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ABSTRACT
Nanoparticles (nPs) demonstrate significant advantages over other sensor and marker
technologies. The most useful optical nanosensor and label platform for biological
samples would be non-toxic, hydrophilic, resistant to non-specific protein interactions
and degradation over time or under harsh conditions, highly retentive of entrapped
components, and easily functionalized for target specificity. The work described here is
part of an investigation into the fabrication and application of polyacrylamide,
polyacrylamide/silica hybrid, and polystyrene-core silica-shell nPs.
Polyacrylamide (PA) nP nitric oxide (NO) sensors were made by co-entrapping 4,
5-diaminofluorescein (DAF-2) and Texas Red dextran in 60 nm PAnPs. Sensors were
used to measure NO produced by a diazeniumdiolate NO donor in solution, and have a
response time of 30 seconds or less. Entrapped DAF-2 was protected from non-specific
interactions with bovine serum albumin (BSA). Sensor response to NO in FBS solutions
was reduced compared to buffer, although improvement over free dyes was observed.
The sensors were applied to J477A.1 macrophages as well as a HT1080 cell line
(HTRiNOS) in preliminary studies for measuring intracellular NO production.
Polyacrylamide/silica hybrid nPs were fabricated and nP architecture was
evaluated by transmission electron microscopy. Isopycnic centrifugation of nP samples
indicates that the hybrid nPs have a density between 1.70 and 1.76 g/cm 3. Silica in the
hybrid nPs was covalently labeled with Texas Red, suggesting that the hybrid nPs may be
used as ratiometric or possibly multiplexed sensors. Hybrid nPs coated with 1,2-dioleoylsn-glycero-3-phosphocholine (DOPC) exhibit reduced adsorption of TRITC-BSA
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compared to uncoated hybrid nPs. Hybrid nP pH sensors were prepared and responded
reproducibly and reversibly to changes in pH, nominally from pH 6.0 to 8.0.
Core-shell nPs for scintillation proximity assay (SPA) were fabricated by
entrapping the scintillants p-terphenyl and 4-bis(4-methyl-5-phenyl-2oxyzolyl)benzene in
polystyrene, onto which silica shells were subsequently added. Core-shell nPs were found
to have a scintillation response similar to that of shell-less polystyrene cores, indicating
that the presence of the silica shells does not reduce scintillation efficiency. Preliminary
studies using core-shell nPS for biotin-streptavidin binding SPA do not indicate an
enhancement in scintillation efficiency, although this may be due to high nP:radiolabeled
analyte ratios.
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CHAPTER 1:
INTRODUCTION TO NANOPARTICLE BIOSENSORS AND BIOMARKERS

Particle-based biosensors overcome many of the limitations of fiber optic probes,
electrodes, and organic dyes that arise during measurements of small-volume samples
such as cells. Nanoparticles occupy less than 66 femtoliters per particle for a 500 nm
diameter nanoparticle, do not require delicate manipulation for insertion, function without
protruding fibers or wires, and can be more resistant to photobleaching than organic dyes
alone. Several different particle platforms have been studied, with various surface
chemistries that can be exploited to develop sensors and markers that are both sensitive
and specific. Quantum dots, liposomes, silica, polyelectrolyte, polystyrene, decyl
methacrylate, and polyacrylamide particles have all been used to construct sensors that
detect a variety of biologically important analytes such as Ca2+, K+, H+, and glucose.
These platforms have also been used to fabricate markers for targets such as epidermal
growth factor and phospholipase C1. 1-3
Particle sensors and markers for intracellular bioanalysis must be small enough
(<1 m) to make insertion procedures minimally invasive and to avoid obscuring the
target for intracellular or intraorganelle labeling. In addition to diameter, the size
dispersity of the particle population is important to maintain a signal that can be
attributed to a known number of particles. It is also advantageous to fabricate particles
that can be readily surface modified for construction of target specific probes. A wide
variety of materials, surface functionalization methods, and means of incorporating
sensing and targeting components have been investigated. Each material and method has
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its advantages, but the specific characteristics of each type of sensor and marker must be
carefully considered in order for application to be practical and fruitful.

1.1 Quantum Dots
Quantum dots (QDs) have emerged as fluorescent labels and sensors for
biological samples as they are stable, resistant to photobleaching, have tunable and
intense emission, and can be modified at the surface for increased biocompatibility and
for the attachment of specific functionalities.4,5 QDs are made from combinations of IIVI, III-V, and IV-VI group semiconductors (e.g., CdSe, CdS, ZnSe, InP, InAs) via an
assortment of methods.6-8 The tunable emission spectra of QDs result from control of the
bandgap via control of particle size, which must have a diameter smaller than that of the
Bohr exciton radius.9 Figure 1.1 shows an illustration depicting the size dependent
emission wavelengths of QDs, with larger QDs exhibiting more red shifted emission.
Most QD emissions are narrow (ca. 30 nm) and symmetrical while the absorption ranges
are broad, allowing multiple sizes of dots to be excited and detected simultaneously for
multiplexed detection experiments.9 The small size of QDs (ca. 10 nm) also makes them
attractive for imaging purposes as less spatial detail of the subject (e.g., cells) is lost.
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Figure 1.1: Illustration of QDs of varying sizes and the relative relationship between
diameter, bandgap, and emission wavelength. Adapted from Smith et al.10

While the high quantum yield and spectral tunability make QDs promising tools
for fluorescence imaging, there are several significant disadvantages. QDs are composed
of toxic elements, and because they are insoluble in aqueous solution, also tend to
aggregate, especially in electrolyte solutions. QDs may “blink” (sporadically become
nonfluorescent), suffer from lower quantum yields compared to other fluorescence
emitters, and pose elimination problems in living systems.11-15 Furthermore, QDs do not
inherently possess sensor characteristics, thus sensing components (proteins, aptamers,
indicators, etc.) must be included as part of the surface modification. Recent research has
addressed many of these disadvantages, as well as the adaptation of QDs for targeted
assays.12,16-18
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While surface-bound ionic ligands can be used to make QDs more soluble, they
also increase protein adsorption via ionic and hydrogen bonding interactions between the
protein and the ligands on the surface of the particle.14 Instead, non-specific adsorption
can be reduced with adsorbed or covalently bound polymers such as poly(ethylene
glycol) (PEG), which screen the QD surface from such interactions.12 PEG resists protein
adsorption, and improves the solubility of QDs.19-22 QDs have also been modified with
mercaptoacetic acid, providing carboxylic acid groups at the surface of the nanoparticles
through which proteins, enzymes, and other biomolecules can be linked.5 In addition, the
acid groups increase the solubility of the QDs in aqueous solution and may reduce nonspecific protein adsorption.5 Mercaptoacetic acid treated CdSe/ZnS QDs have been
further functionalized with transferrin and used to label HeLa cells as an example of their
potential as imaging probes.5 Conjugated QDs have been used to monitor the diffusion of
glycine receptors on the plasma membranes of neurons (Figure 1.2), and to observe the
endocytosis of epidermal growth factor after binding to cell surface receptors.1,23 These
studies were made possible by the photostability and small size of QDs, which were
monitored via confocal microscopy for up to 40 minutes. 23
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Figure 1.2: Confocal microscopy images (A, B) of QD labeled glycine receptors at the
surface of neurons, demonstrating the utility of QDs as small yet intense labels. The QDs
(red) were found near microtubule associated protein-2 (green) of the somatodendritic
compartments. The images shown in C1-C3 are magnifications of the rectangle in (B).
Arrows indicate the location of QD clusters in proximity to inhibitory synaptic boutons.
The scale bars represent 10 m. Reproduced with permission from Dahan et al. 23

Silica shells on single or multiple QDs have also been employed to improve
solubility. Additionally, the composition of the silica shell can be adjusted to allow for
easy attachment of relevant biomolecules.16,17,24 Importantly, improving the solubility of
QDs also reduces toxicity, making QD-based sensors and biomarkers a viable option for
in vivo studies.10 QDs can be treated with coordinating ligands such as trioctylphosphine
oxide (TOPO) or hexadecylamine (HDA), which provide a base for the adsorption of
alkylsilane precursors, and then individually trapped in silica shells. Single QD-core
silica-shell nanoparticles have been used to image HeLa cells (Figure 1.3). Since the
silica shells were made with (3-2-aminoethylamino)-propyl)trimethoxysilane, a precursor
that gives the nanoparticles a positive surface potential at physiological pH due to the
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amine groups present at the exterior of the shell, no other transfection aid was required to
introduce the nanoparticles into the cells.17

Figure 1.3: An illustration of the addition of a silica shell to the surface of single QDs (A)
via the use of coordinating ligands. Introduction of the silica coated QDs into HeLa cells
seen in fluorescence images shown in (B) with minimal loss of cell viability as shown by
the plot in (C). Reproduced with permission from Zhelev et al.17

Many QD-based particle sensors rely on fluorescence resonance energy transfer
(FRET) between the QD and tethered fluorophores. In many cases the tether/fluorophore
moieties are fluorophore-labeled analyte-sensitive proteins, peptide chains, antibodies, or
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aptamers whereupon analyte binding or unbinding results in the readjustment of the
secondary structure and consequently, a change in the proximity of the fluorophore to the
surface of the QD and a proportional increase or decrease in FRET efficiency.25-28 For
example, CdSe/ZnS QDs with attached fluorophore-labeled peptides were used to
distinguish the activity of collagenase in cancerous breast cells from normal breast cells
(Figure 1.4).27 Collagenase is expected to cleave the peptide, causing the fluorophore to
be removed from the surface of the QD and resulting in an increase in emission intensity
for the QD and a decrease in the emission intensity of the fluorophore.
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Figure 1.4: Fluorescence microscopy images (A) of cancerous HTB 126 cells (top row)
and normal HTB 125 cells (bottom row) incubated with peptide-QD conjugates for 0 or
15 minutes. Collegenase from cancerous cells is expected to cleave the peptide from the
QD surface, resulting in greater QD emission intensity (yellow). The change in emission
intensity ratio (Fd/Fa or the emission intensity of the QDs over the emission intensity of
the fluorophore) was also monitored over time (B). It can been seen that the emission
ratio for cancerous cells (triangles) increases by approximately 50%, while the emission
ratio from normal cells (circles) is very similar to that of sensors in the absence of cells
(squares). Reproduced with permission from Shi et al.27

The incorporation of fluorescent indicators within the polymer shells used to
encapsulate QD probes has also been investigated.18,29 CdSe/ZnS QDs with carboxyl
functionalized polystyrene shells have potential as biocompatible cell labels.18 As with
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silica, the addition of polymer shells may protect the QDs from aggregation and nonspecific protein adsorption, as well as provide a medium for the addition of other sensing
and targeting molecules. For FRET-based probes, encapsulation within a polymer fixes
the distance between the QDs and fluorophores and limits these particular particles to
sensing schemes that depend on the spectral changes of the trapped fluorophore.
However, polymer encapsulation also allows additional layers used for further
modifications to be added to the exterior of the particle while keeping the fluorophore
close enough to the QD surface for effective FRET.29
QDs are useful both as markers and as sensors, although in many cases their
function is dependent on modification of the nanoparticle surface. Surface modification
has proven especially relevant in terms of increased solubility and reduced toxicity, and
has been used to exploit the advantages of QDs in high intensity probes. While QDs may
not replace fluorescent molecules, their small size, narrow and tunable emission spectra,
and broad absorption spectra make them attractive for biological labeling and sensing
applications.

