique control of reactant localization, which can be finely-
tuned with various initiators, monomers, and phase transfer agents.

One clear direction for this project would be increasing the complexity of the canopy,
including multiphase mixed HNP structures which can exploit the power of polymer
processing including directed self-assembly to tailor these emerging materials in ways
not before achieved (Fig. 1). NP arrays, made using tailored complementary
interparticle (IP) interactions, are an important goal of this research program and these
NP arrays can be generated using complementary HNP pairs (Fig. 2).

Complementary (mutually attractive) HNPs would allow the production of binary
arrays while combination of large and small HNPs would permit the formation of more
complex superlattices (Fig. 2). The control of brush chemistry and size to enable weak
(e.g. chain entanglement) or strong interactions (e.g. hydrogen bonding) between
nanoparticles can also be studied. In addition to brush interaction through

entanglements, triggering interactions by means of photoactivated H-bonding
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Fig. 1. Research pathway. Starting with growing HNP by aqueous seeded
polymerization. HNPs will be prepared with specific brush size and
architecture. Subsequent exploration with brush canopy / entanglement/
selective interactions will lead to formation of novel superlattice/array which
leads to enhanced performance in optical materials, such a GRIN or Faraday
rotator devices.
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complexes would allow the creation of HNP superlattices as well as 2D arrays. 115,
Entanglement, ionic interactions between acids and bases, and hydrogen bonding
between neighboring HNP pairs can also be explored, while research in the use of small
metal oxide clusters (MOC) would provide tailored superlattice structures. Metal oxide
cluster compounds offer precise size, composition and graft density but need a shorter
graft length to balance composition and require alternatives to chain entanglement due
to their short brush length.

Future research can also probe the use of light activation to control the very short
brushes needed for: 1) small HNPs and 2) polymer grafted MOC units. Since these NPs
are below the wavelength of activating radiation, simple exposures will be enough to
turn on these polymerizations. These smaller diameter materials will enable the
production of interesting two component NP arrays and introduce units with very
specific compositions. Ye et al. have shown that selecting the proper size difference and
volume content of the different NP populations, will possibly allow the creation of very

unusual structures which is anticipated to have beneficial optical properties.®

Hydrogen bonding HNPs

Further effort can also be directed to forming more controlled and stable superlattices
by using hydrogen bonding (Fig. 3). Hydrogen bonding between HNPs to accomplish
several objectives would be of great interest. First, in short chain brush canopies needed
for very small diameter NPs and in MOCs, finding an alternative for entanglement to
create strong interactions between NPs. Hydrogen bonding can do that. Second,

hydrogen bonds between short ligands or long polymer chains on a
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Figure 2. Strategies for controlling superlattice structure. The
direction of the arrows for each strategy corresponds to formation of
more asymmetric superlattice. Strategies include: a) size ratio
between HNPs. ¢) Concentration ratio added in the blend between
HNPs. ¢) H-bond donor / acceptor ratio between HNPs. Derived
superlattice could be either 2D / 3D array depending on the specific
tuning.
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particle surface may also assist in the self-assembly of particles into non-close packed
or closely packed one-dimensional or two-dimensional superlattices®’, to enable new
collective physicochemical properties which are remarkably different from either the
individual NPs or their bulk materials, and further extend their application
capabilities.’®?2 Moreover, hydrogen bonding offers a flexible and controllable
pathway for structural manipulation of assembly.?®> Mini ME emulsion polymerization
can be used to create different polymer brushes containing hydrogen bond donor sites,
such as poly (acrylic acid) (PAA), poly (methacrylic acid) (PMAA), and poly(4-
vinylphenol) or hydrogen bond acceptor sites, such as poly(4-vinylpyridine) (PVPy)
and poly(vinylpyrrolidone). By selecting complementary hydrogen bonding canopies,
it will be possible to provide interparticle interactions that replace those lost as the

chains become shorter than the entanglement molecular weight.

Hidden/latent hydrogen bonding

One of the challenges of creating NP arrays is the need for mobility in the HNPs
during the assembly process. By their very nature, the hydrogen bonding groups are
designed to create strong inter-canopy interactions, which if present may hinder
ordering of an array. Should this prove to be an obstacle, latent photochemically
accessible H-bonding groups can be used. By introducing a latent H-bonding moiety
into the polymer brush, dynamic and switchable superlattices can be achieved and
regulated by external stimuli such as pH value, temperature and UV light.

