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ABSTRACT

The evolving field of nanomaterial synthesis needs adaptable techniques for the
modification and construction of multifunctional components. In this work, a unique
layer-by-layer (LbL) method is demonstrated as a generic pathway for nanomaterial
stabilization and bioconjugation, facilitating manipulation and handling for new
applications. In particular, nanomaterials have unique optical properties that can
potentially improve the sensitivity and long-term performance in applications such as
optical biosensors, particularly those based on energy transfer. However, the
reproducible integration of nanomaterials into stable assays remains a significant
challenge. Therefore, the generalized LbL technique was specifically applied towards
the fabrication of a novel nanomaterial-enabled optical sensor.

The broader implications of this LbL technique on nanoparticles were explored
by characterizing the capabilities and performance of multiple nanoscale core materials
and prospective polymer coatings. The modified nanomaterials were characterized for
their colloidal and optical stability under varying pH, buffer, and ionic strength
conditions. A single bilayer coating of weak and weak-strong polymers using the
developed procedure was capable of imparting colloidal stability with a minimal
hydrodynamic size increase; an essential feature for energy transfer sensors.

The application of this LbL coating was demonstrated for the construction of a
nanomaterial-enabled energy transfer sensor utilizing concanavalin A (ConA)-coated

gold nanorods (energy acceptors) combined with fluorescent gold nanoclusters (NCs)



grown within ovalbumin (OVA) (energy donors). The successful construction of the
sensor components was verified and the concept demonstrated via reversible quenching
in the presence of increasing glucose concentrations.

Calcium carbonate was explored as a porous template for the encapsulation of
affinity sensing chemistry. The entire process was studied; synthesis of the carbonate
template, capsule formation via LbL, and dissolution of carbonate to form a hollow
capsule, along with the incorporation of assay components using co-precipitation. The
knowledge gained provides fundamental insight for improving the function of sensor
schemes utilizing carbonate and to guide future considerations for encapsulation.

These results demonstrate significant advances for the reliable fabrication of
nanomaterial-enabled optical sensors. The fundamental knowledge and experimental
expertise developed shall guide the rational design of future sensor iterations for

improved performance.
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NOMENCLATURE

AFM Atomic force microscope

AgNP Silver nanoparticle

AMP Adenosine 5'-monophosphate

AuNC Gold nanocluster

AuNP Gold nanoparticle

AuNR Gold nanorod

BSA Bovine serum albumin

CaCOs Calcium carbonate

CCNP Calcium carbonate nanoparticles

CGM Continuous glucose monitoring

CGMS Continuous glucose monitoring system
CHES N-Cyclohexyl-2-aminoethanesulfonic acid
ConA Concanavalin A

CTAB Cetyltrimethylammonium bromide
DHLA Dihydrolipoic acid

DI Deionized

DLS Dynamic light scattering

EA Ethanolamine

EDC N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
EDTA Ethylenediaminetetraacetic acid



EE Encapsulation efficiency

FAD Flavin adenine dinucleotide

FBR Foreign body response

FITC Fluorescein isothiocyanate
FRET Forster resonance energy transfer
GBP Glucose binding protein

GDH Glucose dehydrogenase

GDL Glucono delta-lactone

GOx Glucose oxidase

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
LbL Layer-by-layer

MA Maleic acid

MAA Mercaptoacetic acid

MEF Metal enhanced fluorescence
MES 2-(N-morpholino) ethanesulfonic acid
MPA Mercaptoproprionic acid

MUA Mercaptoundecanoic acid

NC Nanocluster

NHS N-Hydroxysulfosuccinimide

NP Nanoparticle

NSET Nanosurface energy transfer
NTA Nanoparticle tracking analysis
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OVA
PAA
PAH
PDADMAC
PE
PEG
PEI
PEM
PHOS
PL
PSMA
PSS
PSS-co-MA
PVSA
QD
QY
RCF
RET
SEM
SMBG
SNR

SP

Ovalbumin

Poly (acrylic acid)

Poly (allylamine hydrochloride)
Poly (diallyldimethylammonium chloride)
Polyelectrolyte

Poly (ethylene glycol)

Poly (ethylenimine)
Polyelectrolyte multilayer
Phosphate buffer
Photoluminescence

Poly (styrene-co-maleic anhydride)
Poly (sodium-4-styrenesulfonate)
Poly (4-styrenesulfonic acid-co-maleic acid)
Poly (vinylsulfonic acid)

Quantum dot

Quantum yield

Relative centrifugal force
Resonance energy transfer
Scanning electron microscope
Self-monitoring of blood glucose
Signal-to-noise

Solvent precipitation
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SS

TEM

TMAH

TOPO

TRIS

TRITC

UCNP

uv

Styrene sulfonate

Transmission electron microscope
Tetramethylammonium hydroxide pentahydrate
Trioctylphosphine oxide

Tris (hydroxymethyl) aminomethane
Tetramethyl rhodamine isothiocyanate
Upconverting nanoparticle

Ultraviolet
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1. INTRODUCTION

Chronic diseases such as heart disease, diabetes, cancer, and arthritis are the
leading cause of death and disability in the United States.>? Nearly 50% of all adults are
affected by chronic disease and 25% of those affected have two or more chronic
conditions.> Chronic diseases and the associated complications account for 86% of all
health care spending;? diabetes alone totals $245 billion annually.® In many cases
chronic disease can be prevented or controlled but usually is not curable. The etiology
of chronic disease is not completely understood because it involves a complex
combination of genetic, environmental, and lifestyle factors. The management,
prevention, and understanding of chronic disease could be improved by utilizing
implantable biosensors to continuously monitor disease related biomarkers. The
information gathered could then be coupled with therapeutic options to deliver adaptive
treatment.

The vision of a closed-loop system for real-time diagnosis and treatment is
particularly suitable for the treatment of diabetes mellitus. Diabetic patients manage
their disease by monitoring blood glucose levels throughout the day typically using the
finger-prick method. However, while this method is accurate, the discreet testing does
not provide a complete picture of the fluctuations and trends of blood glucose throughout
the day. Improper treatment with insulin based on a single inaccurate measurement may
lead to potentially life threatening consequences. More effective treatment requires

continuous monitoring to provide more information on how blood glucose levels are



trending. There are currently several FDA approved devices that utilize an indwelling
percutaneous electrochemical electrode for continuous glucose monitoring (CGM).*°
These devices provide continuous monitoring but have insufficient accuracy and a
limited in vivo lifespan of 3 — 7 days due to complications that stem from the foreign
body response (FBR).® These devices become inaccurate without frequent calibration
and performance diminishes as the FBR progresses. Research to solve this problem has
focused on alleviating the FBR, but little progress has been made for improving the
accuracy or lifespan of these electrochemical sensors.

Affinity sensors offer an alternative sensing method with the potential for long-
term, real-time sensing capabilities without reagent consumption or byproduct
formation. However, these systems are currently limited by component instability and
their usage of organic dyes. For energy transfer systems, the spectral overlap greatly
affects sensitivity. Due to the physiochemical properties of most available dyes, there is
a trade-off between the overlap integral and background noise introduced due to direct
excitation or spectral bleed-through. Organic dyes also photobleach when they are
repeatedly optically interrogated, leading to decreased accuracy and sensitivity.
Replacement of dyes with spectrally tunable and large Stoke-shift nanomaterials, should
vastly improve the sensitivity, accuracy, and long-term photo-stability of optical sensors.

Quantum confined luminescent nanomaterials provide a superior alternative as
fluorescence donors because of their size tunable properties, multiplexing capabilities,
resistance to photobleaching, and large effective Stokes-shift.”® As acceptors, noble

metal NPs have large extinctions and strong resonant interactions with light due to



surface plasmons.l® The size tunable optical properties and resistance to photobleaching
make metallic NPs a superior alternative as acceptors in energy transfer schemes.
Additionally, energy transfer between some nanomaterials has been shown to follow the
1/R* distance dependence of nanosurface energy transfer (NSET) rather than the 1/R®
dependence of Forster resonance energy transfer (FRET). This increased energy transfer
efficiency should significantly improve the sensitivity of competitive binding energy
transfer sensors.'?

Integration of these and other nanomaterials into bioassays requires precise
control over synthesis and modification in order to achieve the desired properties and
effectively couple with biological components.* The capabilities for nanomaterial
synthesis are rapidly advancing; producing higher quality materials that improve optical
performance, simplify synthesis, and mitigate toxicity.* Nanomaterials such as
quantum dots (QDs) are produced in organic solvents, requiring an additional procedure
for surface modification and transfer to aqueous solvents. These different methods
having varying tradeoffs between complexity, stability (colloidal and optical), quantum
yield (QY), and hydrodynamic size.'® 17 These different materials and surface
coatings require individual optimization and specific chemical modification for further
use; thus, a generic surface modification approach is highly desired.

The sensing chemistry must be encapsulated in a hollow capsule for in vivo
deployment. The sensing components are packaged in hollow particles with a semi-
permeable polymer shell that acts as a barrier between the sensor and host environment.

The membrane mesh size must be small enough to prevent the larger macromolecule



sensing components from being released into the host environment and to keep the larger
bimolecular components of the host environment from disrupting the sensor chemistry.
The mesh size must be large enough to allow the small analyte molecules (i.e. glucose)
to diffuse into the capsule interior to be analyzed by the sensor. The outside wall of the
capsule can also be engineered for enhanced biocompatibility with the surrounding
tissue when implanted.*® A major challenge for the encapsulation of material is the
retention of the protein activity during the capsule formation process; requiring gentle
processing and mild conditions for entrapment, shell deposition, and dissolution.
Calcium carbonate (CaCOs) is a commonly used template for material encapsulation
because of its high effective surface area, biocompatibility, high porosity, large pore
size, ease of production under ambient conditions, and ability to be dissolved with mild
treatment.?®2® The development of a fully encapsulated and nanomaterial-enabled
competitive binding sensor would be a substantial step towards long-term implantable
biosensors.

The content of this dissertation has been organized to explain the development of
the fundamental and applied knowledge required to construct a nanomaterial-enabled
energy transfer biosensor. Section 2 provides an overall background of glucose sensing
with a focus on affinity based approaches and theory; more specific background is
included in each subsequent section. Section 3 describes the method development for
pH dependent modification of high surface curvature nanomaterials with a focus on
characterizing colloidal and optical properties after modification. Portions of this

section were published in ACS Nano.?* Section 4 describes the characterization of
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polymer modified nanomaterials as low hydrodynamic size nanomaterials for
bioconjugation, with a focus on colloidal stability and determining nanoparticle (NP)
concentration in relation to changes in optical properties. Section 5 describes the
construction and testing of a reversible energy transfer sensor utilizing gold nanorods
(AuNRs) and protein stabilized gold nanoclusters (AuNCs). Section 6 describes the
development of a new method to synthesize CaCO3z NPs and subsequently nanocapsules.
The development of a new method to dissolve CaCOs without chelation for the
application of encapsulating ConA is also explored. Portions of this section were
published in the Journal of Colloid and Interface Science?® and Applied Materials and
Interfaces.?® Finally, section 7 describes the future direction of this work for the

development of new nanomaterial sensors and encapsulation schemes.