1.2 Silver and Gold
Raman spectroscopy is useful in the non-destructive acquisition of chemical
information from tissues and cells. Nonresonant Raman cross sections are as low as 10-30
cm2 per molecule30, compared to cross sections of 10-16 to 10-15 cm2 observed for
fluorophores31,32, meaning that although Raman spectra are rich in information, Raman
scattering is comparatively inefficient. Enhancement of the Raman signal occurs through
a combination of induced dipole and charge transfer effects when a Raman active
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molecule is within a certain distance of a localized surface plasmon on a metal surface
(Figure 1.5). Ag and Au nanoparticles used for surface-enhanced Raman spectroscopy
(SERS) have proven to be a valuable tool in biological imaging and analysis. Localized
surface plasmon resonance (LSPR) effects are dependent on the size, shape, and
composition of the surface; it has been found that metals such as Au and Ag support
plasmons at visible wavelengths while remaining unreactive in most samples.33,34 Surface
enhanced Raman spectroscopy (SERS) using Au and Ag nanoparticle probes provides a
sensitive means of detection for complex samples and can be used to monitor single
molecules.35

Electric Field
Electron Cloud

Au or Ag Nanoparticle

Figure 1.5: Illustration depicting the local surface plasmon resonance effect for an Au or
Ag nanoparticle. Adapted from Stiles et al.34

The construction of Au and Ag SERS probes is accomplished through the
adsorption of sensing or targeting molecules such as antibodies or by the reaction of

37

thiolated derivatives with the nanoparticle surface.2,31,33,36-38 Au and Ag colloid solutions
are commercially available and both can be readily manufactured. Au colloids with
diameters ≤50 nm that are stable in aqueous solution are typically synthesized by
reducing chloroauric acid with sodium citrate.39,40 Not only does the sodium citrate act as
an electron donor during synthesis, but the citrate ions that remain adsorbed to the
surfaces of the nanoparticles inhibit aggregation via electrostatic repulsion. Au
nanoparticles can be synthesized more quickly by reduction of chloroauric acid with
sodium borohydride, isoascorbic acid, or alkaline tetrakis(hydroxymethyl) phosphonium
chloride.41-43 Similarly, Ag nanoparticles can be fabricated via the reduction of silver
nitrate with sodium citrate.44 Silver nitrate can also be reduced with ethylene glycol in the
presence of poly(vinylpyrrolidone), or with other reducing agents in various organic
solvents.45-49 In addition, the shape of the nanoparticles is not limited to spherical;
pyramidal, cubic, rod-like, and polyhedral nanoparticles have also been produced, and
improve SERS signals in an aspect-ratio dependent manner.50,51
Au and Ag SERS probes have been used for both labeling and analyte detection
within live cells.3,30,31,36,52 Ag nanoparticles coated with reporter dyes and with a
protective layer of poly(ethylene glycol) (PEG) along with a ScFv antibody were used to
target cells expressing epidermal growth factor (EGFR). Interestingly, it was found that
the PEG molecules do not displace the reporter dye from the nanoparticle surface,
indicating that PEG can be used to improve the solubility and biocompatibility of Ag
SERS probes without sacrificing signal efficiency.52 In order to exploit the benefits of
both Ag (stronger Raman signal enhancement) and Au (greater stability) as SERS probes,
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Au-core Ag-shell nanoparticles were fabricated by Lee and coworkers.3 With rhodamine6G sandwiched between the two layers to act as a reporter dye, HEK293 cells that
express phospholipase C1 (PLC1) were specifically labeled at the membrane surface
(Figure 1.6).3

Figure 1.6: (A, B) Brightfield and (C, D) corresponding SERS images of HEK293 cells
labeled with anti-mouse IgG and PEG conjugated Au-core Ag-shell nanoparticles.
Overlays of the brightfield and SERS images are shown in (E) and (F), along with Raman
mapping spectra for those cells. The spectra shown in (F) for cells that express PLC1
contain peaks characteristic of rhodamine-6G, while the spectra shown in (E) for cells
that do not express PLC1 do not contain the characteristic peaks. Reproduced with
permission from Lee et al.3

The utility of Au and Ag nanoparticles with and without reporter dyes for the
detection of intracellular analytes has also been investigated.30,31 Au nanoparticles with
adsorbed crystal violet or rose bengal can be located in the intracellular medium via their
distinctive Raman spectra and display peaks associated with the C-H deformation and
bending modes of nearby lipids.31 Au nanoparticles without reporter dyes have displayed
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SERS spectra with peaks corresponding to a wide variety of molecules including DNA,
RNA, phenylalanine, and tyrosine when loaded into cells, and can be used to map the
locations of those molecules within individual cells.30 Sensor platforms are also being
developed based on SERS, and Ag nanoparticles functionalized with 4-mercaptobenzoic
acid have been used to determine the pH inside the lysosomes of CHO cells (Figure
1.7).36

Figure 1.7: (A) SERS spectra for a 4-mercaptobenzoic acid functionalized QD as a
function of pH and (B) confocal microscopy images of functionalized Ag nanoparticles in
CHO cells. Single cells are encircled in the image to show sensor loading on a per cell
basis. Reproduced with permission from Talley et al.36

Nanoparticle-based SERS is a uniquely useful tool since highly specific spectral
data can be acquired in seconds and with minimal perturbation of the sample. In addition,
since water has only a weak Raman scattering signal, Raman spectroscopy is excellent
for biological samples. Aside from the requirement that analytes be Raman active
(capable of a change in polarizability), one of the disadvantages of Raman spectroscopy
is that Raman signals can be overwhelmed by fluorescence emission, especially in
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complex samples that may have high fluorescence backgrounds. There may also be an
uneven distribution of nanoparticles within a sample, particularly in cases where the
probes are being used to measure intracellular analytes and have been introduced via
endocytosis, making quantification of intracellular analytes difficult.30,53 Furthermore,
sample heating may occur as laser light energy is absorbed by the sample and by particles
within the sample during the acquisition of spectra, although this may be a useful effect
in therapeutic applications.54 However, for analytes that meet the requirements, SERS can
be used to detect molecules in the nanomolar range.31
Au and Ag nanoparticles are not limited to use in SERS. Ag and Au surface
plasmon resonance (SPR) scattering probes can also be effective labels. Since detection
of nanoparticles is based on scattered light rather than electronic transitions, there is no
photobleaching of the probe, and even white light sources can be used in SPR imaging.
2,55

Antibody decorated Au nanoparticles have been used to label cancer cells that express

epidermal growth factor (EGFR), and were found to be specific for those cells when
compared to cells that do not express EGFR (Figure 1.8). However, cell labeling and/or
scattering appears to be heterogeneous, with some cells displaying a scattering signal an
order of magnitude greater than others. In addition, the size and shape of the
nanoparticles must be carefully considered; larger particles will scatter more light but
smaller particles are more easily endocytosed without the aid of external agents (e.g., cell
penetrating peptides) or more disruptive techniques (e.g., electroporation or sonication).
The size and shape of the nanoparticles must also be chosen (if a white light source is
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used for illumination) to scatter light at a wavelength that can be easily differentiated
from cell autofluorescence, which often occurs at wavelengths near 500 nm.2,55

Figure 1.8 Light scattering images of (A) non-malignant epithelial HaCaT cells, (B)
malignant HOC 313 cells and (C) malignant HSC 3 cells after incubation with anti-EGFR
conjugated Au nanoparticles. The maximum absorbance of labeled malignant cells was
found to be 600-700% greater than labeled non-malignant cells. Reproduced with
permission from El-Sayed et al.2

1.3 Silica
Silica nanoparticles are hydrophilic, physiologically benign, can be porous
enough to permit transport of small molecular analytes to the interior of the nanoparticle,
and are easily functionalized through the incorporation or treatment with functional
silanes. Surface modification of silica particles has been accomplished to introduce
carboxyl, amine, sulfonic, methacrylate, and thiol functionalities.56,57 Modification has
also been extended to include biomolecules; proteins, antibodies, enzymes, and DNA
have been attached to the surfaces of silica particles so that particles can be used to bind
specific targets.11,56,58 Furthermore, the modes of silica particle synthesis can be very
inexpensive and the waste products significantly less toxic than those produced during
metal nanoparticle synthesis.
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Silica particles are often fabricated using variations of the Stöber synthesis or by
water-in-oil emulsions, although aerospraying and ultrasonic techniques have also been
developed.59-61 In their work, Stöber, Fink, and Bohn prepared silica particles with
diameters ranging from 50 nm to 2 µm. In general, this synthesis involves ammonium
hydroxide-catalyzed hydrolysis and condensation of tetraalkyl silicates in alcohol.61 By
adjusting the parameters of the synthesis, it was found that smaller but more uniform
particles formed in shorter chain alcohols such as methanol or ethanol, while larger but
more polydisperse particles formed in n-butanol. A similar trend was observed for
increasing alkyl chain length of the tetraalkyl silicates used.61 Nucleation and growth of
silica particles in water-in-oil microemulsions has also been studied.62-64 After nucleation,
particle growth depends on the amount of monomer present in single inverse micelles.
After a point in the reaction, partly determined by the water to surfactant ratio and the
presence or absence of additives that can affect the micelle structure and intermolecular
interactions between surfactant molecules, the particles grow beyond the original micelle
volume due to micellar collisions and monomer exchange between micelles. 62,63
Like QDs and many polymer particles, silica itself does not possess sensor
characteristics. However, due to the hydrophilic and nontoxic nature of silica, silica
particles are a convenient vehicle for many smaller probes such as fluorescent dyes and
proteins.59,65-69 Fluorescent dyes can be entrapped in the particles by adding dyes to the
aqueous phase of a microemulsion, or by the post-synthesis swelling of particles in
solvent that contains dyes.60,70-73 The technique of introducing the dye into the particles
by solvent swelling produces uniformly doped particles, although expansion of the gel
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exacerbates dye leakage, which is a major problem with doped silica particles. Entrapped
molecules must be covalently bound to an organosilica core, or a capping layer must be
synthesized on doped precursor particles to prevent leakage. This is particularly true for
neutral and negatively charged dyes which may have too few, or be repelled by,
electrostatic interactions with the silica.11,65,72,73 Mesoporous silica has been investigated
as its controlled pore size allow enzymes to be entrapped with less disruption of enzyme
activity.66,67,69,74,75
Simple ratiometric pH sensors have been developed by co-entrapping fluorescein
with a pH insensitive dye (phenosafranine) during a water-in-oil nanoparticle synthesis.76
Measurements of pH within the range of 1-8 could be made using these sensors, while
increased solution ionic strength (up to 1.5 M) was shown to affect sensor fluorescence
by 8% or less.76 Similarly, Ca2+ sensitive nanoparticle sensors were produced by
entrapping the fluorescent chelator calcein in silica.71 Although calcein-doped silica
nanoparticles were shown to be more photostable than free calein in solution over the
course of an hour, 17% of the dye leaked from the sensors during a 12 hour period.71 In
this case, leakage could perhaps be reduced or eliminated by use of a capping layer as
described above, although the capping layer would hinder the diffusion of Ca2+ into the
nanoparticle. Hammond et al. constructed sensors for reactive oxygen species (hydrogen
peroxide, nitric oxide, superoxide, etc.) with greatly reduced leakage (0.2%) over a 10
hour period by synthesizing a fluorescent silica precursor and then using that precursor to
fabricate silica nanoparticle sensors.72 The completed sensors were introduced into