The Ober group has expertise in the chemistry of photoresists and can imagine at least

two methods for masking an H-bonding group and then turning it on using light. For
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example, an o-nitrobenzyl-containing photoreactive moiety on a polymer brush was
reported by our group in 2011.2* This structure upon exposure to UV radiation releases
a masked carboxylic acid which would then bind to a hydrogen acceptor. Such a group
could be incorporated with the first group of HNPs, whose polymer brushes contain acid
groups, while the second type of HNP canopy is functionalized with polymer brushes
containing hydrogen bond acceptor sites. After two types of HNPs are mixed, UV light
can be applied to the superlattice upon which the nitrobenzyl moieties will be cleaved
from the brushes and hydrogen bonding between donor brushes and acceptor brushes
will be activated as shown in Fig. 3, bottom. Locking up of HNPs may be minimized
during annealing and this interaction may even aid array formation by favoring a
partnering of donor and acceptor HNPs in the array.

Once more, applying concepts from photoresist chemistry, groups such as t-butyl
esters on carboxylic acids represent nonpolar groups that can be easily processed and
mixed with hydrogen bond acceptors without strong interactions. However, when
heated especially in the presence of catalytic amounts of acid, the ester groups cleave to
reveal proton donating acid groups. This chemistry can be activated by exposing these
groups to acid from an external source (blanket conversion) or with the addition of a
photoacid generator (photo defined activation). Combined with the cleavage of
photosensitive o0-nitrobenzyl-containing groups we have two methods for photo

defining H-bond formation that we will explore as we study NP array formation.
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Diblock PGN Phase
Separation Superlattice

Figure 3. Superlattice film coating strategy and selected brush structures. Top:
Left — Two-phase brush structures. Middle - Phase separated HNP. Right -
Phase separated superlattice. Bottom: binary superlattice “locked” by H-
bonding following UV light exposure.
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Figure. 4. Phase separated NP canopies and interesting surface
architecture. a) Lateral phase separation. b) Inner shell and outer
“antenna” ¢) Reversible phase shift in triblock copolymer canopy.
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Phase separated mixed brush canopies

Moreover, another future direction for HNPs would be constructing multifunctional
brush canopies both from both block copolymer brushes and by using binary initiators
with the goal of making active phase separated canopies along the circumference of the
HNP. By controlling different ratios and concentrations of the phase separated zones it
can provide brush canopies that select for HNP array symmetry, multiple attachments
sites between large and small HNPs and the creation of generally more versatile HNP

canopies (Fig. 4).

ACWOP Biosensor

This project has evolved tremendously over the past 5 years as it was once an
electrochemical based biosensor 2 and today’s generation is based on a colorimetric
readout with a microparticle platform. Although the microparticles allowed us to easily
functionalize the surface for testing and optimization, the particles themselves would
need to be tethered to a microfluidic platform to get to a point-of-care device. One way
to do this would be to use a cellulose surface rather than a particle-based one as most
current point-of-care device platforms are paper-based (e.g. pregnancy tests, glucose
monitoring devices). The modification of cellulose strips with POEGMA polymer
brushes post-functionalized with a specific antigen would be an ideal platform for mass
production.

I conducted preliminary experiments to demonstrate that cellulose is a viable substrate
for specific antigen detection. As illustrated in Fig. 5, a paper substrate (Whatman’s

filter paper) was functionalized with POEGMA
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Figure 5. Depiction of polymer brush synthesis on a paper surface (Whatman’s filter
paper) and subsequent DNP post-functionalization.
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Primary: Anti-DNP IgE

Secondary: Anti-Mouse IgG Alexafluor 647 Labeled

Anti-Mouse IgG

Specific Binding

Anti-DNP IgE

Anti-Human IgG

==

Polymer Brushes

f

—==r

Non-Specific Repellence

Primary: Anti-Human IgG DNP

Secondary: Anti-Mouse IgG

Figure 6. Illustration of specific binding and non-specific repellence of anti-DNP IgE
and anti- human IgG antibodies, respectively, to the DNP antigen tethered to POEGMA
polymer brushes on a paper substrate.
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Fluorescence Intensities: Secondary Anti-Mouse
lgG on Paper Substrates
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Figure 7. Graph of fluorescence intensities of paper substrates functionalized with
POEGMA + DNP, POEGMA only, and DNP only compared with the paper only control
experiment.
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polymer brushes via an ATRP polymerization. Dinitrophenyl (DNP) antigens were then
covalently tethered to the POEGMA polymer brush (procedure in Appendix B). Figure
6 illustrates the specific binding of anti-DNP IgE to the DNP on the polymer brushes
using AlexaFluor 647 labeled anti-mouse IgG as the secondary antibody.