2. BACKGROUND

2.1. Diabetes Mellitus

As of 2014, an estimated 29.1 million people in the US have diabetes mellitus,
with 8.1 million of them currently undiagnosed.?” Diabetes mellitus is characterized as
the inability to maintain normal blood glucose levels due to either an inability to produce
insulin (type 1) or correctly utilize insulin (type 2). Type 1 diabetes is an autoimmune
disorder where pancreas beta cells are no longer able produce insulin at concentrations
required to effectively modulate blood glucose. Type 2 diabetes is an acquired disorder
that occurs due to a combination of genetic and lifestyle factors. Type 1 patients require
regular insulin injections in order to maintain healthy blood glucose levels, while type 2
patients can typically manage their disease through proper diet and exercise. In both
cases, monitoring blood glucose levels is critical for disease management because
sustained hyperglycemia leads to severe long-term tissue damage to the retina, kidney,
and nerves, while acute hypoglycemia can result in coma or death.?® 2°
2.2. Continuous Glucose Monitoring

Disease management requires monitoring of blood glucose levels throughout the
day. The growing prevalence of diabetes has led to significant research efforts towards
more reliable and less invasive technologies; however, the self-monitoring of blood
glucose (SMBG) by measuring whole blood using the finger-stick method still remains
the current standard of care. Disease management requires measurement of blood

glucose a minimum of 5 — 8 times a day. However, due to the inconvenience (i.e.



aversion to pain, cost of supplies) patients often forgo measurements, providing an
incomplete history of the daily fluctuations in blood glucose levels.*® These non-
compliance issues can be averted by the use of implantable sensors that continuously
monitor throughout the day and during activities which preclude manual measurement.
2.2.1. Commercial Glucose Sensing Technology

There are currently several FDA approved continuous glucose monitoring
systems (CGMSs) currently available from Medtronic and DexCom.* > 3! These devices
utilize an indwelling transcutaneous electrochemical electrode for amperometric
detection of the hydrogen peroxide byproduct that is produced by the enzymatic
consumption of glucose and oxygen. CGM improves diabetes management by
providing the patient with more comprehensive information of glycemic excursions and
alerts the user before they reach predefined levels of hyper- or hypo- glycemia. The
CGMS trending information allows for better glycemic control compared to SMBG,3% 33
which improves hemoglobin Alc levels** and reduces incidence of nocturnal
hypoglycemic events® for both type 1 and type 2 patients.>® %’
2.2.2. Foreign Body Response of Implanted Sensors

The main problem faced by these devices is their decreased effectiveness over
time due to the foreign body response (FBR).® The biological response to the initial
tissue damage and the presence of the foreign element involves a complex cascade of
protein infiltration, reactive oxygen release, and inflammatory cell recruitment. These
factors contribute to decreasing sensor performance due to biofouling of the implant

surface, degradation of sensor components, and depletion of the local oxygen and



glucose.**® The device requires frequent calibration to compensate for the transport
changes and sensor lag that occurs as the FBR progresses;* even with appropriate
calibration the sensor performance degrades and eventually the device fails within 3 —7
days. However, some of these sensors have been found to still be functional after
explantation, indicating that the sensor chemistry is not completely failing but rather
becomes ineffective due to diffusional restrictions from the tissue reorganization.*
2.2.3. Research Towards Improving Glucose Sensing

A significant amount of research and development has been focused on
improving the accuracy and long term function of these devices.* The main approach
has been to improve tissue integration of the implanted sensor by mediating the
inflammation response and increasing vascularization. This can be done by the release
of drugs (i.e. dexamethasone, vascular endothelial growth factor, nitric oxide, etc...) or
by improving the implant biocompatibility by engineering the chemical and mechanical
properties.*> #2 The sensing chemistry can also contribute to the inflammation response
due to the enzymatic consumption of substrates (i.e. glucose, oxygen) and formation of
the harmful byproducts (i.e. hydrogen peroxide, acid). Non-enzymatic affinity based
sensing chemistries have been pursued as an alternative to mitigate this toxicity.
Additionally, affinity systems to not require oxygen as a co-substrate so they are not
affected by the oxygen depletion or the decreased oxygen transport. Recent emerging
technologies have demonstrated long term in vivo sensing based on affinity systems
utilizing either diboronic acid (Senseonics)* or a human based binding protein

(Precisence).*



Regardless of the sensing chemistry used, the ultimate goal is to miniaturize the
implanted system to be minimally invasive. This should reduce the initial tissue damage
and removes the risk of infection and prolonged motion induced irritation associated
with indwelling probes.*® A highly active area of research has been focused on replacing
the electrochemical approach with optical transduction techniques towards sensor
miniaturization.

2.3. Optical Glucose Sensing

Optical detection methods have the potential for higher sensitivity, better
accuracy and less interference compared to electrochemical sensors, with the capability
of multiplexing for multianalyte detection in a single domain.*® Non-invasive optical
detection methods have been extensively explored for detecting glucose using
polarimetry, luminescence, NIR spectroscopy, optical coherence tomography, Raman
spectroscopy, and photo-acoustic tomography.*’ These methods have received
significant attention but have failed to produce a commercially viable device for
transdermal interrogation with the desired sensitivity and specificity.*® 4’ The main
problems faced by these systems are the complex tissue optical properties and the
inhomogeneous distribution of biological artifacts that reduce the SNR.*® Overcoming
these issues requires amplification of the glucose signal and/or utilizing more invasive
measurement modalities (i.e. iontophoresis, microneedles, microdialyses, fiber optic
probes, or implants). To achieve the ultimate goal of a worry free CGMS, a
miniaturized, minimally invasive, and subcutaneous implant that uses transdermal

optical interrogation was envisioned as a “smart tattoo” sensor.***! The implanted



device acts to transduce and amplify glucose detection using biological or chemical
recognition elements. The transduction techniques for optical glucose biosensors can be
broadly subdivided as either biocatalytic (enzymatic) or bioaffinity.>
2.3.1. Enzymatic Sensors

Biocatalytic glucose sensors commonly utilize highly specific enzymes, such as
glucose oxidase (GOx) or glucose dehydrogenase (GDH), which catalyze glucose using
oxygen as a co-substrate. GOx is preferred over GDH because it has a higher specificity
for glucose.>® Glucose concentration can be measured directly by changes in the protein
intrinsic fluorescence (usually tryptophan)® or with the addition of a fluorescently
labeled ligand as a competitive assay.>* Direct measurement techniques have not gained
much interest because the intrinsic fluorescence is typically very weak. Glucose can
also be measured indirectly by monitoring the oxygen consumption, hydrogen peroxide
production, or local pH change.*® The measurement of depleted oxygen has received the
most attention because oxygen phosphors are highly sensitive and have long lifetimes
that can be reliably determined without complex instrumentation.>>>® However,
enzymatic optical sensors suffer from many of the same drawbacks as electrochemical
sensors. The consumption of oxygen and glucose while producing hydrogen peroxide
and acid places stress on the surrounding in vivo environment. Additionally, without
compensation of local oxygen, pH, and temperature the sensor becomes highly
inaccurate.’% 1 For these reasons, affinity based sensors have been pursued as more

appealing alternatives because they allow real-time sensing capabilities without reagent
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consumption or byproduct formation and are not dependent on local oxygen
concentration.
2.4. Affinity Binding Sensors

Affinity based biosensors quantify the presence of specific analytes by
incorporating receptor molecules capable of binding reversibly. Affinity assays have the
potential for long-term sensing because they are generally considered “reagentless” even
though some proteins require bound co-factors such as calcium. Affinity assays are not
reaction rate dependent nor rate limited, therefore changes in analyte diffusion do not
affect sensor range or sensitivity. Affinity systems do not consume oxygen so they are
not affected by the depletion of local oxygen that occurs during the FBR. They also do
not form byproducts that could further elicit an immune response.

The receptor element is commonly comprised of a protein® 5 (i.e. antibodies,
binding proteins), DNA® (i.e. aptamers, oligonucleotides), or synthetic materials (i.e.
boronic acid, polymers).®® The binding event can be transduced by luminescence,
electrochemical, calorimetric, mass sensitive, magnetic, or piezoelectric methods.5
For in vivo applications luminescence is the most commonly used modality and
generally uses either a single dye that is environmentally sensitive or two dyes that are
capable of energy transfer. The energy transfer approach is frequently employed using a

competitive binding method.
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2.4.1. Competitive Binding Affinity Sensors

The competitive binding scheme for glucose sensing involves three components:
the (1) saccharide receptor (R) (i.e. ConA, apo-GOx), (2) saccharide analogue or ligand
(L) (i.e. dextran, ovalbumin, or beta cyclodextrin), and the (3) analyte (A) (i.e. glucose,
mannose, galactose, etc...). In the absence of the analyte glucose, the saccharide
receptor and saccharide analogue are bound in an equilibrium state depending on their
affinity. As the analyte enters the system it “competes” for the receptor binding site,
displacing the saccharide analogue if the analyte has a higher affinity for the binding site
or is present in a greater concentration. The association constants Ky for the ligand-
receptor (LR) system and K for the analyte-receptor (AR) complex are given by

equations 2.1 & 2.2 respectively.

_ LR]
(1) Ky = LIR]
_ [AR]
(22) K, = AR]

If the binding assay is encapsulated then the total receptor (R:) and ligand (L)
concentrations are given by equations 2.3 and 2.4 respectively. The system can be
described in dimensionless terms by equation 2.5.%

(23) [Re] = [R]+[AR] + [LR]

(24) [L] = [L] +[LR]

e (&)

It is clear that several factors dramatically affect the sensor dynamics. Using

(- ) - e -

these equations the sensor response can be modeled if the association constants are
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known. Most importantly, the sensitivity and analytical range of competitive binding
sensors can be optimized based on the on ligand and receptor relative and absolute

concentrations.?7-6°
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Figure 2.1: Competitive binding glucose sensor using TRITC labeled ConA and
FITC labeled dextran.

The ConA/dextran competitive binding system is the most frequently studied and
is considered a model competitive binding assay.%® An example of this competitive
binding FRET assay is shown in Figure 2.1 where ConA is labeled with the acceptor dye
(i.e. TRITC) and dextran is labeled with the donor dye (i.e. FITC). In the absence of
glucose, ConA binds to dextran and the fluorophores are brought in close proximity
resulting in non-radiative energy transfer from the donor to acceptor dye (Figure 2.1A).
When the analyte glucose is added to the system it displaces the dextran, reducing

energy transfer (Figure 2.1B). The ratiometric FRET changes in FITC/TRITC are then
13



used to determine glucose concentration. Several donor/acceptor dye pairs have been
studied using this approach.
2.4.2. Receptors for Glucose Affinity Sensors

Several natural and synthetic approaches have been developed for creating
affinity binding luminescence glucose sensors. The advantages and limitations of
sensors utilizing ConA, glucose binding protein (GBP), apo-GOx, and boronic acid are
discussed.
2.4.2.1. Concanavalin A

ConA is a =104 kDa tetrameric plant lectin isolated from Jack beans. ConA is an
agglutinating protein containing 4 binding sites capable of binding to glycosylated
molecules such as glycoproteins, glycolipids, and various sugars.”” The binding of
ConA to sugars has been exploited to produce a variety of optical sensors using label
free,”* single labeled,’? and dual labeled approaches with fluorophores,®®: 730
nanomaterials,3% or a combination of both.8”%° The most commonly used dual-labeled
approach is the FRET based competitive binding assay using either dextran,®%: 7376 7980,
9092 glycosylated dendrimers,’” ® or B-cyclodextrin’? 868 as the competing ligand.
ConA based glucose assays have shown significant in vitro potential but are limited for
in vivo applications due to their limited range, low sensitivity, and variable stability
under physiological conditions.*®

The multiple binding sites of ConA often leads to aggregation in the presence of
ligands presenting multiple carbohydrate moieties. This behavior can be used to make

highly sensitive aggregation based sensors using plasmonic NPs.8 9% For luminescent
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sensors the precipitation of ConA due to aggregation at higher temperature and low
glucose concentrations prevents long term use. Monovalent ligands are required to
avoid aggregation due to intermolecular binding.% %