44

bovine oviduct cells using a transfection agent, although intracellular measurements were
not reported (Figure 1.9).72

Figure 1.9: (A) Plot showing the leakge of dye from sensors made with a fluorescent
silica precursor as a function of time. The fluorescence seen in (B) a confocal microscopy
image of sensors after being introduced into bovine oviduct cells corresponds well with a
phase contrast image of the same cells, as can be seen in (C) a combined image of
fluorescence and phase contrast images. Reproduced with permission from Hammond et
al.72

Because silica can be easily functionalized through the addition of functional
silanes during or after particle synthesis, conjugation of biomolecules to silica
nanoparticle surfaces is straightforward.11,58,77 Photostable, target specific markers have
been fabricated by entrapping tris(2,2’-bipyridyl)dichlororuthenium (II) hexahydrate
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(Ru(bpy)32+) within silica nanoparticles and then modifying nanoparticle surfaces with
mouse anti-human CD10 antibody after treatment of the silica with cyanogen bromide.11
Entrapped Ru(bpy)32+ was found to be more resistant to photobleaching than free
Ru(bpy)32+ in solution. Nanoparticles with an extra silica shell on top of the Ru(bpy)32+doped core were found to be even more resistant to photobleaching than nanoparticles
without a shell (the authors attribute this to the protection of entrapped Ru(bpy)32+ from
dissolved oxygen). Antibody decorated Ru(bpy)32+-doped nanoparticles were used to
label leukemia cells, and showed no binding to cells lacking CD10 (Figure 1.10).11
However, modification of silica nanoparticle surfaces for the development of targetspecific probes may not require covalent attachment. Ow and colleagues allowed
immunoglobulin E (IgE) to adsorb to the exterior surfaces of tetramethylrhodamine
isothiocyanate loaded silica nanoparticles, and were able to label FcRI expressing rat
basophilic leukemia mast cells as well as differentiate them from cells on which the
FcRI had been blocked with non-fluorescent IgE.77
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Figure 1.10: (A) An illustration showing the process by which antibodies were
conjugated to Ru(bpy)32+ doped silica nanoparticles and (B, C) fluorescence and
transmission images of (B) human leukemia cells labeled with Ru(bpy)32+-doped silica
nanoparticles decorated with mouse anti-human CD10 compared to (C) cells labeled with
unconjugated Ru(bpy)32+ doped silica nanoparticles. Reproduced with permission from
Santra et al.11

The fusion of phosphorylcholine lipids to the outside of silica microparticles has
been reported and may offer an additional means of surface functionalization or even
sensor selectivity.78,79 Figure 1.11 shows a schematic representation of a phospholipid
bilayer on the outside of silica particles with diameters of 0.3 to 10 m. The lipid bilayer
does not rest directly on the silica surface; rather, a water layer of ca. 10 Å exists between
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the lipid membrane and the silica, maintaining the fluidity of the bilayer and possibly
allowing for the insertion of membrane proteins.80 Leakage from silica nanoparticle
sensors might be prevented by the close-packing of some phospholipids in a bilayer
coating, while the transport of analyte could be guaranteed with pores formed by the use
of less-tightly packed lipids, by including pore-forming molecules, or by including the
same transporter molecules found in cell membranes in the lipid bilayer coating.

Figure 1.11: Representation of a lipid bilayer on a spherical silica surface. The water
layer between the particle surface and the bilayer opens the possibility for the
incorporation of membrane proteins for either target recognition or sensor applications.
Adapted from Bayerl et al.78

Combination of entrapped fluorophores with lipid coatings and binding schemes
allows for the development of highly fluorescent, target-specific probes that can be stored
with minimal degradation of the particle architecture or loss of the coating. In one
example, Senarath-Yapa et al. coated Ru(bpy)32+-doped silica nanoparticles with a
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combination of biotinylated 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (biotinDOPE) and bis-sorbyl-phosphatidylcholine (bis-Sorb PC) and determined that the lipid
coating reduced non-specific adsorption to HeLa cell surfaces. In addition, HeLa cells
treated with biotin-NHS and then streptavidin prior to incubation with lipid-coated
nanoparticles could be specifically labeled via biotin-streptavidin-biotin interactions
(Figure 1.12). It was also shown that by using bis-Sorb PC, which contains cross-linkable
sorbyl groups in both of its hydrophobic tails, as the primary component, nanoparticle
coatings could be made more resistant to disruption by surfactant.79 The stability
imparted to the coating by cross-linking the lipids will likely make it robust enough to
use in most biological and cellular samples, may permit longer storage times, and may
possibly be preserved even after drying.
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Figure 1.12: Brightfield (A, C, E, G) and corresponding fluorescence (B, D, F, H) images
of HeLa cells treated with fluorophore doped lipid coated silica nanoparticles. When (B)
images of cells incubated with uncoated silica nanoparticles are compared to (D) images
of cells incubated with lipid coated silica nanoparticles, it appears that the lipid coating
prevents non-specific adsorption of the nanoparticles to the cell surface. Specific labeling
can be observed in (E, F) images of cells treated with biotin-NHS, streptavidin, and then
biotinylated lipid coated silica nanoparticles and compared to (G, H) images of cells
treated with streptavidin and then biotinylated lipid coated silica nanoparticles.
Reproduced with permission from Senarath-Yapa et al.79

The characteristics of silica make it useful in the development of biological
sensors and markers. Silica nanoparticles do not pose the toxicity or solubility problems
of metal nanoparticles, and because silica is highly versatile in terms of surface
modification, a wide range of sensing or targeting components can be attached to the
nanoparticle surface. Although silica may leak entrapped molecules and can nonspecifically adsorb to cell surfaces (and other surfaces), capping layers and coatings can
reduce or prevent these effects. Silica nanoparticles function well as sensors and markers
for cells when combined with analyte sensitive dyes and targeting schemes.
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1.4 Phospholipid Nanoshells
Phospholipids can be used for sensor applications themselves, without silica or
polymer cores.81-84 Liposomes provide the necessary sequestration of indicator dyes or
sensing proteins and enzymes from the cellular matrix and are simple to fabricate by film
hydration/extrusion or sonication techniques. By stabilizing the liposomes with lipids that
have polymerizable groups (e.g., sorbyl, dienoyl, methacryl, or acryloyl) incorporated in
the lipid structure, or by the diffusion of hydrophobic monomers into the inner leaflet of
the vesicle and subsequent radical polymerization to create a polymer scaffold within the
lipid membrane,85-94 sensors can be introduced into cells without fusing to the cell
membrane or rupturing in the cellular environment. Anchoring groups (for example,
hydrophobized polysaccharides) that insert into the hydrophobic region of the bilayer can
also increase stability if individual anchors are connected as a chain that spans across the
outside of the liposome. Polymerizeable counterions can increase stability without the use
of polymerizeable lipids or hydrophobic monomers.95 Both anchoring groups and
polymerizeable counterions create a “net” around the liposome rather than reinforcing
the liposome wall itself, which leaves the permeability properties of the lipid membrane
relatively unchanged from that of an unstabilized membrane.95 Figure 1.13 illustrates the
various methods by which the stability of liposomes can be improved, but does not
include the incorporation and subsequent polymerization of hydrophobic monomers in
the inner leaflet of the membrane.
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Figure 1.13: Stabilization of phospholipid liposomes by polymerization techniques.
Liposomes can be stabilized by the use of polymerizeable lipids, the incorporation of
monomers in or on the membrane, or by inclusion of anchoring or membrane-spanning
molecules. Adapted from Ringsdorf et al.95

In addition to liposome stability, it is important to consider the porosity of the
liposome when developing a sensor or marker, as entrapped molecules may leak freely
from the liposome, or the analyte may be excluded from the encapsulated sensing
components. The permeability of liposomes may be adjusted due to the packing of
different lipids, and although the permeability of lipid membranes has been investigated,
the actual sizes of the pores have not yet been determined.96 In cases where it is necessary
to completely segregate the interior liposome compartment from the bulk solution, as for
fluorescent dye loaded liposome markers, a tightly-packing lipid must be employed. In
cases where the diffusion of analyte through the liposome bilayer is essential, as in
liposome-based sensors where the analyte is small enough to pass through pores in the
bilayer but the encapsulated sensing components are not, a lipid that packs less closely
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can be combined with more selective signal transducing molecules in the interior of the
liposome. Alternatively, transporter (e.g., valinomycin) or pore-forming molecules (e.g.,
-hemolysin, OmpF, or streptolysin O), can be incorporated into the membrane, lending
selectivity to the sensor as well as providing a means for analyte to pass through an
otherwise impermeable bilayer (Figure 1.14).81,92,97