As a control experiment, an anti-human 1gG primary was used to promote non-specific
repellence, thus demonstrating the need for polymer brushes to prevent non-specific
binding. Figure 7 shows a bar graph comparing the fluorescence intensities of the
POEGMA-DNP brushes functionalized on the paper substrate, as well as the control
experiments, POEGMA only, DNP only and paper only. What was observed was a large
amount of non-specific binding to the DNP only substrates and a small amount of non-
specific binding to the paper only substrates. POEGMA polymer brushes allowed these
substrates to obtain higher specificity by reducing the amount of non-specific adsorption
on the paper substrate.

These preliminary experiments demonstrated that paper is a feasible platform for an
antibody detection system if polymer brushes are used to prevent non-specific
adsorption. As mentioned in chapter 1, POEGMA polymer brushes are not the only
brush system that is able to prevent fouling.?® In future studies, brush systems such as
zwitterionic brushes can also be polymerized on paper and have their anti-fouling
behavior compared with those of POEGMA based substrates. This shift would bring

the ACWOP biosensor closer to a point-of-care device.
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APPENDIX A

Chapter 2: Mini ME Emulsion Polymerization of PMMA using ARGET ATRP

Figure A1l. TEM image of micelles after polymerization using
100 mM NaCl. [M]o = 0.518 M, [I]Jo = 1 mM, [CuBr2] = 0.075
mM and ascorbic acid feeding rate at 23 nmoles/min. All
polymerizations were conducted at 30°C.

Figure Al displays a micelle of ~ 21 nm after attempting mini ME polymerization using
NaCl as the halide salt. The micelle size did not increase from before the polymerization
as the DLS results in chapter 2 show that the monomer swollen micelles are ~ 21 nm.
The nodules that are observed in the TEM image could be crystalized salt that formed

during the reaction or small pockets of low molecular weight polymer. It was clear that

194



an inorganic halide salt would not facilitate the polymerization.

=15
e ————
70 -
414
—
8 60 -
£ 413 2
2 >
= >
| -
S
412
40 ] LJ ] L} | J 1 11
TMAB TBAB TPAB THAB

Halide Salts

Figure A2. Graph of phase transfer agents against molecular weight and
dispersity. [Halide salt] = 100 mM, [M]o = 0.518 M, [I]Jo = 1 mM, [CuBr2] =
0.075 mM and ascorbic acid feeding rate at 23 nmoles/min. All polymerizations
were conducted at 30°C.

Figure A2 shows a comparison between four phase transfer agents,
Tetramethylammonium bromide (TMAB), tetrabutylammonium bromide (TBAB),
tetrapentylammonium bromide (TPAB), tetraheptylammonium bromide (THAB). What
was observed was a “Goldilocks” effect where the optimal phase transfer agent was
TBAB. TMAB was unable to diffuse into the micelle at an appropriate diffusion rate to
deliver the halide to the chain end, while TPAB and THAB were unable to diffuse out
of the micelle, thus the Cu'-Br/TPMA (activator) cannot get shuttled into the organic
phase.
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Figure A3. Comparing the effects of varying CuBr2 concentrations and ascorbic acid
feeding rate on molecular weight of PMMA when using either TBAB or TBAC.

Figure A3 demonstrates the dramatic effect that mini ME emulsion polymerization
undergoes when tetrabutylammonium chloride is used as the phase transfer agent.
Complete opposite trends of molecular weight and polymer dispersity are seen when
varying CuBr concentrations ascorbic acid feeding rates. Further investigation needs

to be conducted in the future to fully understand these effects.
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Figure A4. Conversion of PMMA versus time using mini-ME ARGET ATRP
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provided to auide the eve.
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APPENDIX B

Chapter 6. ACWOP Biosensor. B.1 Development and optimization of a hydrogen
peroxide colorimetric detection system

[HRP] optimization:

HRP (100uL, 11uM) was serially diluted in DPBS (pH 7.4, 100uL) with a dilution
factor of 1/2 in 11 wells of a clear 96-well microplate. A well containing DPBS (pH 7.4,
100uL) was used as the negative control. H202 (100uL, 20uM) and TMB (100uL,
1.04mM) was added to each well. The plate was covered with aluminum foil and
incubated for 5 minutes. The absorbance intensity at 650nm was measured using a plate
reader for all the wells. The above experiment was performed in triplicate and each data

point is reported as the mean + S.E.M.
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Figure B1. Optimization of [HRP] to obtain maximum colorimetric H20>
detection signal. [H202] = 20uM, [TMB] = 1.04mM and time = 5 minutes.
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The optimum [HRP] was chosen to be 0.171pM.

[TMB] optimization:

TMB (100puL, 1.04mM) was serially diluted in DPBS (pH 7.4, 100uL) with a dilution
factor of 1/2 in 11 wells of a clear 96-well microplate. A well containing DPBS (pH 7.4,
100pL) was used as the negative control. H202 (100uL, 44uM) and HRP (20uL,
0.171uM) was added to each well. The plate was covered with aluminum foil and
incubated for 5 minutes. The absorbance intensity at 6550nm was measured using a plate
reader for all the wells. The above experiment was performed in triplicate and each data

point is reported as the mean + S.E.M.
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Figure B2. Optimization of [TMB] to obtain maximum colorimetric H-O>
detection signal. [H202] = 44uM, [HRP] = 0.171mM and time = 5 minutes.
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The blue color change takes place when [H202] <[TMB] and at equimolar concentration
the color is most intense. Based on this observation, an optimum [TMB] of 1.04mM
was chosen as the stock solution.

Hydrogen peroxide standard curve for proof-of-concept assay:

H>02 was detected by the oxidative color change of TMB in the presence of HRP. H202
(100puL, 64uM stock) was serially diluted in DPBS (pH 7.4, 100uL) with a dilution
factor of 1/2 in 11 wells of a clear 96-well microplate. A well containing DPBS (pH 7.4,
100uL) was used as the negative control. RB (100uL, 0.01mM stock), HRP (20puL,
0.171uM stock) and TMB (100uL, 1.04mM stock) were added to all 12 wells. The plate

was covered with aluminum foil and incubated for 5 minutes. The absorbance intensity
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Figure B3. H20> standard curve for the proof-of-concept assay. Colorimetric
signal obtained from the plate reader is converted to [H202] based on the
relation provided in the inset. [HRP] = 0.171uM, [TMB] = 1.04mM, [RB] =
0.01mM and time = 5 minutes.
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at 650nm was measured using a plate reader for all the wells. The above experiment
was performed in triplicate and each data point is reported as the mean + S.E.M.
Hydrogen peroxide standard curve for RB-silica microparticle based experiments:
H202was detected by the oxidative color change of TMB in the presence of HRP. H202
(100puL, 64uM stock) was serially diluted in DPBS (pH 7.4, 100uL) with a dilution
factor of 1/2 in 11 wells of a clear 96-well microplate. A well containing DPBS (pH 7.4,
100uL) was used as the negative control. HRP (20uL, 0.171uM stock) and TMB
(100uL, 1.04mM stock) were added to all 12 wells. The plate was covered with

aluminum foil and incubated for 5 minutes. The absorbance intensity at 650nm was
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Figure B4. H.O> standard curve for surface-based sensor experiments. Colorimetric

signal obtained from the plate reader is converted to [H202] based on the relation
provided in the inset. [HRP] = 0.171uM, [TMB] = 1.04mM and time = 5 minutes.
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measured using a plate reader for all the wells. The above experiment was performed in
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triplicate and each data point is reported as the mean + S.E.M.