The instability of ConA is a significant hurdle for long-term in vivo sensing.
This has been mitigated by using ConA immobilized in a Sepharose matrix on the end of
a fiber optic probe.”"® The immobilization improves conformational stability and
prevents self-agglutination®, but alters the receptor-ligand binding kinetics. More
recently, PEGylation of free-floating ConA has been shown to improve stability for up
to 30 days at 37°C, without significantly compromising binding capability.
2.4.2.2. Apo-Glucose Oxidase

Apo-GOx is produced by removal of the FAD co-factor from GOx to eliminate
the catalytic activity of the enzyme, while still retaining the its binding capacity.'® Apo-
enzymes can be used as non-consuming affinity sensors for analyte detection using the
intrinsic fluorescence of the tryptophan residue.'% %1 However, this method is not
practical because the intrinsic fluorescence is typically weak. Chinnayelka et al.
addressed this problem by developing a competitive binding FRET approach analogous
to the ConA-dextran assay.’®? Apo-GOx is considered a beneficial alternative to ConA
because it has a higher specificity for glucose, it is generally regarded as safe, and it has
only a single binding site.2®® The apo-GOx assay was still functional when entrapped in
hollow microcapsules*® %% 1% or dissolved core alginate spheres.% 1% The encapsulated

assays demonstrated glucose sensing across the physiologically relevant range but had
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limited sensitivity. The limited sensitivity and generally poor stability of apo-enzymes
are major problems that have hindered progress towards use for CGM.*
2.4.2.3. Glucose Binding Protein

Glucose binding protein (GBP) is a highly specific binding protein that belongs
to the family of transport mediating proteins found in the periplasmic space of gram
negative bacteria. GBP is a 33 kDa protein consisting of two globular domains
connected by a flexible hinge that undergoes a large conformational change when
binding to glucose. Using site directed mutagenesis a single cysteine group can be
introduced at position 26 of the C terminus near the binding site of the hinged region.
This cysteine allowed for the site-specific covalent conjugation of an environmentally
sensitive dye.!” When no glucose is present the environmentally sensitive fluorophore
is confined within a hydrophobic pocket of GBP. When GBP binds to glucose the
conformational change exposes the dye to the aqueous environment, resulting in an
increase in fluorescence intensity. This mechanism has been exploited by several groups
to produce intensity, intensity ratio, and lifetime based systems using a variety of
dyes.1°7'116

Several FRET based sensing mechanisms have also been developed either by
labeling the globular domains with dyes or by introducing fused fluorescent proteins by
genetically modifying the recombinant host.1% 117119 The FRET based sensors are
inherently ratiometric, which provides more reliable intensity measurements but have

much lower sensitivity than the environmentally sensitive single dye systems.1%
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Wild type GBP is not suitable for use in glucose sensors due to its micromolar
binding affinity that quickly saturates at the physiologically relevant millimolar
concentrations. Site directed mutagenesis rationally guided by X-ray crystallography
was used to engineer mutants with a binding affinity for glucose an order of magnitude
lower than the native protein.!'4 2% Screening of these mutants produced several
variants with binding constants in the millimolar range.1# 12!

GBP has received considerable attention as an in vitro platform because of its
high specificity and sensitivity, but only limited work has addressed the in vivo
capabilities. When immobilized on an optical fiber GBP showed a response time of 10
mint® but only retained its binding capability for 3-5 days under physiological
conditions.'?? Improving the stability of GBP at physiological temperatures was recently
explored by engineering a series semi-synthetic binding proteins with unnatural amino
acids; however, the resulting mutants were not tested for their long-term stability.*?®
2.4.2.4. Boronic Acid

Boronic acid belongs to a broad class of synthetic compounds capable of
reversibly binding a variety of diols.*** The binding capability has been exploited as a
separation tool, a building block for “smart materials”, a chemosensor ligand, and for
protein manipulation.'?® Saccharide binding leads to a conformational change in the
boronic acid structure that can be optically transduced via photoelectron transfer,
internal charge transfer, or FRET.'?® Boronic acid can be leverage for a multitude of
optical sensing modalities,'?"**° but the most popular class of sensors utilize the

fluorescence change in the amine modified boronic acid derivative.® For in vivo
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glucose sensing applications, the boronic acid moiety must be engineered to improve its
solubility, binding affinity, selectivity, sensitivity, and stability under physiological
conditions. Early in this development, a modular ligand scheme was developed
consisting of a fluorophore, a spacer, and the receptor to allow for development of each
portion independently and to provide a common reference platform for future
development.’*?> The pKa of boronic acid was tuned to near neutral pH by combining
the boronic acid moiety with electron donor or withdrawing groups to improve affinity
and increase fluorescence intensity.®3 13 The synthesis of a diboronic acid was
considered a key development because it increased the affinity and selectivity for
glucose by 300-fold and 1400-fold respectively.!® It is now established that a two
receptor unit is required to obtain this desired selectivity for saccharides.®® The recently
developed system by Senseonics has demonstrated long-term in vivo sensing capabilities
of an anthracene based diboronic acid sensor coupled with an implantable micro-
fluorometer encased in a biocompatible polymer.*® 13" This system demonstrated CGM
for 90 days in human subjects with no significant decrease in glucose prediction
accuracy over this time period. A critical feature of this device was the inclusion of a
platinum catalyst to prevent oxidation of the boronic acid molecule by the hydrogen
peroxide or reactive oxygen produced during the initial inflammation response.*® Thus
far, this is the most promising example of a fully implantable CGMS using an affinity

based approach.
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2.5. FRET Theory Overview

The design rules and tradeoffs for choosing appropriate donor and acceptor
fluorophores can be determined using the well described FRET phenomenon. FRET is
the non-radiative resonant energy transfer (RET) between complementary donor and
acceptor fluorophores. The FRET phenomenon involves RET through dipole-dipole
interactions between a donor in its excited state to an acceptor in its ground state. The
RET efficiency (E) is a distance dependent function described by equation 2.6. The
Forster distance (Ro) given by equation 2.7 is the distance at which the RET is 50% and
depends on the refractive index (n) of the surrounding media, QY of the donor (QYb),
dipole orientation factor, and the spectral overlap. The orientation factor (k?) is between
0 and 4 but typically the value of the average of two randomly oriented dipoles (2/3) is
used. The overlap integral J(X) is calculated by equation 2.8 where ¢a is the acceptor

extinction coefficient and Fp is the normalized donor emission.
r 6
(26) E = 1/[1 + <g) l

(27) Ry = 0211 x [n™* x QYp X k2 x J(D)] /s

28) J) = [, ea(D) Fp(DA* dA

Typically the Ro value is between 20-80 A, providing useful information on the
proximity between the fluorophore labeled components. This provides a method to
determine biomolecule interaction below the optical threshold by transducing near-field
nanoscale interactions into a far-field signal that can be optically resolved. This

nanoscale ruler has been exploited extensively in bioimaging for quantitative analysis of
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molecular interactions for cellular dynamics and for investigating basic molecular
biology principles such as the conformational changes of proteins and DNA.1¥ 140 The
same idea can be applied to develop functional assays for analyte detection by exploiting
protein-protein, antibody-antigen, or ligand-receptor binding interactions.

The overlap between donor emission and acceptor absorption is a critical
component that must be optimized for optimal RET efficiency by choosing appropriate
fluorophores or FRET pairs. The FRET pairs must have sufficient overlap to allow
optical coupling, while the emission peaks still being visually distinguishable.
Additionally, the required overlap between donor emission and acceptor absorbance
often leads to donor emission overlap with acceptor emission and/or direct excitation of
the acceptor. This produces a tradeoff between sensitivity and noise when choosing an
excitation wavelength. One method to alleviate these concerns is to employ a non-
fluorescent quencher such as a black hole dye or metallic NP as the acceptor. This
allows for tuning the overlap integral to improve RET efficiency without introducing the
noise of the acceptor emission. However, this also removes the ratiometric aspect of the
system, a desirable feature for accurate quantitation when using intensity based
approaches. Thus, incorporation of a reference emitter that does not partake in the
energy transfer process is necessary to reintroduce the ratiometric property. Another
way to overcome the donor-acceptor overlap trade-off is to replace the donor with a
large Stokes-shift component such as a UV excitable QD. The QD tunable properties

allow synthesis for optimum overlap between donor emission and acceptor absorption,
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but the donor QD can be excited well below the acceptor absorption to prevent direct
excitation.

It is important to recognize that the limited distance over which dye-dye
interactions occurs limits the energy transfer efficiency between larger components such
as high molecular weight or multi-domain proteins. For single-domain proteins efficient
RET requires site-specific labeling to provide a minimum distance between the binding
site and the bound component. This requires having a unique target residue for labeling;
this may be present naturally, or introduced through protein engineering.*®” For multi-
domain proteins that contain multiple binding sites it is necessary to have each sub-unit
labeled otherwise ligand-receptor distances become large and variable.

2.6. Nanomaterial-Enabled Energy Transfer

The large extinction cross-section and local electromagnetic field of plasmonic
NPs such as gold or silver can be used to modulate the FRET response.}*! For brevity
only AuNPs will be discussed as it is the most thoroughly studied template, however,
identical phenomena is observed for other noble metal NPs (i.e. silver) or different
morphologies (i.e. nanorods, nanostars, nanocubes, etc..) with associated changes
depending on their extinction spectra,14214

The energy transfer efficiency between a plasmon and fluorophore is guided by
the FRET response but with a longer range energy transfer efficiency; capable of
quenching over distances twice that of typical dye-dye FRET pairs (Figure 2.2). The
quenching process dominates below the R distance of =10 nm, while fluorescence

enhancement is probable at Rg distances greater than ~10 nm. This enhancement, known
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as metal enhanced fluorescence (MEF), can exist either as excitation or emission
enhancement depending on the spectral overlap and donor-acceptor distance (Rp-a).
Excitation enhancement occurs when the plasmon resonance overlaps with the excitation
wavelength and the Rp-a < Ro. If the plasmon resonance overlaps with the emission
spectra either an emission enhancement will occur when Rp-a > Ro or emission
quenching when Rp.a < Ro. For designing plasmon-enabled sensors these basic design
rules must be followed when choosing optical components to obtain pure quenching or
enhancement regimes. For quenching based assays it is important to control these
distances by using low hydrodynamic size particles to maintain a Rp.a<Ro. This
interplay between enhancement and quenching can lead to decreased energy transfer
efficiency and variable results when Rp-a approaches Ro.

When AuNP size decreases below 2 — 3 nm to the nanocluster (NC) regime due
to quantum size effects the SPR disappears and the energy transfer phenomena becomes
electron hole dependent. When AuNCs are used as the acceptor the energy transfer
phenomenon is described by the nanosurface energy transfer (NSET) formalism which
follows a 1/R* distance dependence shown in equation 2.9.12 The distance at which 50%
efficiency is achieved (do) is given by equation 2.10, where c is the speed of light, Dgye iS
the QY of the donor dye, wdye is the angular frequency of the dye, wr and K are the

angular frequency and Fermi wavevector respectively of bulk gold.*?

(29 E = 1/[1+<%)4l
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Figure 2.2: Energy transfer efficiency as a function of distance calculated using
FRET and NSET formalism.