Figure 1.14: (A) Non-porous liposome with transporter or pore-forming protein that lends
selectivity to the sensor platform by excluding molecules other than the analyte and (B)
porous liposome through which larger molecules can pass.
Simple phospholipid-based sensors for O2, pH, and Ca2+ have been developed by
encapsulating analyte-sensitive fluorophores or dye-labeled proteins in liposomes
stabilized with either cholesterol or hydrophobic monomers.82,98,99 As O2, H+, and Ca2+
can pass through the lipid membrane, transporters are not required for these particular
sensors. McNamara and Rosenzweig encapsulated tris(1,10-phenanthroline)ruthenium
(II) chloride (Ru(phen)32+) within dimyristoylphosphatidylcholine (DMPC) liposomes
stabilized with cholesterol and found that, like free Ru(phen)32+, encapsulated
Ru(phen)32+ was most fluorescent in nitrogenated buffer and least fluorescent in
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oxygenated buffer.82 They could also use their sensors to monitor local oxygen depletion
over time during the oxidation of glucose with glucose oxidase.82 A similar oxygen
sensor

was

fabricated

with

methacrylate

stabilized

1,2-dioleoyl-sn-gylcero-3-

phosphocholine (DOPC).99 Butyl methacrylate and ethylene glycol dimethacrylate were
allowed to partition into the hydrophobic domains of Ru(phen)32+ loaded vesicles for
several hours, and were then polymerized to form a polymer network within the liposome
lamellae. The polymer stabilized sensors remained intact after the addition of a 25:1
molar ratio of surfactant, and maintained both their architecture and their fluorescence
over the course of at least 8 days (Figure 1.15).99 Although neither sensor has been used
for intracellular detection or measurements, the groundwork for phospholipid vesiclebased sensors and markers durable enough for such experiments has been laid.
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Figure 1.15: (A) A plot displaying the stability, in terms of liposome diameter and
normalized fluorescence of encapsulated Ru(phen)32+, of methacrylate templated
phospholipid liposomes as a function of time. The response of the sensor is reversible as
shown by the plot in (B), where a sample of sensors was alternately bubbled with argon
and air. The change in fluorescence intensity as well as the shift in the wavelength of the
maximum can be observed in the fluorescence spectra shown in (C) for samples of
sensors in solution bubbled with argon, air, and oxygen. Reproduced with permission
from Cheng et al.99
A phospholipid liposome-based sensor for Ca2+ has been developed by
incorporating the membrane protein calmodulin in the lipid membranes of cholesterolstabilized DMPC liposomes. The calmodulin, labeled with the fluorophore Alexa-488,
undergoes a conformational change upon binding with Ca2+, which causes an
environmental, and consequently, a fluorescence quantum yield change for the attached
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fluorophore.98 This sensor is unique in that the liposome is not used to encapsulate and
protect, but instead serves as a structural support composed of a material ideal for
membrane protein residence and function. The dynamic range for Alexa-488 calmodulin
liposome sensors was determined to be between 0.1 and 1.5 µM, a range that may be
useful for measuring intracellular Ca2+ levels. In addition, these sensors were found to be
stable for 24 hours in buffer (compared to 2 hours for free calmodulin), and selective for
Ca2+ in the presence of up to 5 mM Mg2+.98
Alternatively, phospholipid liposomes have been used to contain redox active
complexes that are released from the liposomes upon introduction of pore-forming
bacterial toxins to the sample.81 Xu et al. encapsulated K3Fe(CN)6 within liposomes
composed of phosphatidylcholine, cholesterol, diacetyl phosphate, and 1-octadecanethiol,
and then used the 1-octadecanethiol to attach the loaded vesicles to the surface of a Au
disk electrode. The electrode was then used to amperometrically detect increasing
amounts of K3Fe(CN)6 released from the vesicle by the insertion of the pore-forming
toxin Streptolysin O.81 This sensor is non-reversible, restricted by the volume required to
form the electrochemical cell (based on the diameter of the electrode), limited to the
detection of pore-forming or membrane disrupting molecules, and unsuitable for most
intracellular applications. However, the experiments performed by Xu et al. demonstrate
that pore-forming molecules can be used to affect transport from the liposome interior to
the bulk solution, an important concept for the development of other liposome-based
sensors.
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The amphiphilic nature of phospholipids and the aqueous-core architecture of
liposomes make phospholipid liposomes a versatile sensor platform with regards to
stability and the wide range of possible sensing mechanisms that can be encapsulated.
The sensors mentioned above have just begun to exploit the potential of phospholipid
vesicles for the construction of nanoparticle sensors.

1.5 Polyelectrolyte Capsules
Polyelectrolyte capsules, like phospholipid liposomes, also have interior
compartments that can be loaded for sensing and delivery applications, but because
polyelectrolyte capsules tend to be microns in diameter, they are too large to act as
effective markers and would likely obscure any sub-cellular target to which they were
applied. However, polyelectrolyte capsules possess several qualities that make them
useful for sensor development. Since the capsules are composed of layers of
polyelectrolyte polymers, molecules and even other types of particles can be secured
between the layers, separated from both the exterior and interior environments.100,101 In
addition, adjustable wall thickness and adjustable porosity provide possible avenues for
the control of analyte transport as well as for gentle capsule loading methods that may
allow proteins and enzymes to be encapsulated under non-denaturing conditions.
Hollow microcapsules have been fabricated by depositing alternating layers of
polyelectrolyte, usually poly(styrene sulfonate) (PSS) and poly(allylamine hydrochloride)
(PAH), on a microparticle scaffold (Figure 1.16).102-104 The scaffold microparticles are
made of polystyrene, melamine formaldehyde, polylactic acid/ polylactic acid-co-glycolic
acid, silica, calcium carbonate, magnesium carbonate, or lead carbonate so that after
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polyelectrolyte layer deposition the scaffold can be decomposed or dissolved. The hollow
polyelectrolyte microcapsules can then be loaded with analyte-sensitive molecules,
proteins, or polymers by adjusting the solution pH. Although the mechanism is unclear, it
has been observed that holes of up to 100 nm in diameter develop in the capsule wall at
pH levels ≤ 6 but close at pH levels ≥ 8, possibly due to the charge of the poly(allylamine
hydrochloride) layers at different pH values (the pKa of poly(allylamine hydrochloride is
estimated to be 8.5, although hole formation and closure may also depend on the pH at
which the capsules were constructed).105,106 The permeability of the polyelectrolyte
capsules is also dependent on layer thickness and structure, and scaffold particle
morphology, as well as the size and charge of the diffusing molecule and the ionic
strength of the solution.107 Alternatively, molecules to be loaded into the capsules can be
integrated into the matrix of the microparticle scaffolds; the molecules are released into
the capsule interior volume upon dissolution of the scaffold.101,107
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Figure 1.16: Illustration depicting the layer-by-layer assembly of polyelectrolytes on
microparticle scaffolds made of polymers such as polystyrene and melamine
formaldehyde, or inorganic crystals such as calcium, magnesium, and lead carbonate.
After the layers are deposited, the core can be decomposed or dissolved, leaving
polyelectrolyte capsules behind. Figure adapted from Radtchenko et al.104

The polyelectrolyte layer-by-layer deposition method described above has been
used to fabricate intracellular pH sensors.100,108 In one example, Kreft et al. coprecipitated the pH-sensitive dye seminaphtho-rhodafluor-1 (SNARF-1) dextran with
calcium carbonate to make scaffold particles. After the scaffolds were dissolved in a
solution of EDTA, polyelectrolyte capsules containing SNARF-1 remained. The capsules
were then introduced into NRK fibroblasts or MDA-MB 435 breast cancer cells via
endocytosis (Figure 1.17). Adjustments of the cell medium pH yielded shifts in maximum
fluorescence emission wavelength similar to shifts observed for free SNARF-1 in
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solution.100 The changes in endosomal pH could also be monitored over time, and it was
observed that some endocytosed capsules indicated an acidic endosomal environment
after 30 minutes while others did so only after longer incubation periods.100

Figure 1.17: Fluorescence microscopy images of SNARF-1 loaded polyelectrolyte
capsules with (A) NRK fibroblasts and (B) MDA-MB 435 breast cancer cells.
Microcapsules that have been endocytosed can be differentiated from those remaining in
the culture medium as the pH of the medium is increased. The scale bars represent 20
m. Reproduced with permission from Kreft et al.100

In another example, Reibetanz and coworkers used fluorescein-labeled
poly(acrylic acid) as a pH sensitive fluorophore. The fluorescent polymer was coprecipitated with calcium carbonate to make scaffold particles, which were then dissolved
with hydrochloric acid after the deposition of PSS and PAH layers. Upon endocytosis
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into HEK293T cells, the fluorescence intensity and forward scattering intensity of
samples could be used to distinguish populations of capsules inside cells from capsules
outside cells as well as the population inside endosomes versus the population in the
cytoplasm.108
The design outlined above has been advanced to develop degradable
polyelectrolyte microcapsules for biological applications. Microcapsules constructed of
poly-L-arginine and dextran sulfate are disassembled by enzymes within 2 hours, while
microcapsules made from layers of poly(hydroxypropylmethacrylamide dimethylethyl
amine) and PSS disintegrate over the course of 48 hours in pH 7.4 phosphate buffer.109
Glucose-sensitive polyelectrolyte microcapsules have been manufactured using 3acrylamidophenylboronic acid-co-dimethylaminoethylacrylate polymer and PSS layers.
The capsules decompose and are no longer visible in less than 5 minutes in the presence
of 5 mg/mL glucose (27.7 mM) at pH 9 (Figure 1.18).110 Aside from drug delivery
applications, degradable polyelectrolyte microcapsules could be used for limited lifespan
sensors, where sensors are introduced into a living system, used to detect or measure an
analyte, and then degraded and eliminated with minimal perturbation.
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Figure 1.18: Confocal microscopy images of degradable polyelectrolyte capsules in a
solution of 5 mg/mL glucose at pH 9 monitored over time. The rhodamine-labeled
polyelectrolyte shells can no longer be seen after 200 seconds. Polyelectrolyte capsules
were found to remain intact under similar conditions at pH 7. Transmission images of
capsules at each time are shown in the upper right corners of the confocal microscopy
images. Reproduced with permission from De Geest et al.110

1.6 Polystyrene
Polystyrene has been used to entrap fluorescent dyes for sensing and fluorescence
imaging.111-115 Since polystyrene is hydrophobic, it is most useful for entrapping
hydrophobic dyes, although surface modifications and the addition of various
crosslinkers can provide sites for the covalent attachment of hydrophilic molecules.116
Polystyrene particles are often fabricated using microemulsion polymerization methods
with or without surfactant stabilizers.111,117-119 Size, ranging from tens of nanometers to
several micrometers in diameter, can be adjusted by changing the monomer and
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surfactant concentrations and by regulating the rate at which monomer is added to the
reaction during polymerization.112,117,118
The issue of solubility, and to some extent aggregation, can be addressed by using
charged or functionalized polystyrene. Carboxyl and amine modified fluorescent
polystyrene particles have been synthesized by adding functional co-monomers such as
acrylic acid or amino ethyl methacrylate hydrochloride (AEMH) to the styrene during
polymerization.112,120 Alternatively, styrene can be co-polymerized with bromostyrene
and derivatized using i-Pr(n-Bu)2MgLi.