B.2 Limit of detection of hydrogen peroxide in different Rose Bengal
concentrations in solution

H202 (100uL, 64uM stock) was serially diluted in DPBS (pH 7.4, 100uL) with a dilution
factor of 1/2 in 11 wells of a clear 96-well microplate. A well containing DPBS (pH 7.4,
100uL) was used as the negative control. RB (100uL, 0.01M stock), HRP (20uL,
0.171uM stock) and TMB (100uL, 1.04mM stock) were added to all 12 wells. The plate
was covered with aluminum foil and incubated for 5 minutes. The absorbance intensity

at 650nm was measured using a plate reader for all the wells. Four other RB stock

1-5 T T T T T

LOD of H,0,,(uM)

L [ eem

0.001 0.01 0.1 1 10
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Figure B5. Analysis of LOD of H20- for different [RB] in solution. RB = 0.01mM
provided the best (lowest) LOD and hence was chosen as the RB concentration in
the ACWOP proof-of-concept assay.

conditions - ImM, 0.1mM, 0.01mM and 1uM were tested following the same protocol
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as above. All experiments were performed in triplicate and each data point is reported

as the mean + S.E.M.

RB=0.01mM gave the lowest limit of detection and was chosen as the optimum [RB]
for the proof-of-concept ACWOP assay
Dinitrophenyl (DNP) conjugation on APDMES-Silica Particles (also on cellulose

substrate)

0.3g of APDMES-Silica particles (or Whatman’s filter paper (1 cm x 2 cm) was added

to a 50-mL round-bottom flask equipped with a stir bar along with 10 mL of amine-free
anhydrous DMF. Then, 18.75 mg of DNP, 93.75 mg of 1,4-Dimethylpyridinium p-
toluenesulfonate (DPTS), and 62.5 puL of N,N'-Diisopropylcarbodiimide (DIC) were
added to the flask with the particles. This solution was stirred at 32°C for 24 hours. The
particles were then washed with ethanol and methanol using several centrifugation steps
until the supernatant was completely clear. Likewise, the functionalized filter paper was
washed with ethanol, methanol and then DCM, taking care not to tear it. The particles
were then dried in the oven at 60°C for two hours while the filter paper was air dried
overnight. Separately, an ATRP initiator (a-bromoisobutyryl bromide) was reacted with
the amine functional groups of APDMES on the silica gel and used as a macroinitiator
to grow poly(oligoethylene glycol) methacrylate (POEGMA) polymer brushes on the
surface. POEGMA polymer brushes have been proven in the past to decrease the amount
of non-specific binding of biomolecules, increasing the specificity and sensitivity of a
previous version of this biosensor on a silicon chip. The experimental procedure for

polymer brush synthesis on the silica gel surfaced will be highlighted below.
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Addition of ATRP initiator to APDMES-Silica to make Silica-Br (also on cellulose

substrate)

APDMES-Silica gel (or APDMES-Cellulose) (2.50g) was dispersed in 150 ml of

anhydrous toluene. After cooling solution to 0°C, triethylamine (4 mL) was added and
stirred for 5 mins. In a separate 10 mL Erlenmeyer flask, 10 mL of anhydrous toluene
and 3 mL of a-bromoisobutyryl bromide (BIBB) was added. This solution was stirred
manually and placed in a 50-mL dropper funnel equipped with a septum and a needle.
The BIBB solution was added dropwise to the particles in toluene at 0°C over a 2-hour
period and stirred for an additional 2 hours at this temperature. Then, the solution was
warmed to room temperature and stirred overnight. The next day, the particles were
collected via filtration and washed with methanol and dichloromethane before being
dried in the oven at 60°C for several hours giving a product with a slight brown color to

it. The cellulose substrate was washed similarly and dried in air overnight.

Polymer brush synthesis on Silica-Br to make Silica-POEGMA

Once the Silica-Br particles were dried, activators regenerated electron transfer
(ARGET) ATRP was performed with 1 gram of the particles. ATRP components such
as 0.05 mM of CuBrz, 500 mM of POEGMA monomer (Mn Average is 360), 100 mM
NaCl, and 0.4 mM of TPMA (ATRP ligand) were dissolved in 58.2 mL of water and
degassed with argon for 30 mins. Subsequently, a 0.5 mM stock solution of ascorbic
acid was prepared in a total volume of 5 mL and degassed with argon for 30 mins as
well. A syringe pump was set at a rate of 10 uL/min to add a total volume of 1.8 mL of

ascorbic acid solution to the main round-bottom flask with the ATRP components at
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30°C. After the ascorbic acid solution was fulling added, the particles with polymer
brush were collected via filtration and washed with water, ethanol, and methanol 5 times
each. It was dried in an oven at 60°C overnight. The filter paper was dried overnight in

air.