Figure 2.2 shows an example of the distance dependent energy transfer efficiency
calculated for energy transfer between the dye FAM and AuNC (1.4 nm) using both the
FRET and NSET formalisms.'? This plot illustrates the importance of energy transfer
efficiency when using larger bimolecular recognition elements (i.e. proteins) and larger
optical components (i.e. QDs). At a given distance of 7 nm, approximated for the
distance when the two components are closest, the energy transfer using the FRET
mechanism has a 26% efficiency while the NSET mechanism provides 77% efficiency;
an overall 50% improvement in energy transfer efficiency and much better sensor
sensitivity. The majority of NSET research involves studying the interaction of
plasmonic nanomaterials and organic dyes;'? 142 145154 the main considerations being NP
size, distance dependent efficiency, and wavelength dependence. Additional work found

that the NSET phenomenon extends towards other nanomaterials such as QDs and

23



AuNPs. However, the underlying mechanism is still not completely understood and
some results are contradictory.
Experimental validation of this theory has involved studying the interaction of

donor and acceptor components at controlled distances using defined spacers.

‘ Spacer

(A) Film Fabrication (B) Colloidal Fabrication

® 0 ® ?
ree L3

Figure 2.3: Schematic diagram of experimental setups for studying distance
dependent energy transfer using (A) thin film fabrication techniques or (B)
colloidal fabrication techniques.

The energy transfer phenomena has been studied on two-dimensional support
structures using thin-film fabrication techniques.'>>*%® However, this involves multiple
interactions between the QD and the thin-film like metallic layer and some interaction
between neighboring QDs, (Figure 2.3A) both of which may prevent full understanding
of the energy transfer theory. More elegant solutions involve colloidal fabrication
techniques (Figure 2.3B) typically using DNA oligonucleotides,** ¥ DNA origami,*6*
silica,'>? or protein®®? to control the spacing distance. The spacer provides defined

lengths for controlled interactions between a single AuNP and a single QD. These

24



results have shown that AUNP-QD interactions extend well beyond the 10 nm FRET
barrier to distances greater than 20 nm?*%% 163 depending on AuNP size.*®® The long
range interaction between nanomaterials has motivated the development of
nanomaterial-enabled sensors. The sensitivity of existing glucose sensing assays could
be significantly improved by replacing the organic dyes with nanomaterials. However,
the construction and analyses of these nanomaterial-enabled assays remains a significant
challenge.
2.7. Glucose Affinity Sensors Utilizing Nanomaterial Energy Transfer

Energy transfer glucose sensors utilizing dye-dye interactions are the most
commonly studied and have thus far displayed the most promise towards in vivo
applications. However, the limitations of organic dyes in terms of lower sensitivity and
rapid photobleaching has sparked interest in replacing one or both organic dyes with
nanomaterials. The development of glucose sensors utilizing two nanomaterials for

energy transfer has been limited; existing sensors are summarized in Table 2.1.

Table 2.1: Overview of nanomaterial glucose sensors using nanomaterials for both
donor and acceptor components.

Author Donor Acceptor
Tang et al. 2008 QD-ConA B-CD-AuNP
Peng et al. 2011 | UCNP-ConA B-CD-AuNP
Zhang et al. 2011 | UCNP-ConA | GO-Chitosan

Hu et al. 2012 | QD557-ConA | QD609-Glucose
Lim etal. 2013 | QD-PEG-NH2 | AuNP-Mannose
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Tang et al. reported a two nanomaterial FRET based system where QD-ConA
conjugates were quenched by B-CD coated 13.8 nm AuNPs in the absence of glucose.®
Wang et al. demonstrated a glucose sensing with only QD-ConA conjugates, where the
glucose binding to the ConA resulted in a decrease in QD photoluminescence (PL);% no
explanation was given for this unusual quenching mechanism. Lim et al developed an
assay for ConA based on the attenuated quenching of amine poly (ethylene glycol)
(PEG) terminated QDs by mannose stabilized 10 nm AuNPs.8! In this assay, the QD-
PEG-NH: is initially quench by localized AuNPs-mannose that are attached through the
hydrogen bond between the mannose and amine. The PL is recovered when ConA binds
to the AuNP-Mannose, disrupting the hydrogen bonds and releasing the QD-PEG-NHo.
Hu et al. developed a glucose assay based on the inhibited energy transfer between a
green QD-ConA and a red QD-glucose.®? Analogous assays have been developed by
exchanging the donor QD with an upconverting NP (UCNP) or replacing the AuNP with
graphene oxide (GO).8%8 These papers exist as proof of concept studies but the
characterization of the sensors is limited. One obvious issue is the contradiction in
mechanism of PL quenching for QD-ConA assays. While Tang et al. showed QD-ConA
PL quenched in the presence of AuNP-B-CD, Wang et al. showed QD-ConA PL
quenching directly due to glucose. Clearly there are multiple sources of quenching
possible, but neither paper used negative controls to explore any of these possibilities.
This incomplete experimental design renders the results inconclusive.

Another significant issue that is not considered in these papers is the aggregation

that occurs when mixing multivalent ConA with multivalent glycosylated NPs. The
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aggregation behavior of ConA with glycosylated NPs is commonly utilized method for
the colorimetric detection of glucose based on the plasmonic coupling between the
aggregated NPs.® For energy transfer sensors this type of aggregation can lead to data
misinterpretation. For example, large aggregates of ConA and NPs can settle out of
solution rapidly precluding them from measurement. When glucose is added, the
aggregates are broken up and the NPs are released back into solution. This gives a
change in PL intensity that appears as reversible energy transfer. Aggregation of the
optically active nanomaterials results in changes in their optical properties such a shift in
absorbance spectra for AuNPs and self-quenching for QDs. Large aggregates will also
scatter light that can cause fluctuations in intensity depending on the measurement setup.
None of these papers characterized the degree of aggregation during the synthesis of the
sensor components or during the assay testing.

In general, these works fail to identify the major hurdles that currently exist that
are preventing the implementation of nanomaterial sensors. This is a critical aspect of
fundamental research that is required for the field to move forward. By not exploring
the system in detail they are misrepresenting the status of the technology making it more
difficult for future researchers to navigate.

2.8. Summary

This work encompasses the development of a competitive binding glucose sensor
utilizing nanomaterial energy transfer. An essential design requirement was to produce
colloidally and optical stable sensor components, while minimizing the hydrodynamic

size in order to optimize energy transfer efficiency. An emphasis was placed on
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developing robust methods and chemistry for sensor component construction that could
be easily adapted to integrate different nanomaterials and eventually even for sensing
different analytes. LbL was chosen as the primary surface modification technique as it
has a demonstrated capability to modify a large cross section of macroscopic materials
with nanometer precision. However, the application of LbL on nanomaterial templates
is not a well understood process, therefore, much of this work focuses on the method
development and characterization of this procedure. The following sections contain the
nanomaterial fabrication, sensor construction, and the encapsulation process; exploring
fundamental theory, while developing the required methodologies for practical

implementation.
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3. INVESTIGATION OF THE PH DEPENDENT LBL MODIFICATION OF HIGH
SURFACE CURVATURE NANOPARTICLES”

3.1. Introduction

Nanomaterials exhibit unique size, shape, and surface dependent properties that
can be tailored for the development of nanotherapeutic and diagnostic devices.'%+1%¢ A
subset of such nanomaterials are inorganic in nature; these NP colloids are typically
synthesized in organic solvents as a variety of core and core/shell nanomaterials that
require further surface modification for stabilization, functionalization, and transfer to
aqueous conditions.*®® Facilitating nanomaterial interaction with biological media
requires passivation of the inorganic core with an organic shell to prevent degradation
and aggregation that would otherwise compromise the nanomaterial physiochemical
properties leading to undesirable nanotoxicological effects.”® Numerous surface
modification techniques currently exist with varying tradeoffs between method
complexity, resulting colloidal stability, chemical reactivity, and coating thickness.*
Modification with charged polymers is of particular interest due to the combination of a
steric barrier and electrostatic repulsion that provides a superior electrosteric

stabilization.!™ LbL is recognized as a low cost and versatile nanofabrication technique

“Parts of this section are reprinted with permission from “Processing and Characterization of Stable, pH-
Sensitive Layer-by-Layer Modified Colloidal Quantum Dots” by Nagaraja, A. T.; Sooresh, A.; Meissner,
K. E.; McShane, M. J., ACS Nano 2013 7 (7), 6194-6202. Copyright 2013 by American Chemical Society
Inc.
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to modify a broad range of templates with a diverse array of materials to produce
tunable, responsive, and multifunctional devices.’217
3.2. AuNPs a Model Template for LbL Method Development

The deposition of weak and weak-strong PEs onto model AuNPs was
investigated to understand how solution pH affects PE adsorption; assessing the PE
modified AuNPs for aggregation, surface charge, and colloidal stability. AuNPs are
chosen as a model template because their modification and aggregation state can be
rapidly monitored with UV-Vis.
3.2.1. Background
3.2.1.1. LbL on Nanoparticle Templates

The application of LbL has been thoroughly investigated on planar substrates for
the hierarchal assembly of multifunctional films for an assortment of applications!76-1'8
and was easily adapted for microparticle templates by exchanging the rinsing steps with
multiple centrifugation/dispersion cycles.!’® However, translating this process to NP
templates is significantly more challenging due to the added restrictions to prevent
aggregation and becomes especially difficult for NPs smaller than 30 nm.*®1%2 For very
small NPs, the high surface curvature resists wrapping by rigid polyelectrolytes (PES).
Both theoretical and empirical work demonstrated that PE chain length should be
approximately equal to NP circumference to promote stable wrapping, 180 181, 193,194
Schneider and Decher contributed significantly to this area by finding the optimal
conditions to prevent flocculation by mainly controlling stoichiometry between a dilute

gold NP (AuNP) concentration and a large PE excess; demonstrating a correlation
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between the aggregation state of AuUNPs viewed by TEM and the plasmon peak location
of the UV-Vis absorbance.8? 18 We adapted this technique for coating 5 nm AuNPs,
but found that controlling stoichiometry alone was not sufficient to prevent aggregation.

Solution pH is recognized as a critical parameter for controlling deposition
thickness and morphology of the weak PEs poly (allylamine hydrochloride) (PAH) and
poly (acrylic acid) (PAA) on planar,%-2°! microparticle,?922% and NP2°7-20° templates.
To our knowledge, only two publications have explored the pH dependent coating of
high surface curvature NPs less than 10 nm. 181185192 Mayya et al. studied the coating of
7 nm AuNPs with strong PEs, poly (diallyldimethylammonium chloride) (PDADMAC)
and poly (sodium-4-styrenesulfonate) (PSS), maintaining solution at pH 9 throughout the
LbL process to ensure the AuNP surface ligands remained fully ionized.'® Dorris and
coworkers studied how pH affected the interaction of 5 nm cationic AuUNPs with
PDADMAC and PSS in terms of retention of the initial stabilizing ligand and subsequent
PE layers.’® These works established the importance of choosing the correct solution
pH in relation to the NP charge density, but did not address the impact of PE charge
density on the coating process.