A variety of electrophiles, including allyl

bromide and carbon dioxide, can then be reacted with the polymer to form functionalized
polystyrene.121 Furthermore, the surface charge of polystyrene particles can be controlled
by using cationic initiators such as 2, 2’-azobis(2-amindinopropane) dihydrochloride, or
anionic initiators like K2S2O8, that adsorb to the particle surface.112,118,119 Such
modifications may not only improve sample compatibility, but may also provide a means
for attachment of fluorophores, biomolecules, or other polymers to polystyrene core
particles.
Surface functionalization has been shown to affect cellular uptake, where
adsorption of charged particles to the plasma membrane facilitates endocytosis.120,122 In a
study performed by Holzapfel et al., a series of polystyrene nanoparticles were made with
increasing weight percent of co-monomer (acrylic acid or AEMH). Not only did the
percent of co-monomer used affect nanoparticle size, dispersity, and morphology, but the
number of available functional groups at the surface of the nanoparticles was determined
to be not linearly related to the weight percent of co-monomer. In addition, the
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relationship between the number of surface functional groups and percent co-monomer
was different for the two monomers, and is likely related to polymer chain formation in
the miniemulsion polymerization process. HeLa cells were incubated with the
nanoparticles, and the uptake efficiency was measured using a fluorescence activated cell
sorter (FACS) (Figure 1.19).

Figure 1.19: Plots of relative fluorescence intensity (y-axis) versus percent co-monomer
for (A) polystyrene-co-AEMH and (B) polystyrene-co-acrylic acid nanoparticles
associated with HeLa cells as determined via FACS. (C) Confocal microscopy image of
polystyrene-co-AEMH nanoparticles (green) within HeLa cells showing that the
nanoparticles are inside the cells and not associated with the cell membrane (stained red).
Reproduced with permission from Holzapfel.120
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Although it was found that cellular uptake increased with percent weight of comonomer for amine functionalized (AEMH) nanoparticles, it is difficult to determine if
increased uptake is due to an increased number of surface functional groups or due to the
decrease in nanoparticle size that accompanies the increase in co-monomer amount. The
carboxyl functionalized nanoparticles follow the same trend until the co-monomer
percent reaches 10%. The decrease in cellular uptake at higher percentages is attributed to
a change in nanoparticle morphology; polyacrylic acid chains extending from the exterior
of the nanoparticles, preventing uptake and giving the them a “hairy” texture.120 Although
not used for specific targeting or as a sensor in this case, there is promising evidence that
surface functionalization will aid in the application of polystyrene particles to cellular
samples.
Polystyrene nanoparticle-based pH sensors have been fabricated by covalently
attaching the pH sensitive dye Oregon Green 488 and the pH insensitive dye Texas Red
to amine functionalized particles. These sensors were found to have a dynamic range
from pH 4.5 to 7, and a response time of less than one second. Changes in the lysosomal
pH of J774 macrophages were measured during treatment of the cells with chloroquin,
which has been shown to increase lysosomal pH.116 When compared to a calibration
curve for the sensors, the fluorescence intensity ratio of the nanoparticles could be
correlated to the pH levels within the lysosomes with both spatial and temporal
resolution.116 This straightforward design of using polystyrene nanoparticles as a support
for covalently attached analyte-sensitive molecules could be extended to produce an
assortment of sensors and target-specific markers.
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As with silica particles, phospholipid coatings provide improved biocompatibility
and another means of functionalizing the polystyrene particle surface. However, due to
the hydrophobic nature of polystyrene, only a lipid monolayer forms in aqueous media.
This limits the use of phospholipid coated beads (named lipobeads) by excluding the
insertion of membrane proteins. However, the monolayer may still protect the particles
from bio-fouling due to non-specific protein adsorption, as well as increase the solubility
of the particles.123-126 Polystyrene lipobead sensors for pH have been constructed using
1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (DHPE) labeled with the pH
sensitive dye fluorescein and pH insensitive dye tetramethylrhodamine. Although the
fluorescein component of the lipobead sensors photobleaches quickly (a 30% loss of
fluorescence in 10 minutes for a 100 W mercury arc lamp illuminated inverted
microscope), it was found that the phospholipid membrane can protect lipid tail-bound
fluorophores from quenching.123 The sensors were used to measure the change in pH
during the oxidation of glucose within a small sample volume, as well as to monitor the
pH change that accompanies phagocytosis.123 A lipobead oxygen sensor has been
developed by trapping a hydrophobic, oxygen sensitive ruthenium complex in the
hydrophobic region of the 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
monolayer. The sensors respond reproducibly and reversibly to oxygenated, aerated, and
nitrogenated solutions, and were used to monitor changes in dissolved oxygen
concentration within glucose oxidase and menadione treated J774 macrophages (Figure
1.20). 127
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Figure 1.20: Plots of fluorescence intensity as a function of time for J774 macrophages
incubated with ruthenium dye doped lipobeads and (A) in a solution of 1.5 mM glucose
and 2.5 (filled squares) or 5 (empty squares) units/mL of glucose oxidase. The control
(filled circles) corresponds to cells in a glucose and glucose oxidase free medium.
Macrophages incubated with ruthenium dye doped lipobeads were treated with
menadione (B) to increase oxygen levels within the cells. Sensors in cells without
menadione (filled diamonds) are more fluorescent than sensors in cells treated with 100
M (empty squares) or 1 mM (filled circles) menadione. Reproduced with permission
from Ji et al.127

Although hydrophobic and therefore incompatible with aqueous biological
samples itself, polystyrene has been shown to be a useful material for particle based
sensors and markers. The surface of the particles can be modified to include various
functional groups through the addition of co-monomers, or by the derivatization of
bromostyrene. Such available diversity supports the development of sensors and markers
that can be precisely tuned for a wide range of targets and applications. In addition,
coating polystyrene with phospholipids to form lipobeads reduces particle aggregation
and has been used for several cellular sensing schemes.
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1.7 Poly(Decyl Methacrylate)
Nanoparticles composed of poly(decyl methacrylate) (PDMA) have proven useful in the
development of novel fluorescent nanoparticle sensors for ions.128-130 Based on previous
research in which ionophore/chromophore doped poly(vinyl chloride) (PVC) coated
optical fibers were used to detect analytes such as Hg2+, Cl-, K+, Mg2+, and Ca2+,
nanoparticle sensors for K+, Na+, and Cl- were developed.

131-135

Initially, PVC was

investigated as the matrix for nanoparticle ion sensors, but it was found to form large,
polydisperse, and irregularly-shaped particles.129 In contrast, PDMA nanoparticles can be
formed in microemulsions, ensuring the fabrication of spherical particles with greater
control over size.
PDMA nanoparticles are fabricated by dispersing a mixture of decyl
methacrylate, hexanediol dimethyacrylate (used as a crosslinker), dioctyl sebacate (a
plasticizer), and hexane in a hot, acidic solution.

Poly(ethylene glycol) is used to

stabilize the emulsion, and has been found to improve the monodispersity and reduce
aggregation of the PDMA nanoparticles in aqueous solution, making the use of PDMAbased sensors in biological samples possible.136 The sensing components must be added
to the particles after polymerization by swelling the polymer in solvent since radicalproducing

species

used

for

polymerization

result

in

deactivation

of

the

chromoionophores.129,130 Nanoparticle loading is accomplished by leaching the dioctyl
sebacate from the particles with tetrahydrofuran, rinsing the leached plasticizer from the
PDMA, and then swelling the polymer a second time with ionophores/chromophores
dissolved in tetrahydrofuran (Figure 1.21). The solvent is later evaporated, leaving only
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loaded PDMA nanoparticles and residual ionophores/chromophores that can be rinsed
away. As a consequence of this external loading process, PDMA nanoparticles only
retain their localized fluorescence and sensing abilities for about 30 minutes.129

PDMA nanoparticles
combined with
additives

Addition of solvent

Swelling of
nanoparticles in
solvent over time

Evaporation of
solvent and rinsing
of nanoparticles

Figure 1.21: Process by which chromophores and ionophores are introduced into decyl
methacrylate nanoparticles via swelling the polymer in solvent.

PDMA nanoparticles loaded with the potassium ionophore 2-dodecyl-2-methyl1,3-propanediylbis[N-[5’nitro(benzo-15-crown-5)-4’yl]carbamate]

(BME-44),

the

chromoionophore 9-(diethylamino)-5-[(2-octoyldecyl)imino]benzo[a]-phenoxazine (ETH
5350), and potassium tetrakis-[3,5-bis(trifluoro-methyl)phenyl borate (KTFPB) were
shown to respond reversibly to K+ and were used to monitor K+ in C6 glioma cells treated
with kainic acid (Figure 1.22).129 The sensing scheme is indirect yet effective; as K+ is
bound by BME-44, there is a concurrent deprotonation of ETH 5350 (KTFPB maintains
the ionic strength within the nanoparticle) and a measurable change in fluorescence
intensity. PDMS nanoparticle K+ sensors were found to be selective for K+ over Na+ in
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the presence of 0.5 M Na+, and have forward and reverse response times of less than 1
second.129

Figure 1.22: (A) Plot showing the response of BME-44/ETH 5350/KTFPB doped PDMA
nanoparticle sensors to K+ (circles) and Na+ (triangles), where aX+/aH+ is the ratio of
activities for the ion (K+ or Na+) and H+, and  is defined as the relative fraction of
protonated chromophore. The plot shown in (B) displays the response of sensors inside of
C6 glioma cells treated with kainic acid at 20 and 60 seconds. The inset of (B) shows
overlaid confocal microscopy and Nomarski images of sensors within C6 glioma cells.
Reproduced with permission from Brasuel et al.129
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PDMA nanoparticle sensors for Cl- were fabricated using a similar scheme.130
Initially, the ionophore indium(III) octaethylporphyrin chloride (In(OEP)Cl) paired with
the