Addition of DNP to Silica-POEGMA to make Silica-POEGMA-DNP

DNP was added to the Silica-POEGMA surfaces with the same procedure as described

in the section labeled “Dinitrophenyl (DNP) conjugation on APDMES-Silica Particles”

above. The particles were then washed with methanol and ethanol over several

centrifugation steps until the supernatant was clear.
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APPENDIX C

C.1 Calculation of number of moles of RB present on 15mg of RB-silica
microparticles

Bulk density of silica gel = 700kg/m’
Hence 15mg of silica gel has a total volume = 2.142 x 10* m’

From the manufacturer’s specification, porous silica gel corresponds to -100+200

mesh which means the size of a particle lies between 75 to 150 pm.
Assuming an average of 112.5um, the radius of a single particle = R = 56.25um.

. 4x TxR’ i
Volume of a particle = ———=7.45x 10 B’
l

Number of silica microparticles in 15mg = Total volume/Volume of a particle =

28752 particles

Outer surface area of one particle= 4x 7xR*> =3.97x 10° m’
Total outer surface area of all particles =
Number of particles x Outer surface area of a particle =1.14x 10° m?
Molar volume of Rose Bengal = 338 x 10° m’

Volume of single RB molecule = Molar volume/Na(Avagadro number) =5.611 x

28 3
107" m
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Volume of a single molecule x 3

Radius of a single RB molecule 23\/ =0.511 nm

4x 7
. ~ . - 2
Cross sectional area of a single molecule = 7 xR?> =822 x 10" m?
Total number of RB molecules that can fit on the silica surface =

F 4 : r 15
Total outer surface area / Cross sectional area of an RB molecule =1.38 x 10

molecules.

Total moles of RB that can be functionalized on the outer surface of 15mg of silica

microparticles = Total number of RB molecules/Ny =2.3 x 10”° moles
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C.2 Comparison of Total Surface Area(TSA) provided by 30mg DNP-silica
particles with the TSA of the bottom of a well in a 96-well ELISA microplate:

Bulk density of silica gel = 700kg/m’
Hence 30mg of silica gel has a total volume = 4.285 x 10 m’

From the manufacturer’s specification, porous silica gel corresponds to -100+200

mesh. This means the size of a particle lies between 75 to 150 um.
Assuming an average of 112 5um, the radius of a single particle =R = 56 25um.

. 4x7xR?
Volume of a particle = % =745x 10" m’

Number of silica microparticles in 30mg = Total volume/Volume of a particle =
57517 particles

Outer surface area of one particle = 4x 7x R>=3.97x 10° m*

Total outer surface area of all particles = Number of particles x Outer surface area of a

particle =2.28 x 107 m’
Radius of the bottom of a F-bottom well from greiner bio-one. R = 3.195 x 10” m

Total surface area of the bottom of the well= 7 x R>=3.2x 10" m°

Ratio of Surface areas = Total Surface area of 30mg DNP-silica particles/Total

surface area of the bottom of an ELISA well =71
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APPENDIX D

Comparison of the singlet oxygen generation efficiency between Rose Bengal freely
diffusing in solution and RB functionalized to silica microparticles

-8
1., 200 : :

12}

0.8

102{m0!es)

0-6 L

Equation: y = 55.78x - 8*107°

0.4 B 2
Fit: R* = 0.9758

0.2+

0 1 2 3 4 5
RB(moles) w1010
Figure D. Comparison between photosensitization reactions in solution and on
a surface (a) Analysis of number of moles of YO, generated per mole of RB in
solution (b) Analysis of number of moles of O generated per moles of RB on
a surface
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10-13
RB-silica APDMES-silica control

Figure D. Comparison between photosensitization reactions in solution and on a surface
(a) Analysis of number of moles of 'O, generated per mole of RB in solution (b)
Analysis of number of moles of 1O, generated per moles of RB on a surface
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Rose Bengal in solution:
From Fig C(a). 'O, moles generated/RB moles in solution = 55.78
Therefore, 1 mole of RB in solution generates 55.78 moles of 'O, in 30 minutes.
Rose Bengal functionalized to silica microparticles:

From Appendix B.1. moles of RB on 15meg silica particles = 2.3 x 10~ moles.

From Fig C. 'O, moles generated from 15mg RB-silica = 1.15 x 10” moles
'0, moles generated/RB moles on surface = 0.5
Therefore 1 mole of RB on the surface generates 0.5 moles of 'O, in 30 minutes
Ratio of (1)/(2) = 55.78/0.5 = 111.56
RB in solution generates 111.56 more moles of 10, than RB on surface.