Strong PEs maintain a high charge density over a broad pH range that enhances
electrostatic stability and limits film reorganization. However, coating of high surface
curvature NPs with strong PEs requires an increase in NaCl concentration to reduce
chain rigidity, which simultaneously reduces NP charge density, leading to flocculation
if the concentration is not kept fairly low. In contrast, the advantage of PEs containing

weak acid/base moieties arises from the ability to manipulate their linear charge density
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and conformation through solution pH. NPs coated with weak PEs exhibit pH
dependent properties that can be exploited as stimuli responsive triggers but this also
renders them susceptible to aggregation under pH extremes. Poly (4-styrenesulfonic
acid-co-maleic acid) (PSS-co-MA) is an inexpensive, low molecular weight,
commercially available, and high charge density weak-strong random copolymer of
styrene sulfonate (SS) and maleic acid (MA). The deposition of this weak-strong
copolymer can be tuned by controlling the MA ionization but shows more resistance to
post exposure film reorganization because of the highly charged SS groups.?1%24 Using
this copolymer for NP templates is expected to impart enhanced colloidal stability for
these same reasons but to our knowledge this has not been reported on 5 nm AuNPs.
The small size of NPs (QDs and AuNPs) makes recovery and efficient separation
of excess PE a significant challenge.'8 18 High speed centrifugation for long periods of
time improves sedimentation, but under improper conditions leads to the formation of
tightly-packed pellets of irreversibly aggregated NPs. Separation by any size-exclusion
method (filtration, size exclusion chromatography, or dialysis) is virtually impossible, as
particle circumference and PE chain length must be specifically chosen to be of similar
size;!8 resulting in either PE retention or NP loss. Furthermore, a tradeoff in volume
and concentration exists: processing a large amount of dilute NPs is both tedious and

expensive, whereas high concentration of sample slows down the process and the excess

PE clogs small pore-size filters.
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3.2.1.2. Theory of pH Dependent LbL

The LbL modification of small NPs with weak PEs requires careful control of
solution pH throughout the process. We found that the process had to be split into two
phases: (1) the adsorption phase and (2) the centrifugation (or separation) phase.
Prevent aggregation throughout this process requires maintaining a high surface charge
density on the NPs. Because of this stipulation the belief is that pH should be chosen so
that the PE being used is fully ionized. However, for small NPs this prevents adequate
adsorption because the fully ionized PE is too rigid to completely wrap the NP. Figure
3.1A shows a generic example of pH dependent adsorption with an anionic NP and a
cationic PE. In the acidic (red) region the PE is fully ionized and rigid, prevents proper
wrapping. Additionally, the NP charge density is much lower, leading to a decrease in
interparticle distance, which increases the chance for bridging and flocculation. As pH
is increased to a basic region (blue) the PE becomes more flexible and NP charge density
increases. We believe this is the ideal region for deposition because the more flexible
PE should be able to wrap the NP, and the high NP charge density prevents interparticle
bridging. However, the PE coated NP in basic pH is now weakly charged and
ultracentrifugation under basic conditions causes aggregation. To overcome this the
solution is exchanged from basic to acid pH to increase the surface before

ultracentrifugation (Figure 3.1B).
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Acidic pH

Acidic pH Basic pH

Basic pH

Neutral pH

Neutral pH

Step 1 Step 2

Figure 3.1: Diagram depicting the pH dependent charge density interplay for both
the NP template and the PE during (A) PE adsorption and (B) condition for
ultracentrifugation of the PE coated NP.

This process can be generalized to coat any anionic NP with a cationic PE by
considering the pH dependent charge density of both components (Figure 3.2A). The
adsorption should occur at least 1 pH unit above the pKa of the anionic NP in the region
of saturated charge density, while adsorption should occur at least 1 pH unit below the
pKa of the cationic PE used to coat the NP. For the addition of the second layer of
anionic PE onto the now cationic NP, the process can be done in reverse (Figure 3.2B);

this also applies to an initial coating of a cationic NP with an anionic PE.
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template NP for the two-step deposition cycle of the (A) first cationic layer and (B)

the second anionic layer. The pH regions for optimum charge density interaction
during adsorption is marked in green and for centrifugation marked in red.

This technique is particularly suited for coating small NPs but we believe that
consideration of this charge density interplay provides a fundamental method to coat any
template material with a variety of other species to form multifunctional NPs.

3.2.2. Materials and Methods
3.2.2.1. Chemicals

Poly (allylamine hydrochloride) (Mw = 15000 kDa), poly (acrylic acid) (PAA)
(Mw = 15000 kDa), poly (4-styrenesulfonic acid-co-maleic acid) sodium salt (PSS-co-
MA) (Mw = 20000 kDa), 11-mercaptoundecanoic acid (MUA) (98% or 95%), 3-
mercaptopropionic acid (MPA) (99%) , gold (111) chloride trihydrate (99.9%),
tetraoctylammonium bromide (98%) and sodium borohydride (99%) were all obtained

from Sigma Aldrich.
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3.2.2.2. AUNP Synthesis

The Brust-Schiffrin method was utilized to synthesize monodisperse gold NPs
(AuNPs).18215.216 3 m|_ of aqueous gold (I11) chloride trihydrate (HAUCl4-3H20, 25.4
mM) was transferred into 8 mL of toluene by adding 25 mM of tetraoctylammonium
bromide followed by cleaning three times of deionized (DI) H.O. The cleaned gold salt
in toluene phase was reduced by adding 1 mL of sodium borohydride aqueous solution
(793 mM) under vigorous stirring. The reduced gold salt phase was washed with 0.1 M
HCI, 0.1 M NaOH and DI-H;O. 1 mL of MUA in toluene (2.29 M) was prepared at
60°C and then added slowly into the preheated AuNP solution (at 60°C) causing
precipitation. The black precipitated MUA modified AuNPs were gathered and cleaned
with toluene to eliminate excessive MUA. The final precipitates were suspended in 50
mM TRIS buffer. The same procedure was used for producing MPA modified AuNPs.
3.2.2.3. PAH/PAA LbL

PAH was dissolved in 50 mM TRIS buffer at pH 7.2 or pH 9 and PAA was
dissolved in 50 mM sodium acetate buffer at pH 4.5 or 50 mM TRIS buffer at pH 7.2;
some additional titration was required with NaOH/HCI. The PE solutions were then
sonicated for 1 h. A5 mL solution of 12 nM AuNPmua in TRIS buffer was rapidly
added to 5 mL of PAH in a 50 mL conical tube under sonication for 10 min and
incubated with mild shaking for at least 1 h. The solution was precipitated by the
addition of isopropanol (2:1 V/V) and centrifuged at 10 000 RCF at room temperature
for 10 min. For PAH at pH 9, TRIS HCI was added at 60 mg/ml before the addition of

isopropanol. The supernatant was decanted, leaving a gelatinous pellet that was
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resuspended in 1 mL of pH 7.2 50 mM TRIS buffer. Excess PAH was removed by three
rounds of ultracentrifugation at 180,000 RCF (2 h, 1 h, and 30 min respectively). A5
mL, 12 nM solution of PAH coated AuNPs was added to the PAA solution under
sonication for 10 min and incubated with mild shaking for 1 h. The solution was
precipitated by the addition of isopropanol (2:1 V/V) and centrifuged at 10,000 RCF at
room temperature for 10 min. Excess PAA is removed by three rounds of
ultracentrifugation at 180,000 RCF (2 h, 1 h, and 30 min respectively).
3.2.2.4. PAH/PSS-co-MA LbL

PSS-co-MA was dissolved in DI-H>O, sonicated for 1 h, and was titrated to pH 2
with HCI. A 5 mL solution of 12 nM PAH coated AuNPs (produced using the buffer
method mentioned previously) in DI-H20 was rapidly added to 5 mL of PSS-co-MA in a
50 mL conical tube under sonication for 10 min and incubated with mild shaking for 1 h.
The solution was titrated with NaOH to pH 9 and precipitated by the addition of
isopropanol (2:1 V/V) and centrifuged at 10,000 RCF at room temperature for 30 min.
The supernatant was decanted leaving a gelatinous pellet that was resuspended in 1 mL
of pH 9, 50 mM TRIS buffer. Excess PSS-co-MA is removed by three rounds of
ultracentrifugation at 180,000 RCF (2 h, 1 h, and 30 min respectively).
3.2.2.5. Microelectrophoresis

The zeta potential of AuUNPs were determined with a ZetaSizer Nano Series ZEN
3600 spectrometer (Malvern). AuNPs (6-10 nM) were dispersed in 1 mM TRIS in a
DT1070 cuvette and measured 3 times. For pH dependent measurements the MPT-2

autotitrator accessory (Malvern) and pH probe (Malvern) were used. A 10 mL, 10 nM
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AUNP solution in DI-H20 was titrated with either 0.1 M NaOH or 0.1M HCl at 0.5 pH
increments. The 10ml AuNP solution was sampled 4 times for measurement at each pH
increment.
3.2.2.6. UV-Vis

Absorbance spectra were obtained on a Cary 300 UV-Vis spectrophotometer
(Agilent) with a 6x6 multi-cell Peltier block (Agilent). Measurements were acquired at
300 nm/min, 0.5 nm resolution, 0.1s integration time. Samples were measured in a
semi-micro PMMA cuvette and baseline corrected with a cuvette filled with buffer.
Raw spectra were filtered with a 25 wide median filter to remove noise.
3.2.2.7. TEM Analysis

A 10 pL portion of the AuNP stock solution for analysis was dropped onto a
commercially-available carbon film coated-300 square mesh copper grid (CF-300 Cu,
Electron Microscopy Sciences, Hatfield, PA) followed by 24 h of atmosphere drying.
The AuNPs were examined by TEM (HF3300, Hitachi Scientific Instruments, Tokyo,

Japan) operated at 300 kV with a cold field emission gun (FEG).
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3.2.3. Results and Discussion

3.2.3.1. LbL on AuNPs

Mercaptocarboxylic Catlonlc Anionic Multilayer coating
ligand polyelectrolyte polyelectrolyte

Figure 3.3: (A) Mercaptocarboxylic acid stabilized AuNPs after the addition of a
(B) cationic PE followed by an (C) anionic PE. (D) Multilayer coated AuNP after
repeating steps B and C several times.

The basic process for LbL modifying AuNPs is depicted in Figure 3.3. AuNPs
are synthesized with a stabilizing ligand, which is commonly a mercaptocarboxylic acid
(Figure 3.3A), followed by coating with a cationic PE (Figure 3.3B) and then an anionic
PE (Figure 3.3C) with multiple centrifugation/redispersion cycles between each step.
This process can theoretically be repeated indefinitely to yield a multilayer coated NP

with a desired thickness and terminal coating (Figure 3.3D).
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Flgure 3.4: The LbL experimental process shown visually: (A) AuNPmua are mixed
with excess PE, (B) solvent precipitation by the addition of isopropanol, (C)
sedimentation of PE and AuNPs by centrifugation, (D) resuspension in buffer, (E)
ultracentrifugation, (F) decanting of supernatant and resuspension in buffer.