chromophore

9-dimethylamino5-[4-(16-butyl-2,12-dioxo-

3,15dioxaeicosyl)phenylimino] benzo[a] phenoxazine (ETH 2439) and loaded into
PDMA nanoparticles was investigated, but the sensor response was not found to be an
injective function of Cl- concentration.130 PDMA nanoparticles that relied on the
fluorescence change that occurs with the dimerization of In(OEP)Cl (and therefore
contained no chromophore) showed only a 40% change in fluorescence for the entire
linear dynamic range of the sensor at pH 7.2. When compared to the nearly 80%
fluorescence change observed for PDMA nanoparticles loaded with 3,6-didodecyloxy4,5-dimethyl-o-phenylene-bis(mercury chloride) (ETH 9033) and ETH 5350 at the same
pH, it appears that nanoparticles loaded with ETH 9033 and ETH 5350 respond with
greater sensitivity. The linear dynamic range of these sensors was determined to be 0.4
mM to 190 mM Cl-, and their utility was demonstrated by monitoring Cl- in C6 glioma
cells treated with kainic acid.130
The use of decyl methacrylate as a nanoparticle sensor matrix is most
advantageous when the sensing scheme must include hydrophobic components, as in the
examples above. These sensing schemes are more complex than those used for the other
polymer-based sensor platforms discussed here and the data requires some mathematical
manipulation, but they have been shown to be effective and useful for measuring certain
analytes, such as K+ and Cl-, even at intracellular levels.
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1.8 Polyacrylamide Particles
Polyacrylamide nanoparticles present an excellent matrix for intracellular
sensors.128,137-141 They are quickly and inexpensively synthesized via emulsion
polymerizations, in which the size of the nanoparticles can be controlled by the solventto-surfactant ratio in the emulsion, and the relative porosity of the nanoparticles
controlled by adjusting the ratio and type of crosslinker used.125,139 Polyacrylamide is
water soluble and non-toxic, and can be used to entrap nearly any water-soluble dye, as
well as proteins and dextrans. Leaching of dyes from the nanoparticles is low (less than
3% in some cases); the high retention is most likely due to the incorporation of the dyes
during the polymerization process.139,142 In addition, the polyacrylamide matrix may also
minimize photobleaching of the entrapped dye, allowing for sampling to occur over a
longer period of time.138
To date, polyacrylamide sensors for Ca2+, Zn2+, glucose, Mg2+, and pH have been
fabricated and characterized.128,137-141 Polyacrylamide nanoparticles have proven useful as
vehicles for membrane impermeable dyes such as Coumarin 343, which has been coentrapped with Texas Red dextran to produce a Mg2+ sensor.141 The fluorescence
intensity was found to respond reproducibly and reversibly to Mg2+, with a linear
dynamic range of 0 to 30 mM. The sensors were introduced into C6 glioma cells via gene
gun and used to monitor Mg2+ changes in cells treated with KCl (Figure 1.23).141
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Figure 1.23: (A) Confocal images (compressed z-stack) of a calcein-stained (green) C6
glioma cell containing Mg2+ sensitive polyacrylamide nanoparticles (red). When KCl is
added to the culture medium, the cell ion channels open resulting in an increase in
intracellular Mg2+. (B) The plot of the intensity ratio (the intensity of Coumarin 343
divided by the intensity of the Texas Red reference dye) versus time for sensors inside of
cells shows an increase upon exposure to KCl. Reproduced with permission from Park et
al.141
Similarly, polyacrylamide nanoparticle sensors for Zn2+ were made by coentrapping the Zn2+ sensitive dye Newport Green with the Zn2+ insensitive reference dye
Texas Red dextran. Although these sensors were also shown to have a reproducible and
reversible response to Zn2+ with a linear dynamic range of 15-40 M, they have not been
applied to the measurement of intracellular Zn2+.142 More recently, sensors for Cl- have
been fabricated by entrapping the halide sensitive acridinium based dye, lucigenin, within
polyacrylamide nanoparticles.143 The sensor was used to measure Cl- concentrations up to
18 mM in solution, although it was proposed that hydroxyl ions may have a greater effect
on the fluorescence intensity of entrapped lucigenin compared to free lucigenin due to the
hydrophilic nature of the polymer. This may be an important consideration if the
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intracellular pH of a sample fluctuates during the course of an experiment. However, it
was demonstrated that Cl- levels in CHO and mouse fibroblasts could be monitored with
these sensors during superfusion of cells with Cl- solutions.143
While the Zn2+, Mg2+, H+, and Ca2+ sensors rely on the direct response of
sensitive fluorophores for analyte detection, the glucose sensor developed by Xu et al.
depends on local changes in O2 concentration as glucose is oxidized by glucose oxidase
entrapped in the polyacrylamide.140 However, the response of the O2 sensitive ruthenium
dye compared to the reference dye was reproducible and reversible with little interference
from non-specific interactions with protein, indicating that that these sensors may prove
to be useful for intracellular glucose measurements, although intracellular measurements
have yet to be demonstrated.140
More recently, polyacrylamide nanoparticles containing an inorganic phosphatespecific fluorescence indicator protein (FLIPPi) were synthesized using a gentler
microemulsion polymerization process that uses a non-ionic surfactant and decreased
concentrations of initiator. The sensors respond to a similar range of phosphate
concentrations as free FLIPPi, although the magnitude of the response is smaller for the
entrapped FLIPPi.144 Further research pursued in this area may produce polyacrylamide
nanoparticles into which more delicate but more sensitive components can be entrapped.
Aptamers (DNA or RNA oligonucleotides designed to bind specific targets through the
process known as systematic evolution of ligands by exponential enrichment, or SELEX)
have also been entrapped in polyacrylamide with minimal loss of functionality.145
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Protected from nucleases by the polymer matrix, the sensors were used to detect adenine
nucleotides in yeast cells (Figure 1.24).145

Figure 1.24: Binding response curves of (A) entrapped ATP-sensitive aptamer (ATP-NP,
red), free ATP-sensitive aptamer (ATP-ASP, black), entrapped control aptamer that does
not bind ATP (ControlNP, green), and free control aptamer (ControlASP, blue). The plot
in (B) shows the binding response curves for entrapped ATP-sensitive aptamer to ATP
(black), ADP (red), AMP (green) and GTP (blue). The sensors were tested in
electroporated yeast cells. Confocal microscopy images show yeast cells containing
Oregon green labeled nanoparticles (green channel) (C) with entrapped ATP-sensitive
aptamer and (D) without the ATP-sensitive aptamer. When the ATP-sensitive aptamer
binds to adenine nucleotides, fluorescence is observed in the red channel. Reproduced
with permission from Nielsen et al.145
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In addition to being hydrophilic and biocompatible, the surface of polyacrylamide
nanoparticles has been modified with the bifunctional linker -maleimidobutyric acid Nhydroxysuccinimide (GMBS) in order to covalently attach cell penetrating peptides.
Webster and coworkers used GMBS to link TAT peptide from HIV to the exterior of
calcium-sensing polyacrylamide PEBBLEs (Probes Encapsulated By Biologically
Localized Embedding), and then incubated both human epithelial NCTC 2544 cells and
CHO cells with the sensors.138 Transport into the cells was determined by fluorescence
and electron microscopy, although intracellular Ca2+ measurements were not made.138
The use of bifunctional linkers may prove to be valuable for the attachment of any
number of biomolecules to the exteriors of polyacrylamide nanoparticles.

1.9 Summary
Particles demonstrate significant advantages over other sensor and marker
technologies; they are less invasive than electrodes or fiber optic probes, less toxic than
many fluorescent indicator dyes, and can be surface modified to increase both
biocompatibility and target specificity. Moreover, spatial separation of nanoparticles
allows individual cells or intracellular locations to be distinguished, and for both single
cell measurements and for large cell populations to be sampled. Most particle fabrication
methods offer some control over particle size, ensuring that the measured signal is
accurately attributed to sensor response and analyte concentration. The range of materials
from which nanoparticle sensors are constructed make them a versatile option for sensing
applications in biological and non-biological samples. Table 1 shows the sensor platforms
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discussed here, along with some of the analytes for which nanoparticle sensors have been
developed based on those platforms.

Table 1.1: Sensor platforms and example analytes for which each platform has been sed.
Sensor Platform