Hence RB freely diffusing in solution is 100 times more efficient in generating

'0, than RB functionalized on silica particles.
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Supplementary Information
1. Absorption spectrum of RB in solution:

RB (100uL, 0.0lmM) in DPBS (pH 7.4, 1x) was taken in a well and the absorbance

spectrum was performed using a plate reader. The spectrum showed that the

photosensitizer has an absorption maximum at 550nm i.e. green light
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Figure S1. Absorption spectrum of 0.01mM RB in solution. Absorption
maximum occurs at 550nm i.e. green light.
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2. pH as a function of Ascorbic Acid concentration:

Ascorbic Acid (5mL, 0.07M) was serially diluted in 1x DPBS (phosphate
10mM/sodium chloride 160mM, pH 7.4, 5mL) with a dilution factor of % in 11
scintillation vials. A control of 1x DPBS (pH 7.4, 5mL) was taken in a separate vial.

The pH was measured using a Mettler Toledo 7 pH/conductivity meter.

1074 107 1072 107"
[Ascorbic Acid](M)

Figure S2. pH of ascorbic acid dissolved in DPBS as a function of [ascorbic
acid]. For AA>10mM (buffering capacity of DPBS), the pH drops steeply.

For AA>10mM, there was a sharp drop in pH below 7.4 because the buffering capacity

of 1x DPBS was 10mM. 4 7
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3. Optimization of Ascorbic Acid for various concentrations of Rose Bengal in solution:
Ascorbic Acid (100uL, 10mM stock) was serially diluted in DPBS (pH 7.4, 100uL)
with a dilution factor of 1/2 in 11 wells of a clear 96-well microplate. A well containing
DPBS (pH 7.4, 100uL) was used as the negative control. RB (100uL, 0.01M stock) was
added to each well. The plate was placed in the green-light illuminator and illuminated
from the top for 60 minutes. HRP (20uL, 0.171uM stock) and TMB (100uL, 1.04mM
stock) were added to each well. The plate was covered with aluminum foil and incubated

for 5 minutes.

140 i T T T
120 1

100 \ J

['0,)(uM)

[Ascorbic Acid](mM)

Figure S3. Determining the optimum [AA] for obtaining maximum O
detection signal. 'O, is generated via photosensitization reactions in solution.

4 other

RB stock conditions - ImM, 0.1mM, 0.01mM and 1uM were tested for following the
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same protocol as above. All of the experiments for different RB conditions were
performed in triplicate and each data point is reported as the mean + S.E.M. The
absorbance intensity at 650nm was converted to [H202] using the H202 standard curve.
4. Optimization of Ascorbic Acid for 15mg of RB-silica microparticles:

RB functionalized silica microparticles (RB-silica) was suspended in 1x DPBS (pH 7.4)
to obtain a concentration of 15mg RB-silica per 100uL of suspension. Ascorbic acid
(100puL, 10mM stock) was serially diluted in DPBS (pH 7.4, 100uL) with a dilution
factor of 1/2 in 11 wells of a clear 96-well microplate. A well containing DPBS (pH 7.4,
100uL) was used as the negative control. RB-silica suspension (100uL, 15mg per 100pL
of suspension) was added to all 12 wells. The plate was placed in the green-light
illuminator and illuminated from the top for 30 minutes. 150uL of the supernatant from
each well was collected in individual microcentrifuge tubes. The tubes were centrifuged
in a microcentrifuge at 18000xg for 5 minutes. 100uL of the supernatant from the tubes
were then transferred to a new clear 96-well microplate. An absorption spectrum was
performed for all 11 wells using a plate reader to ensure there was no freely diffusing
RB in solution. HRP (20uL, 0.171uM stock) and TMB (100uL, 1.04mM stock) were
then added to each well. The plate was covered with aluminum foil and incubated for 5
minutes. The absorbance intensity at 650nm was measured for each well in a plate

reader. The above experiment was performed in triplicate and each data point is reported
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as the mean + S.E.M. The absorbance intensity at 6550nm was converted to [H202] using
the H2O- standard curve.
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Figure S4. Determining the optimum [AA] for obtaining maximum O detection
signal. O; is generated via photosensitization reactions on a surface.
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