The procedure we developed for NP LbL splits each layer deposition cycle into a
multistep process. Initially, the MUA stabilized AuNP template is mixed with the
oppositely charged PE (Figure 3.4A) at the adsorption pH. The adsorption pH is
selected to maximize the surface charge density of template AUNP but can be varied
around the PE pKa to tune the PE charge density. The mixture is then precipitated by
the addition of isopropanol (Figure 3.4B) and centrifuged to completely sediment both
coated AuNPs and excess PE into a gelatinous pellet (Figure 3.4C). The solvent
precipitation (SP) step serves to make sample processing more amenable by
concentrating the sample volume (=10:1) and changing suspension media from the
adsorption pH to the centrifugation pH before ultracentrifugation. The sediment is
resuspended in a small volume of buffer at the centrifugation pH (Figure 3.4D) and
ultracentrifuged to sediment the coated AuNPs (Figure 3.4E). Since the high speed of

ultracentrifugation can often lead to complete aggregation of NPs that have a low surface
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charge, it is imperative that the centrifugation pH be selected to maximize the charge
density of the terminal PE. The supernatant containing the excess PE is decanted and
the AUNP sediment is resuspended in buffer (Figure 3.4F). The ultracentrifugation and
supernatant decanting is repeated twice more to ensure removal of excess PE. NP
stability can be visually assessed after centrifugation steps (Figure 3.4C and Figure 3.4E)
as we found that stable NPs always form a sediment at the bottom of the tube that can be
easily redispersed without sonication. The sample can then be analyzed or used for
deposition of the next layer following the same process, while exchanging the adsorption
pH and centrifugation pH to correspond to the next PE layer. For brevity, the adsorption

pH and centrifugation pH for each PE layer is denoted by a superscript and subscript

Adsorption pH )
Centrifugation pH/*

respectively (PE
3.2.3.2. Solvent Precipitation

The solvent precipitation (SP) step serves to make sample processing more
amenable by concentrating the sample volume (=10:1) and changing suspension media
from the adsorption pH to the centrifugation pH before ultracentrifugation. SP was
explored as an alternative to ultracentrifugation, but resulted in an inability to either
remove excess PE or recover a substantial amount of NPs. We use the term “SP
efficiency” to describe the duration of centrifugation for complete particle recovery and
the percentage yield of that recovery. Through qualitative empirical observation we
found that SP efficiency is a function of PE concentration, PE ionization, pH, and ionic

strength. SP efficiency is higher for samples containing buffer (requires less time for

recovery) than for sample in titrated DI-H20 regardless of pH (Figure 3.5, Figure 3.6).
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SP efficiency could be further improved by the addition of excess monovalent buffer salt
(TRIS HCI for PAH or sodium acetate for PAA) immediately before the addition of
isopropanol (Figure 3.5, Figure 3.6). This additional buffer salt improves precipitation,

without inducing the aggregation that occurs with the addition of NaCl.

i )
LTS

| ¥

Sample poly (allylamine hydrochloride) Solvent
pH 7.2: Titrated DI-H,0

pH 9: Titrated DI-H,0

pH 9: Titrated to pH 7.2 before SP

pH 7.2: SOmM TRIS

pH 9: 50mM TRIS

pH 9: SOmMM TRIS +excess TRIS HCI (60mg/ml)
pH 9: 50mM TRIS Acetone
pH 9: 50mM TRIS Ethanol
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Figure 3.5: Solvent precipitation of PAH under different conditions after (A)
solvent addition, (B) Centrifugation for 5 min at 10,000 RCF and (C) 60 min at
10,000 RCF.

Complete sedimentation of samples by SP in DI-H2O requires about 60 min at
10,000 RCF, while the buffer system with added buffer salt takes about 5 mins at the
same speed (Figure 3.5, Figure 3.6). Figure 3.5 shows several different conditions that
lead to different levels of solvent precipitation for poly (allylamine hydrochloride)
(PAH) depending on solvent, buffer concentration, and pH when (Figure 3.5A) solvent
is added to water/buffer at a ratio of 2:1, after (Figure 3.5B) centrifugation for 5 min at
10,000 RCF and (Figure 3.5C) after centrifugation for 60 min at 10,000 RCF.
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Comparison between isopropanol, acetone and ethanol (Figure 3.5A: 1, 2, 4) shows that
under identical conditions isopropanol leads to precipitation and was consequently used
for all experiments. For samples in 50 mM TRIS buffer at pH 7.2 (Figure 3.5A: 5) we
get better precipitation than at pH 9 (Figure 3.5A: 4) and for samples without buffer
precipitation is less (Figure 3.5A: 7, 8,9). Due to the SP efficiency at pH 9 for buffered
solutions excess TRIS HCI was added at 60 mg/ml, which reduces pH to around 7.2 and
increases buffer strength to improve SP efficiency (sample 3). After centrifugation for 5
min the sample at pH 7.2 and at pH 9 with added buffer (Figure 3.5B: 3, 5) have formed
a clear gelatinous sediment, while the other samples have minimal sediment and remain
turbid (Figure 3.5B: 4, 6, 7). After centrifugation for 1 h those samples form sediment
(Figure 3.5C: 4, 6, 7). Samples that did not become significantly turbid (Figure 3.5A: 1,

2, 8) did not form any sediment regardless of centrifugation time tested.
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: pH 4.5: Titrated DI-H,0
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pH 4.5: Sodium Acetate 50mM
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6
5
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Figure 3.6: SP of PAA under different conditions after (A) solvent addition, (B)
centrifugation for 5 min at 10,000 RCF and (C) 60 min at 10,000 RCF.
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Figure 3.6 shows several different conditions lead to different levels of PAA
precipitation depending on solvent, buffer concentration, and pH when (Figure 3.6A)
solvent is added to water ratio of 2:1, after (Figure 3.6B) centrifugation for 5 min at
10,000 RCF and (Figure 3.6C) after centrifugation for 60 min at 10,000 RCF. The SP
efficiency of PAA is generally higher than for PAH as noted by the high turbidity in
samples 1-6 and partial turbidity in sample 7 (Figure 3.6A). It is even possible to
precipitate a solution of PAA at pH 4.5 in 50mM sodium acetate buffer using either
isopropanol, acetone, or ethanol (Figure 3.6A: 1, 2, 4), however the efficacy of the
ethanol and acetone SP was not fully tested. After centrifugation at 10,000 RCF for 5
min samples 1-6 were all clear with a visible pellet, while both samples 7 & 8 showed
incomplete sedimentation (Figure 3.6B). After 60 min of centrifugation sample 7
formed a pellet but sample 8 only showed partial pellet formation. Overall, PAA could
be more easily precipitated but still showed higher efficiency with added buffer
compared to DI-H.O. One way to overcome the low SP efficiency of pH 4.5 DI-H,O
samples is by titration back to pH 7.2 before SP, which leads to greater SP efficiency as

shown by sample 6.
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3.2.3.3. PAH/PAA LbL on 5 nm AuNPmua
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Figure3.7: (A)(B) TEM images of AuNPmua and (C) Histogram plot of AUNP
diameter.

The AuNPmua was synthesized using procedures described in the literature. '8
215,218 The resulting average diameter was determined spectrally?!’ to be approximately 5
nm and was confirmed by TEM (Figure 3.7). Adsorption of the first cationic PE layer
onto the anionic AuNP must occur above the surface group’s pKa (=4.5) and near or

below the pKa of the cationic PE.
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A: Strongly lonized
Polyelectrolyte

B: Weakly lonized
Polyelectrolyte !

and rigid resulting in thin films of linear PE, (B) PE is partially/weakly ionized and
randomly coiled leading to thicker films of coiled PE.

Two cases for PE ionization shown in Figure 3.8 were tested to understand how
the choice of pH affects PE adsorption. Deposition at a pH where the PE is expected to
be more strongly ionized and rigid, leading to thinner film growth (Figure 3.8A), and at
a pH where the PE is weakly ionized and coiled, resulting in thicker film growth (Figure
3.8B).2%% Experimentally, the weakly ionized case involved deposition of PAH (pKa = 8-
9)7 at pH 9 and PAA (pKa = 4.5-6.5)197:1%° at pH 4.5, while the strongly ionized case
used pH 7.2 for both PAH and PAA, in both the weakly and strongly ionized cases the

centrifugation was at pH 7.2.
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Figure 3.9: LbL on AuNPmua with PAH and PAA in buffer. (A) Plasmon peak
absorbance location, (B) plasmon peak absorbance increase relative to the
absorbance at 450 nm and (C) microelectrophoresis measurements after each layer

deposition cycle for AUNPmua-(PAHZ2/PAAZ2) multilayers (blue 0) and AuNPwmua-
(PAHJ ,/PAA%3) multilayers (red o). (D) Percent recovery of AuNPs per layer
(blue bars) and cumulative (blue --o--) for AUNPmua-(PAHZ2/PAAZ2) and per
layer (red bars) and cumulative (red --o--) for AUNPmua-(PAHS ,/PAA%3). For
AuNPwmua the percent recovery represents three rounds of ultracentrifugation only
and no SP. Error bars represent standard deviations of three different samples (n
=3).

AUNPs are used as a model template because their aggregation state can be
determined by monitoring changes in the plasmon peak location, which correlates to
aggregation state observed by TEM.82 18 \When AuNPs aggregate, interparticle
coupling produces larger redshifts in the plasmon peak location, while polymer
adsorption without aggregation produces dielectric changes manifested as smaller
redshifts.’82 183 The magnitude of these redshifts can vary depending on AuNP

properties (size, concentration, stabilizing ligand, etc...) limiting direct comparison of
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our results to those of others. However, by measuring the relative change in plasmon
peak absorption location after each layer deposition cycle, the conditions for preventing
aggregation during this pH dependent LbL can be explored. For the weakly ionized case
an approximate 4 nm redshift occurs in the plasmon peak absorbance location after the
deposition of the first PAH layer, followed by redshifts of less than 1 nm for subsequent
layers (Figure 3.9A). For the strongly ionized PE case slightly smaller redshifts are
observed for the first bilayer but deposition of the third layer causes a larger redshift in
plasmon peak absorbance location followed by a sharp blueshift (Figure 3.9A). For the
weakly ionized conditions plasmon peak absorbance intensity follows the same trend as
plasmon peak absorbance location but for the strongly ionized case a sharp decrease in
plasmon peak intensity after deposition of the 4™ layer (Figure 3.9B). It is not
completely clear why this sharp decrease occurs, but this likely represents the onset of
significant AuNP aggregation. For both the weakly and strongly ionized cases there are
no secondary peaks observed in the absorbance spectra to indicate any substantial
aggregation (Figure 3.10). The microelectrophoresis measurements for the weakly
ionized case show a large magnitude of charge reversal greater than 40 mV after the
addition of both PAH and PAA, but a decrease in magnitude of 5 mV between the first
and last layer of PAH (Figure 3.9C). For the strongly ionized charge reversal is 4-12
mV less than the weakly ionized case for PAH and PAA layers (Figure 3.9C). The high

charge reversal in all cases is indicative of high colloidally stability.
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Figure 3.10: (A)(B) UV-Vis spectra for weakly ionized LbL. AUNPmua-
(PAH?2,/PAA%3) and (C),(D) strongly ionized LbL AuNPmua-(PAHZ2/PAA’S).

AUNP concentration and percent recovery was determined after each layer

sized 5 nm AuNPs.
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deposition cycle by the absorbance at 450 nm.?*” The cumulative percent recovery
represents the accumulating loss of the multilayer process. Overall, the percent recovery
for each layer and the cumulative percent recovery are lower for the strongly ionized
case compared to the weakly ionized case (Figure 3.9D). After the deposition of 4 layers
only 13.5% of AuNPs remained for the strongly ionized case compared to 35% recovery
for the weakly ionized case (Figure 3.9D). We did not continue past layer 4 for the
strongly ionized case due to this low recovery. For the weakly-ionized case, an average
recovery of 78% per layer is achieved, which is lower than the reported 94%% recovery

for 13.5 nm AuNPs; however, it is much higher than the 30%%8! reported for similarly-