Analytes

References

Quantum Dots

maltose, glucose, proteases, CN-, Cu2+

25-27,146,147

Silica

pH, Pb2+, Ca2+

67,70-72

Phospholipid
Vesicles

O2, pH, Ca2+, Streptolysin O

81,82,98,99

Polyelectrolyte

pH

100,108

Polystyrene

pH, Cl-, O2

Decyl Methacrylate

Cl-, K+

Polyacrylamide

Ca2+, Zn2+, Mg2+, glucose, pH, inorganic
phosphate

116,123,126,127
129,130
138,140142,144

Each material has advantages and disadvantages that must be taken into account
when developing a nanoparticle sensor. QDs are only tens of nanometers in diameter and
can be tuned to meet the spectral requirements of a sensing scheme, but without surface
modification they are insoluble in aqueous solution and could accumulate to toxic levels
in living systems. Silica is more biocompatible, though dye leakage in silica nanoparticles
is problematic unless the nanoparticles are coated or the dye is covalently bound to the
particle matrix. Phospholipid liposomes are also biocompatible, yet may require a
selectivity and/or transport mechanism so that the analyte reaches the interior of the
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sensor. Polyelectrolyte microcapsules have an interior volume much like phospholipid
vesicles, and can be loaded before or after formation of the capsules on polymer, silica, or
carbonate scaffold microparticles, but are usually several microns in diameter and occupy
a large volume within a cell. Polystyrene particles may be hydrophobic and tend to
aggregate but are used as sensors and biomarkers after being surface-modified or coated
with phospholipid monolayers. Poly(decyl methacrylate) nanoparticles have been used to
entrap ionophores for ions that are challenging to measure in picoliter sample volumes,
but may be used to contain other sensing schemes in the future. Because the synthesis is
inexpensive, easy, and versatile, and the products are nontoxic, polyacrylamide
nanoparticles are commonly used for biological sensing and labeling.
With this range of particle materials comes a host of methods for the
incorporation of analyte sensitive and target specific molecules for sensing and labeling.
QDs can be conjugated or coated with silica shells and further functionalized at the
surface. Phospholipid liposomes can be used as nano or micro containers and loaded with
proteins, dyes, etc., or used to support sensor/label components in the walls of the
structures themselves. Poly(decyl methacrylate) has been used to entrap ionophores and
chromophores and may find further use as the chemistry behind ion sensing is uncovered
and developed. Polystyrene and polyacrylamide can have components entrapped within
the polymer matrix or covalently bound, and may be coated with lipids or used to make
composite nanoparticles with other materials. Considering the number of materials,
methods of functionalization and modification, and means of incorporating sensing and
targeting components, the possibilities for nanoparticle based sensors and markers seem
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endless. Continued research in the development and application of these combinations for
nanoparticle fabrication will exploit the advantages of such a wide selection, and will
lead to faster, more specific, and more accurate monitoring of cellular mechanisms.
The work discussed in the following chapters is part of an investigation into the
fabrication and application of polyacrylamide, polyacrylamide/silica hybrid, and
polystyrene-core silica-shell nanoparticles. The hydrophilic nature, low toxicity, low cost,
and easy synthesis of polyacrylamide makes it an attractive material for the development
of ratiometric sensors for the detection of intracellular analytes. Chapter 2 describes the
fabrication, characterization, and application of polyacrylamide nanoparticle-based nitric
oxide (NO) sensors. The sensors were made by co-entrapping the NO-sensitive dye 4, 5diaminofluorescein (DAF-2) and NO-insensitive reference dye Texas Red dextran in 60
nm polyacrylamide nanoparticles. These sensors were used to measure NO produced by a
diazeniumdiolate NO donor in solution, and have a response time of 30 seconds or less.
In addition, it was shown that entrapped DAF-2 was protected from non-specific
interactions with bovine serum albumin, which reduces the fluorescence of the triazole
form of DAF-2 by approximately 50% at a protein concentration of 3% (w/v). Sensor
response to NO in FBS solutions used to mimic the composition of biological samples
was investigated. Sensor response is reduced by 60% (compared to 78% for free dyes),
from 0 to 100% FBS, possibly due to radical scavenging by protein. The sensors were
applied to J477A.1 macrophages as well as a HT1080 cell line with tetracycline-regulated
inducible nitric oxide synthase expression (HTRiNOS) in preliminary studies for
measuring intracellular NO production.
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Nanoparticles that combine the advantages of polyacrylamide and silica were
developed and are discussed in Chapter 3. The high dye retention of polyacrylamide and
the facile surface modification of silica make polyacrylamide/silica hybrid nanoparticles
a favorable architecture for both sensors and markers. Fluorescent dyes can be efficiently
entrapped within the polyacrylamide, while targeting components (e.g., antibodies,
aptamers, biotin) can be easily attached to the silica. Hybrid nanoparticles were fabricated
via a two-emulsion process in which fluorophore-doped polyacrylamide nanoparticles
were synthesized in a water-in-oil emulsion stabilized with surfactants, recovered from
the emulsion, and then combined with silica in a second water-in-oil emulsion. The
hybrid nanoparticle architecture was evaluated by transmission electron microscopy.
Isopycnic centrifugation of nanoparticle samples in CsCl solutions indicates that the
hybrid nanoparticles have a density between 1.76 and 1.70 g/cm3, which is less than the
density of silica nanoparticles but greater than the density of polyacrylamide
nanoparticles. Silica in the hybrid nanoparticles was covalently labeled with Texas Red,
suggesting that the hybrid nanoparticles may be used as ratiometric or possibly
multiplexed sensors. Hybrid nanoparticles coated with 1,2-dioleoyl-sn-glycero-3phosphocholine (DOPC) exhibit reduced adsorption of TRITC-BSA compared to
uncoated hybrid nanoparticles indicating that lipid coated hybrid nanoparticles may resist
biofouling when applied to biological samples. Hybrid nanoparticle pH sensors were
prepared by doping the polymer with fluorescein and covalently labeling the silica with
Texas Red. The hybrid nanoparticle sensors responded reproducibly and reversibly to
changes in pH, nominally from pH 6.0 to pH 8.0.
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Polyacrylamide is useful for entrapping hydrophilic molecules, but many sensing
components and fluorophores, such as pyrene, are hydrophobic. This is especially the
case for -particlescintillation assays, where the -emission of radiolabeled analytes is
converted to photons through the transfer of energy from the emitted electrons to highly
conjugated scintillant molecules via an intermediate absorbing matrix. These scintillant
molecules are usually hydrophobic and can be entrapped in polystyrene, which also acts
as the intermediate absorber due to its structure. The fabrication and characterization of
scintillant-doped polystyrene core-silica shell nanoparticles is described in Chapter 4.
Polystyrene core-silica shell nanoparticles combine the hydrophobic and scintillant
properties of polystyrene with the hydrophilicity and facile surface modification of silica,
qualities that are essential for scintillation proximity assays in aqueous biological
samples. Core-shell particles were fabricated by entrapping the primary and secondary
scintillants p-terphenyl and 4-bis(4-methyl-5-phenyl-2oxyzolyl)benzene in polystyrene
during a surfactant-free emulsion polymerization. Silica shells were then formed on the
polystyrene cores by adding the particles to an alcoholic solution containing silica
precursors and ammonium hydroxide. The scintillation response of the core-shell
nanoparticles was then tested with 3H acetic acid and compared to the response of shellless polystyrene core nanoparticles. Core-shell nanoparticles were found to have a
scintillation response similar to that of shell-less polystyrene cores, indicating that the
presence of the silica shells does not reduce scintillation efficiency. Preliminary studies
using core-shell nanoparticles for scintillation proximity assay do not indicate an
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enhancement in scintillation efficiency, although this may be due to high nanoparticle to
radiolabeled analyte ratios.
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CHAPTER 2:
RATIOMETRIC POLYACRYLAMIDE NANOPARTICLE NO SENSORS FOR
INTRACELLULAR IMAGING

2.1 Introduction
Nitric oxide (NO) is prevalent in physiology, biology, and medicine as a
messenger and as a regulator of cardiovascular, nervous, and immune responses.148-151
Since the realization that NO is the endothelium-derived relaxing factor hypothesized in
the 1980s, NO production has been identified in cells ranging from astrocytes and mast
cells to macrophages.152,153 NO influences a number of physiological functions, affecting
platelet aggregation, erectile dysfunction, gastrointestinal function, and blood
pressure.150,151 In response, NO donors with varying half-lives have been developed for
medical uses, for characterization of NO pathways and NO sensors.154-156
To fully elucidate the impact NO has on health and biology, temporally resolved
detection and quantification of NO is imperative. These methods must not only
encompass the formation and release of NO in large-scale samples, but must also be
applicable at the microscopic level (i.e., single-cell analysis). Detection methods for
intracellular NO include chemical, electrochemical, and spectroscopic techniques,
examples of which are listed in Table 2.1.157-167
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Table 2.1: Examples of chemical, electrochemical, and spectroscopic methods for NO
measurement. Detection limits can be as low as 1-10 nM for all methods listed,
depending on sensor and experimental parameters.
Method

Examples
NO sensitive fluorophores

References
163-166

Absorbance shift as NO reacts with with oxygenated
ferrous hemoglobin (HbO2) to produce ferric
methemoglobin (metHb) and nitrate

157

Griess absorbance assay in which NO2- is detected
by the formation of a colored azo compound

159-162

Electrochemical

NO sensitive electrodes with NO permeable
membranes or electrocatalysts

168-177

Chemical

Electron spin resonance spectroscopy for the
formation of nitrosylhemoglobin

158

Spectrophotometric

NO-sensitive electrodes can detect intracellular NO down to the nanomolar
level,167 but the volume electrodes occupy inside the cell and the difficulty associated
with positioning an electrode within a cell limit the application of electrodes. Oxidation
of oxyhemoglobin by NO and binding of NO to hemoglobin can be used to measure NO
levels by absorbance and electron spin resonance spectroscopy, though these techniques
require several purification steps and may suffer from side reactions in biological
samples.157,158 Detection schemes such as the commonly used Griess absorbance assay
are fast and easy to perform, but indirectly measure NO levels in the extracellular
environment where it is inaccessible to the various oxidants and scavengers found within
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the cell,159-162 allowing only measurement of NO that escapes the cell, not overall
intracellular NO production in live cells. In addition, both the oxyhemoglobin and Griess
assays are incompatible with single cell measurements. NO-sensitive fluorescent
indicators are used,163-166 although cytotoxicity remains a problem, and cellular
introduction of indicators is challenging. The ideal technique for intracellular NO
measurement would include a sensitive, accurate, selective and direct probe that can be
easily introduced into the cell while occupying minimal cell volume. The probe should
also function with any sample size, from one cell to millions of cells, without greatly
increasing the time or material required.
Nanoparticle (nP) chemical sensors provide many desirable characteristics for
fabrication of intracellular NO sensors. Optical nanosensors are less invasive than
electrodes, less cytotoxic than many free dyes, provide spatially resolved images, and can
be loaded into cells for single-cell or multiple-cell analysis. The nP matrix protects the
entrapped dye or protein from the intracellular environment and reduces non-specific
interactions between the dye or protein and other proteins/enzymes/biomolecules. nPs
can also serve as vehicles for introduction (picoinjection, phagocytosis, membrane
penetrating peptides) and can be surface-modified to make target-specific probes for both
sensing and biomarking applications.
Polyacrylamide nanoparticles (PAnPs) provide an excellent matrix not only for
fluorescent markers, but also for intracellular sensors.128-130,137-141 PAnPs are quickly and
inexpensively synthesized via emulsion polymerization where an aqueous solution of
acrylamide monomers is dispersed in an organic continuous phase. The surfactant-
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stabilized aqueous droplets are then polymerized with a water soluble free-radical
initiator, such as sodium bisulfite. nP size is controlled by the solvent-to-surfactant ratio
in the emulsion, and the relative porosity of the nPs is altered by adjusting the ratio and
type of crosslinker used.125,139 PA is water soluble and non-toxic, and can be used to
entrap nearly any water-soluble dye, as well as proteins and dextrans.144 Leaching of dyes
from PAnPs is very low (less than 3% in some cases), and is minimized when dyes are
introduced during the polymerization process rather than by swelling the polymer in
solvent afterwards.139,142 In addition, the PA matrix also minimizes photobleaching of the
entrapped dye, allowing sampling over a longer period of time.138 To date, PAnP sensors
for Ca2+, Zn2+, glucose, Mg2+, and H+ have been manufactured and characterized.128130,137-141

This chapter describes the fabrication and characterization of PAnP NO sensors
for detection of intracellular NO and NO in other complex environments. Sensors were
prepared by entrapping the dyes 4,5-diaminofluorescein and Texas Red within a
polyacrylamide matrix. Not only does co-entrapment of the dyes protect them from nonspecific protein interactions, but the sensors also respond reproducibly and
ratiometrically to NO produced by a diazeniumdiolate NO donor, making them
potentially suitable for investigating the intricate details of biological NO production.
This chapter also describes the results of preliminary cell imaging studies with the
sensors.
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2.2 Experimental
2.2.1 Materials
Dioctyl sulfosuccinate sodium salt (AOT), Brij 30, NaHSO3, bovine serum
albumin (BSA), doxycycline hydrochloride hemiethanolate hemihydrate and bacterial
lipopolysaccaride (LPS) from Escherichia coli (055:B5) were obtained from SigmaAldrich (St. Louis MO). Acrylamide and N-methylenebisacrylamide (BIS) were
purchased from Alfa Aesar and Bio-Rad respectively (Ward Hill MA and Hercules CA).
Texas Red dextran was acquired from Molecular Probes (Eugene, OR). The NO donor, 1(hydroxy-NNO-azoxy)-L-proline disodium salt (Proli/NO) was synthesized and donated
by the Miranda group. The NO sensitive dye, 4,5-diaminofluorescein (DAF-2), was
synthesized according to the procedures outlined by Kojima and coworkers. 166 Filters and
dichroic mirrors used for microfluorimetry are from Chroma Technology (Bellows Falls,
VT). Murine macrophage J774A.1 cells were obtained from American Type Culture
Collection (Manassas, VA). The HT-1080 cell line HTRiNOS 41 was originally
developed and cultured by the Montfort group. Fetal bovine serum (FBS), antibiotics, and
cell culture media were obtained from Invitrogen (Eugene, OR).