The loss of AuNPs can be attributed to the combination of several factors: (1)
transfer loss between the adsorption, solvent precipitation and ultracentrifugation steps;
(2) accidental discarding during supernatant removal after each ultracentrifugation cycle;
(3) unstable particles that cannot be recovered after ultracentrifugation. The first two
factors can be mitigated by careful handling and represent only a small percentage of the
lost AuNPs (=2.2% for AuNPmua) (Figure 3.9D). The third factor represents AuNPs
that become unstable because of inadequate PE coating or are ultracentrifuged under
improper pH conditions. These unstable AuNPs become strongly immobilized on the
tube wall or form a tightly packed pellet that is not redispersible by vortexing or
sonication. In contrast, when properly coated AuNPs are ultracentrifuged they form
sediment on the bottom of the tube (Figure 3.4E) that is easily redispersed by pipette
aspiration. For these reasons, ultracentrifugation can be used to qualitatively assess
AUNP stability, while also serving to purify the sample of poorly coated AuNPs. The
much higher loss in the strongly ionized case indicates that the pH conditions used are
leading to a higher percentage of unstable AuNPs that are being excluded during
ultracentrifugation. The weakly ionized case is able to provide very high stability even
after only a single layer for two possible reasons: (1) charge overcompensation by a
more weakly ionized PE on the AuNP template requires more PE chains to adsorb,
leading to a more homogenous coating of the particle surface?®® and/or (2) the coiled

conformation of the weak PE provides a more effective steric barrier.*%
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To understand the pH dependent charge density and electrostatic stability the zeta
potential as a function of pH was measured starting from pH 9 (where surface charge
and particle stability is expected to be highest) to pH 3 (Figure 3.11A). The AUNPwmua
and AuNPwmua-(PAHS ,/PAA%3): show an expected profile of a carboxylic acid terminal
coating with surface charge decreasing as pH decreases near the carboxylic acid pKa.
From pH 7-9 both MUA and PAA terminated AuNPs maintain a strong negative charge
between -45 mV and -55 mV, suggesting that the difference in pH adsorption from pH
7.2 to pH 9 was only affecting the PAH ionization and not the anionic AuNP charge
density. The pH dependent microelectrophoresis for AUNPmua-(PAHS 5) and AUNPmua-
(PAH? ,/PAA%S)1 5 reveals an interesting apparent dynamic instability when the sample is
titrated from pH 4-5 to pH 9 (Figure 3.11B). The zeta potential for all PAH terminated
particles at pH 7.2 was initially measured greater than 40 mV, however after pH was
decreased to pH 4-5 before titration and then increased again, the particle charge became

neutral when returning to pH 7.2, leading to aggregation. We suspect that exposure to a
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lower pH is causing multilayer rearrangement or multilayer interpenetration similar to
what is observed for planar films.'®® This dynamic instability is an interesting
observation considering our previous work found that PAH coated QDs stored at pH 8
were stable for several months,* while under these dynamic conditions the AuUNPs
rapidly aggregate. The AuNPmua-(PAH? ,/PAA%3)1 5 profile also shows an apparent
shift in the surface pKa towards basic pH, which is consistent with reports of PAH/PAA
multilayers on larger NPs.2% It is worth noting that LbL can also be done successfully in
pH titrated PE solutions without buffer. Since PE adsorption is done close to the PE

pKa, the PE itself can used as a buffer.
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Figure 3.12: (A) Plasmon peak absorbance location and (B) microelectrophoresis
measurements after each layer deposition cycle for AUNPmua-(PAHS3/PAA7S
multilayers in buffer (red o) and AuNPwua-(PAH? ,/PAA%3S) multilayers in water
(black o). (C) Percent recovery of AUNPs per layer (red bars) and cumulative (red
--0--) for AUNPwmua-(PAHZ2/PAAT3) in buffer and per layer (black bars) and
cumulative (black --o--) for AUNPmua-(PAHS ,/PAA%3) in water. For AUNPmua the
percent recovery represents three rounds of ultracentrifugation only and no SP.
Error bars represent standard deviations of three different samples (n = 3).

The results shown in Figure 3.12A and Figure 3.12 below show that very similar
results can be achieved in non-buffer solutions for plasmon peak absorbance and percent
recovery respectively. However, AuNPs coated in buffered solutions showed higher
charge reversal for PAA layers (Figure 3.12B). LbL in buffered solutions also have
much less processing time because the SP is more efficient and less titration is required.
However, if the case does arise where the buffers are found to negatively interact with

the template material, non-buffer solutions can be used instead.

53



3.2.3.4. PAH/PSS-co-MA LbL on 5 nm AuNPmua

530 5

E 529
<525 4
c
.% 527 A
G 526 q]
L]
= 525 1 [l] [}]
o
2 524 - [l]
E 523 4
E gos |
L]
o 521 4 [I}
520
AuNP- PAH PSS- PAH PSS-  PAH  PSS-
MUA co-MA co-MA co-M&
100
60 - C
B m
FRY
40 i\ [tl @ 75
= P o @
=291 PG @
3 H i x 50
E 0 :.' b := ! : -.- k]
< AuMPY PAH % PSS- / PAH | PSS. | PAH . PSS ]
o MUA ;n - Loo-MA , co-MA &
LR N & 25
7] i [ ': f i
(5] f % f v
40 m L d :..
b 8 o
m BuNP- PSS- PSS-
-6l - MUA co-Ma co-MA com

Figure 3.13: (A) Plasmon peak absorbance location and (B) mlcroelectrophore3|s
measurements after each layer deposition cycle for AUNPwmua-(PAHS ,/PSS-co-MA%
1:1) (black o) and AuNPwvua-(PAHS ,/PSS-c0-MAZ 3:1) (red o) multilayers. (C)
Percent recovery of AuNPs per layer (black) and cumulative (black --o--) for
AuNPmua-(PAH? ,/PSS-co-MA% 1:1) and per layer (red) and cumulative (red --o--)
for AUNPmua-(PAH? ,/PSS-co-MA? 3:1). For AuNPwmua the percent recovery is
after three rounds of ultracentrifugation only and no SP. Error bars represent
standard deviations of three different samples (n = 3).

PSS-co-MA is commercially available as two copolymer ratios of 1:1 and 3:1
(SS:MA), each having two pKa values of 2.9/8.8 and 2.7/8.3 respectively.?!2
Multilayers of AUNPmua-(PAH? ,/PSS-co-MA% 1:1) and AuNPmua-(PAH? ,/PSS-co-
MA?3 3:1) were constructed in TRIS for PAH and in titrated DI-H,O for both PSS-co-
MA copolymer ratios. Assembly of both copolymers at pH 2 represents two different

cases of PE rigidity where the 1:1 copolymer is expected to be less charged and more
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coiled than the 3:1, leading to thicker and thinner coatings respectively. The plasmon
peak absorbance location extracted from UV-Vis absorbance measurements shows that
after the addition of one layer of PSS-co-MA 1:1 the plasmon peak redshifts 2 nm, but
no further is shift is observed with additional coating (Figure 3.13A). The first layer of
the PSS-co-MA 3:1 formed an apparently stable coating and resulting in a 1 nm redshift
in the plasmon peak absorbance location, but the addition of another PAH layer causes
complete particle flocculation that cannot be recovered after ultracentrifugation for
further analyses (Figure 3.13A). We postulate that the higher ratio of SS:MA of PSS-co-
MA 3:1 makes the PE too rigid to completely wrap the AUNP as effectively as the 1:1
copolymer. The subsequent addition of the third PAH layer removes some PSS-co-MA
3:1 chains resulting in charge neutralization and complete particle flocculation.
Microelectrophoresis shows high charge reversal after coating with both 3:1 and 1:1
PSS-co-MA for all layers, but for PAH terminated layers the zeta potential decreases
from about +49 mV to +35 mV from the first to third PAH layer respectively (Figure
3.13B). The percent recovery after the first PSS-co-MA 1:1 layer was very high (97%)
but subsequent layers show a decreased recovery (70-80%) with a cumulative recovery

of only 25% after 6 layers (Figure 3.13C).
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Figure 3.14: Zeta potential measured as a function of pH for (A) AUNPmua-
(PAHJ ,/PSS-co-MA3 1:1)1 (green A), AuNPmua-(PAH? ,/PSS-co-MA? 3:1): (purple
0) and (B) AuNPmua-(PAHS ,/PSS-c0-MA3 1:1)15 (orange ¢). Arrows indicate
direction of titration. Error bars represent standard deviations (n = 4).

The charge density profiles of both 1:1 and 3:1 copolymer ratios of AUNPmua-
(PAH? ,/PSS-co-MA3 1:1); show a strong negative charge of -55 mV at pH 9 and
maintain a strong net negative charge of -40 mV even when pH is lowered to pH 3.5
(Figure 3.14A). This shows the ability of PSS-co-MA to enhance the electrostatic
stability of AuNPs, especially below pH 5. Interestingly, the PSS-co-MA 1:1 terminated
AuNPs could even be recovered at the end of the titration cycle by centrifugation;
however the PSS-co-MA 3:1 aggregated upon centrifugation after the end of titration (at
pH 3.5). Analysis of AUNPmua-(PAHS ,/PSS-co-MA3 1:1)15 shows the full hysteresis
that occurs when the AuNPs are titrated from pH 7.2 to pH 4 and back to pH 7.2 again
(Figure 3.14B); the profile is nearly identical to AUNPmua-(PAH?,). The PSS-co-
MA/PAH multilayer system is expected to be more stable when exposed to low pH
compared to PAA/PAH due to SS groups. However, the similar instability when PAH is
deposited on either PAA or PSS-co-MA suggests that the source of the dynamic

instability may be the increasing charge of the terminal PAH, leading to surface
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rearrangement and possibly unwrapping of the AuNP, rather than the loss in charge of
the underlying anionic layer. Unfortunately, that cannot be proven from the current data,
but it serves as our current working hypothesis to be tested in future studies.

3.2.3.5. PAH/PSS-co-MA on MPA AuNPs
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Figure 3.15: (A) Plasmon peak absorbance location and (B) Microelectrophoresis
measurements for AUNPwvpa, AUNPnmpa-(PAHS ,), and AuUNPmpa-(PAHS ,/PSS-co-
MA% 1:1)1 at PE:AuNP ratios of 60,000:1 (black), 30,000:1 (red o) and 15,000:1
(green A). Error bars present standard deviations of three different samples (n =
3). (C) Representative TEM micrograph of AUNPmpa-(PAH? ,/PSS-co-MA2 1:1):
produced at the 30,000:1 ratio. Scale bar is 20nm.

The smaller capping ligand mercaptoproprionic acid (MPA) was used to stabilize
AUNPs (AuNPwmpa) using the same procedure as AUNPwmua. The resulting AUNPwpa
MPA stabilized NPs are expected to have a much smaller hydrodynamic size, about 5
nm less than MUA stabilized NPs.2!® This allows us to test the effect of ligand type and
hydrodynamic size on this LbL process. Additionally, several different PE:AuNP ratios
of 60,000:1, 30,000:1 and 15,000:1 were tested by increasing AuNP concentration, while
keeping PE concentration constant. Under weakly ionized conditions the coiled PE’s
decreased linear size should reduce the probability of interparticle bridging, which could
potentially allow increasing the scale of production without compromising the AuNP

aggregation state. The PAH/PSS-co-MA 1:1 PE combination was used because
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previous data indicated this to be a stable combination with the highest percent recovery
for the first bilayer. The plasmon peak absorbance location for AUNPwpa-(PAH?,) is
about 524 nm for all PE:AuNP ratios tested (Figure 3.15A). The added layer of PSS-co-
MA 1:1 has a much larger shift to 529.3 nm for the 60,000:1 case and to 531.5 nm and
531.7 nm for the 30,000:1 and 15,000:1 respectively (Figure 3.15A). There are no
observed secondary peaks in the spectra associated with high levels of interparticle

bridging or aggregation for all ratios tested (Figure 3.16).
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— —— PAH (30,000:1)
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Figure 3.16: (A) UV-Vis spectra for weakly ionized LbL for AuNPwmpa (sold line),
AuNPwmpa-PAH?, (dashed lines), AUNPmpa-(PAHS ,/PSS-co-MA3 1:1): (dotted
lines). (B) Zoomed in graph of same data.

The zeta potential of the initial ligand capped AUNPwmpa (-14 mV) is much lower
than AuNPwmua (-39.7 mV) and after PAH coating only a modest charge reversal (+20
mV) is achieved for all PE:AuNP ratios (Figure 3.15B). However, the addition of PSS-
co-MA 1:1 resulted in very high charge reversal (-55 mV) for every case, showing that

with only a single bilayer, electrostatic colloidal stability can be greatly enhanced.
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Figure 3.17: (A-H) TEM images of AUNPmpa-(PAH2 ,/PSS-co-MA% 1:1):

To further assess the aggregation state after LbL modification, TEM images were
acquired for the AUNPmpa-(PAH? ,/PSS-co-MA3 1:1): produced at the 30000:1 ratio
(Figure 3.15C). The image clearly shows that particle monodispersity has been
maintained after coating with one bilayer. The PE films cannot be resolved in these
images; consequently, for statistical analysis all contacting AuNPs were considered
aggregates. Analysis of ~1400 NPs revealed that 95.4% of the AUNPwpa-(PAH? ,/PSS-
co-MA3 1:1); clearly exist as single particles and less than 1% exists as aggregates of 4

or more (Figure 3.17, Table 3.1).
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Table 3.1: Statistical analyses of AUNPwmpa-(PAHS ,/PSS-co-MA3 1:1)1 aggregation
state from TEM images.

1 1338 95.4

2 39 2.8

3 17 1.3

4 4 0.3

25 4 0.3
Total 1402

The electrosteric stability of the AUNPs was assessed by exposure to varying
concentrations of NaCl in 0.1 phosphate buffer at pH 7.2. The AuNPwmpa are stable in
DI-H.0 but immediately aggregate when exposed to phosphate buffer with and without
NaCl, as noted by the substantial redshift and presence of secondary peaks in the
absorbance spectra (Figure 3.18A). In contrast, the AUNPmpa-(PAH? ,/PSS-co-MA2
1:1); remain stable immediately after mixing with 0.1 M phosphate buffer with up to 1
M NaCl (Figure 3.18B) and only a small shift in the plasmon peak is observed even at 5
M NaCl (Figure 3.18B). After a 48 h incubation at room temperature AUNPmpa-

(PAH? ,/PSS-co-MAZ% 1:1); settling is observed in 500 mM and 1 M NaCl samples, but
no decrease in absorbance is observed for 0 - 100 mM NaCl (Figure 3.18C). The 5 M
NaCl sample completely precipitated after 48 h and had to be redispersed for
measurement and contained substantial aggregation, as noted by the peak shift and peak
broadening. After 7 days of storage undisturbed at room temperature, a more notable
decrease in absorbance intensity occurs due to AuNPs settling out of solution. However,

there is no substantial shift in plasmon peak absorbance location from 0 - 500 mM NacCl.
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This clearly shows how just one bilayer of LbL coating can exert such a powerful
influence to enhance the AuNP electrosteric stability and to preserve the AuNP optical

properties.
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Figure 3.18: (A) AuNPwmpa in DI-H20 (black —) and 0.1 M phosphate buffer pH 7.2
with OmM (red —), 50mM (green ¢) and 100 mM (blue ¢) NaCl. (B) AUNPwmpa-
(PAH/PSS-co-MA 1:1)1 in 0.1 M phosphate buffer with 0 mM (black —), 50 mM

(orange ¢), 100 mM (green ¢), S00 mM (blue ¢), 1 M (red ¢), or S M (purple ¢) NaCl

immediately after mixing, and (C) after 48 h and (D) 7 days at room temperature.

3.2.4. Conclusions

The work has shown the capability for LbL modification of high surface
curvature AuNPs with weak and weak-strong PEs using a SP assisted multistep layer
deposition process. The choice of solution pH during PE adsorption plays an important
role to enhance AuNP surface coverage to increase surface charge and improve recovery

throughout the LbL process. In most cases a percent recovery greater than 60% per
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layer could be achieved; however, this compounding loss resulted in only 20-30% of
AuUNPs remaining after 6 layer deposition cycles regardless of the deposition conditions
used. It is important to recognize that this compounding loss places limitations on the
application of this process for LbL on very small NPs as a multilayer tool; however, this
technique was found to be useful as a stabilization method if just a few layers are
deposited. The PAH/PSS-co-MA 1:1 coated AuNPs could be produced with a very high
recovery of 84% and displayed enhanced stability over a broad pH range and in high
NaCl concentration. This presents a simple and high yield approach to apply a single
bilayer to greatly enhance the electrosteric stability of the AuUNP core to preserve the
optical properties under adverse conditions. Future work will focus on using this
technique on other nanomaterials with an emphasis on the PAH/PSS-co-MA
formulation, towards functionalization through covalent attachment as multifunctional
components for biomedical applications.
3.3. LbL on QD Templates
3.3.1. Background

Nanocrystalline QDs with narrow size distributions and desired optical properties
are typically synthesized in non-polar organic solvents and stabilized with hydrophobic
ligands.?!® To ready QDs for use in biomedical applications, some modification and
engineering of the QD surface is typically necessary. There are many routes to water
solubilize QDs, with different methods having various tradeoffs between complexity,
conditional stability, hydrodynamic size, and optical properties.t>17 16

Mercaptocarboxylic ligands are commonly used because of the simple exchange process
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and resulting exposed carboxylic acid groups that provide for further functionalization.
Short chain mercaptocarboxylic acid ligands offer the additional benefit of a resulting
small hydrodynamic radius, which greatly improves efficiency for distance dependent
energy transfer. Commonly used short chain species include monothiolated molecules
such as mercaptoproprionic acid (MPA), mercaptoacetic acid (MAA), or
mercaptoundecanoic acid (MUA) but more recently the bidentate dihydrolipoic acid
(DHLA)? 221 has emerged as a more stable alternative because of the higher affinity of
the dithiol compared to a monothiol. The high affinity of thiol ligands for metallic
surfaces allows the hydrophilic molecule to spontaneously exchange with the more
weakly bound hydrophobic trioctylphosphine oxide (TOPO) ligands often used during
synthesis.??? However, the transfer to water is accompanied by a severe and variable
decrease in QY??% 223 with a colloidal stability that is susceptible to photo-oxidation
mediated aggregation.?

LbL electrostatic self-assembly was explored as a versatile method for surface
modification of colloidal DHLA-stabilized QDs (DHLA-QDs). It appears that the work
on individual PE coated QDs is limited to two publications. Jaffar et al. used one bilayer
of poly (allylamine hydrochloride) (PAH) and poly (vinylsulfonic acid) (PVSA) to invert
the charge of MAA modified QDs for surface patterning.'8 This work showed the
practicality of LbL on QDs but preceded the understanding provided by Schneider to
provide the largest quantity of monodisperse LbL-coated QDs. Additionally,
characterization of the effects of the PE on the optical properties was not an emphasis.

Jin et al. used a lipid-PEG-COOQOH-stabilized QD followed by two bilayers of PAH and
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PSS as spacers for dual imaging modality plasmonic QDs. However, the method used
for LbL was limited by the low recovery after each wash step even when
ultracentrifugation was used.'®® It is also noteworthy that long-chain PEs have been
used to produce controlled aggregates as nanocapsules to mitigate QD toxicity??® and to
reverse the surface charge and adsorb negatively charged species for sensing
applications.??-22 However, the intent of these studies was not to produce
monodisperse coated QDs, since the conditions used are known to induce flocculation.
The resulting QDs were not characterized as monodisperse and were likely unusable as
stable suspensions. Based on this limited knowledge, the focus of this work was
developing methods to coat and retain large quantities of monodisperse QDs by
following the techniques outlined for gold NPs. Preventing aggregation was a major
consideration, as availability of individual modified QDs is important for many
applications; however, preservation of the QD optical properties was the primary goal.
The key to this is understanding how the optical properties, specifically the QY and
lifetime, are affected by the interaction of different PEs with the mercaptocarboxylic
acid modified QD surface.
3.3.2. Materials and Methods
3.3.2.1. QD Synthesis

CdSe/zZnS core/shell QDs were synthesized according to previously reported
procedures.?1% 229 250 The synthesis was carried out in a single mode CEM Discover
microwave reactor operating at 300 W, 2.45 GHz. In a typical experiment, Cadmium

oxide (CdO, 99.99%, Alfa Aesar, 0.0514 g, 0.4 mM), tetradecylphosphonic acid
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(TDPA,98%, Alfa Aesar, 0.2232 g, 0.8 mM) and TOPO (3.7768, 9 mM) were heated
with continuous stirring in a 50 mL glass flask. The mixture was heated to ~300 °C
under argon (Ar) flow (~ 1 ml/sec) for 35 min. To this mixture, a selenium stock
solution (0.0411 g, 0.5 mM, Aldrich, 99%) dissolved in 2.4 mL (2 g) of tri-n-
octylphosphine (TOP, 99%, Aldrich) TOP) was injected at 270 °C and the reaction was
continued for 4 min to allow the growth of the CdSe QD cores. This was followed by
the addition of Zn and S precursors: 1.6 mL (12 mM) of dimethylzinc (DMZ, 1 M in
heptane, Aldrich), 0.42 mL (2 mM) of hexamethyldisilathiane (HMDS, Aldrich), and 6.3
mL (14 mM) of TOP, for the ZnS shell formation. The reaction mixture was heated at
200 °C for 30 min.
3.3.2.2. DHLA Synthesis

DHLA was freshly prepared according to previously reported methods?3. Ina
typical experiment, 4 g of (x)-a-lipoic acid (98%, Sigma) was reduced with a fresh stock
of excess (3 g) sodium borohydride (NaBH4, 98%, Sigma). The reaction mixture is
chilled to 4°C and allowed to stir for 2 h under a constant argon blanket. It is then
acidified with 15 mL of 12 M hydrochloric acid followed by the addition of ~100 mLs
of toluene. Pure DHLA is extracted from this mixture by evaporation using a rotovap
leaving behind ~4 mL of DHLA. About 0.5 mL of pure DHLA was added to few
hundred milligrams of QDs and heated at ~90 C on a hot plate with continuous stirring
for 12 h. The resulting mixture is suspended in 3 mL of methanol followed by the
addition of excess (approximately 1 g) of potassium tert-butoxide (K-tBuO). The

solution is centrifuged and the resulting DHLA-QDs were then suspended in TRIS
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buffer pH 8-8.5. DHLA-QDs were filtered using a 0.2 um syringe filter (Nalgene, PES
0.2 um) and then a 30 kDa centrifuge filter in order to remove any excess K-tBuO in
solution.
3.3.2.3. QD Characterization Techniques

Absorption spectra were recorded on a Hitachi U-4100 UV-Vis-NIR
spectrophotometer. Steady-state photoluminescence spectra were collected on a
QuantaMaster 40 system by Photon Technology International (Ontario, Canada) with a
75 watt continuous xenon arc lamp and digital PMT detection system using 1 nm
excitation and emission slit widths, 1 second integration time. Fluorescence lifetime was
collected using a TimeMaster LED system by Photon Technology International (Ontario,
Canada) using a 405 nm LED (1.5 ns pulse width) for excitation and stroboscopic
detection with 25 nm emission slit width, a 495 long pass filter, and sequential scanning
with a logarithmic collection interval. Lifetime modeling was performed using the
algorithm included in PTT’s Felix32 software using a 3 exponential terms to fit the decay
traces. The quality of fitting was determined by the reduced chi-squared method. QD
samples were imaged using Transmission Electron Microscopy (TEM). TEM grids were
glow discharged using PELCO easiGlow (Ted Pella, Inc., Redding,CA) in order to make
the grid surface hydrophilic. Two pL of solution was dropped on a 200 lines/inch square
mesh copper grids (Electron Microscopy Sciences, Hartfield, PA). Grids were analyzed
on a FEI Tecnai G2 F20 at an accelerating voltage of 200 kV. Images were recorded
using a Gatan CCD camera. Zeta potential was measured using a ZetaSizer Nano Series

ZEN 3600 Spectrometer (Malvern Instruments