2.2.2 Preparation of Polyacrylamide Sensors
Polyacrylamide sensor nanoparticles were fabricated by forming an inverse
microemulsion in hexanes using a procedure originally described by Clark and
coworkers.128,139 A solution containing 3.8 M acrylamide and 0.19 M BIS, (the ratio of
which determines the degree of crosslinking in the resulting polymer) along with 0.2 mM
DAF-2, and 0.02 mM Texas Red dextran (10,000 MW) was prepared in 100 mM
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phosphate buffer (pH 7.4). The emulsion was formed by dispersing 2 mL of
monomer/dye solution in 42 mL of degassed hexanes containing 0.8 g AOT and 1.63 mL
Brij 30, which was then stirred briskly for several minutes under a gentle stream of argon
to ensure thorough mixing. Polymerization was initiated with 50 L of 0.96 M NaHSO3
in water. Stirring of the emulsion was continued for 2 hours under argon, after which
PAnPs were precipitated and rinsed with ethanol at least six times by centrifuging PAnPs
and decanting the ethanol to remove residual monomers and surfactants. PAnPs were
then dried under vacuum and stored at –20 °C until use. PAnP size was determined by
dynamic light scattering (Brookhaven Instruments, BI-200 with a BI-DS detector and BI800AT autocorrelator software, non-negatively constrained least squares, multiple pass
calculation).

2.2.3 Protection of Entrapped Dyes from Non-Specific Protein Interactions
The effects of protein concentration on free versus encapsulated dyes was
determined using solutions of 0.33 M DAF-2 and 5.5 nM Texas Red dextran, and
solutions of 3 mg/mL sensors in 20 mM pH 7.4 MOPS. Additions of bovine serum
albumin (BSA) stock solutions (6% and 30% w/v) were added sequentially to increase
the protein concentration in the free dye and sensor solutions to 0.5, 1.0, 1.5, 2.0, 2.5, and
3.0% (w/v). Emission intensity at 520 and 610 nm was monitored with each addition of
BSA. The effect of protein was analyzed by plotting the intensity ratio for free dyes and
for sensors versus BSA concentration. The experiment was repeated with dye and sensors
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that had been reacted with 75 M Proli/NO (assuming 100% purity of the donor) for 5
minutes prior to addition of BSA.

2.2.4 Ratiometric Sensor Response
A 90 mg/mL stock solution of sensors was prepared in 20 mM pH 7.4 MOPS
buffer. The stock solution was diluted with additional buffer to make 3 mL of
3 mg/mL sensor solution in a disposable polymethylmethacrylate (PMMA) cuvette.
Fluorescence was measured with a Spex Fluorolog fluorimeter, consisting of a single
excitation monochromator and a sample compartment followed by a double emission
monochromator and PMT. The sample was excited at both 490 nm and 570 nm (for
excitation of DAF-2 and Texas Red respectively), although not simultaneously; when the
sample was excited at 490 nm, the fluorescence emission was scanned from 500 to 630
nm; when the sample was excited at 570 nm, the fluorescence emission was scanned
from 590 to 630 nm. Stock solutions of Proli/NO in 24 mM NaOH were added to the
sensor solution in succession to increase NO concentration. Mixing was accomplished
using a small stir bar at the bottom of the cuvette as well as gentle aspiration of the sensor
solution several times after each Proli/NO addition. The increase in solution pH was
found to be less than 0.1 pH unit after addition of Proli/NO stock (a total of 60 L
added). The resulting data was plotted as fluorescence intensity at 520 nm with 490 nm
excitation divided by the fluorescence intensity at 610 nm with 570 nm excitation
(I520/I610) as a function of [NO].
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2.2.5 Time Resolved Sensor Response
The time-resolved response of the sensors was determined by adding 33 M
Proli/NO (66 M NO) to a continuously stirred 3 mg/mL sensor solution every 7 minutes
for a total of 8 additions. Fluorescence intensity at 520 nm was recorded every 30
seconds with fluorimeter shutters closed between measurements to minimize
photobleaching. Due to the slow rate at which the excitation and emission
monochromators adjust, fluorescence at 610 nm was measured before rather than during
each trial so that the intensity ratio could be calculated. The data were plotted as
fluorescence intensity ratio I520/I610 versus time, and the first derivative (I520/I610)/t
versus time.

2.2.6 Sensor Response in Serum
Sensors were suspended at 1 mg/mL in solutions containing 0, 1, 10, 25, 50, 75,
and 100% (v/v) FBS. For comparison, free DAF-2 (ca. 25 nM) and Texas Red (ca. 40
nM) were added to solutions with the same FBS concentrations. Free dye concentrations
were chosen based on fluorescence intensity at 520 nm and 610 nm; free dyes were added
to buffer until fluorescence intensities and fluorescence intensity ratio were similar to 1
mg/mL sensor solution. The fluorescence intensities of free and encapsulated DAF-2 and
Texas Red were measured before and 30 minutes after addition of 0.5 mM Proli/NO (5
L of 0.3 M Proli/NO in 10 mM NaOH). Background fluorescence from the FBS
solutions was subtracted from the fluorescence intensities of sensor and free dye samples
before data was plotted as fluorescence intensity ratio (I520/I610) versus %FBS.
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2.2.7 Cell Culture and Sensor Application
HTRiNOS 41 cells (an HT1080 human fibrosarcoma cell line possessing a gene
for the tetracycline-regulated production of inducible nitric oxide synthase) were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 100 units/mL
penicillin and 100 g/mL streptomycin, 2 mM L-glutamine, and 10% (v/v) tetracyclinefree fetal bovine serum (FBS). Cells were placed in fresh medium every other day and
passaged 1-2 times per week. One day prior to microscopy experiments, cells were plated
on glass coverslips (No. 0). All sensor solutions were filtered with a 0.45 m
polyvinylidene fluoride syringe filter prior to loading to remove larger particles and dust.
Sensors were introduced by covering cells with fresh, phenol red-free DMEM containing
5 mg/mL sensors. Cells were then incubated with sensors at 37 °C and 5% CO2 for 7
hours. Excess sensors were removed by rinsing the cell samples several times with warm
Kreb’s Ringer Buffer (KRB). For cell samples treated with doxycycline hydrochloride
hemiethanolate hemihydrate (doxycycline), cells were covered with phenol red-free
DMEM containing 25 ng/mL (24 nM) or 50 ng/mL (49 nM) doxycycline for 20 hrs at 37
°C and 5% CO2, followed by several more rinses with KRB before imaging. For cell
samples treated with Proil/NO, cells were covered with 2.5 mM Proli/NO for 5 minutes,
followed by several more rinses before imaging. A Nikon Eclipse TE300 Quantum
inverted microscope with a 40 × 1.3 N.A. oil immersion objective was used to observe
the cell samples. The microscope was also equipped with two filter sets: a fluorescein set
(ex= 480/30 nm, em= 535/40 nm) and a rhodamine set (ex= 540/25 nm, em= 620/60
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nm). Images of the cells were acquired using a Quantix 57 CCD camera (Roper
Scientific) and analyzed with MetaVue software (Universal Imaging).
J774A.1 murine monocyte-macrophage cells (American Type Culture Collection)
were cultured in DMEM without phenol red, supplemented with 100 units/mL penicillin
and 100 g/mL streptomycin, 2 mM L-glutamine, and 10% (v/v) FBS. Cells were placed
in fresh medium every other day and passaged 1-2 times per week. One day prior to
microscopy experiments, cells were plated on glass coverslips (No. 0). To introduce
sensors into cells, DMEM was removed from plated cells and replaced with KRB
supplemented with 10 % (v/v) FBS for 1 hour, after which sensors were added at a
concentration of 7.5 mg/mL. Cells were then incubated with the sensors at 37 °C and 5%
CO2 for 12 hours. The buffer was then supplemented further with combinations of Larginine (5 mM) and 10 g/mL LPS. Each sample was rinsed three times with warm
KRB before imaging after 3, 6, 12, and 24 hours additional incubation.

2.3 Results and Discussion
Sensors (ca. 60 nm in diameter) were characterized under conditions as similar to
conditions used for biological samples as possible. Characterization requires a source of
NO, whether from a solution saturated with gaseous NO or an NO donor that dissociates
in aqueous solution at a known rate. Diazeniumdiolates present the best extracellular NO
source as their dissociation is dependant only on pH and temperature, not on medium
composition, light, or the presence of esterases.154,156,178 Diazeniumdiolate donors can be
added to a sensor solution and the fluorescence intensity monitored as a function of time
to determine sensor response. Proli/NO produces two moles of NO per mole of donor
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with a half-life of 6.4 seconds in pH 7.4 buffer at 22 °C (Scheme 2.1).155 The decay is
first order, with a rate constant of 0.39 s-1, making Proli/NO a significantly faster NO
donor than other diazeniumdiolates.156 Decomposition of diazeniumdiolates is pH
dependent, but Proli/NO and similar donors are stable in 10 mM NaOH for ca. 24 hours:
donors are commonly dissolved in 10 mM NaOH, then spiked into sample buffer to
achieve the release of known amounts of NO.154 The NO is then autoxidized to form
N2O3, the species involved in the formation of the triazole form of DAF-2 as shown in
Scheme 2.2.166 Based on half-life, availability, and portability of donor solutions
(compared to NO saturated solutions), Proli/NO was chosen as the source of NO for
characterization of PAnP NO sensors.
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Scheme 2.1: The dissociation of Proli/NO to produce two moles of NO and one mole of
L-proline with a rate constant of 0.39 s-1 at pH 7.4 and 22 °C.155
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Scheme 2.2: The conversion of DAF-2 to the triazole through reaction with N2O3. The
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respective structures.166

2.3.1 Protein Interference
To fully elucidate the impact NO has on health and biology, temporally resolved
detection and quantification of the radical is imperative. These methods must not only
encompass the formation and release of NO in large-scale samples, but must also be
applicable at the microscopic level, i.e., single-cell analysis. PAnPs can be used to entrap
NO sensitive indicators such as DAF-2 along with a reference dye (Texas Red, which is
considered more photostable and less reactive than other fluorophores, and is commonly
used for biological labeling and single molecule studies)179-184 to make a ratiometric NO
sensor that could potentially fulfill these requirements.
The ability of the PAnP matrix to exclude proteins and minimize interference
from non-specific protein adsorption was investigated using BSA. The fluorescence
intensity ratio (I520/I610) of free DAF-2 and Texas Red decreases by 46% with increasing
protein concentration (from 0 to 3% w/v), while the fluorescence intensity ratio for PAnP
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NO sensors increases by 14% only after the first addition of BSA (Figure 2.1 A). This
decrease in fluorescence intensity ratio primarily corresponds to a decrease in
fluorescence intensity of DAF-2 rather than of Texas Red, which varies by 6% within the
same interval. The fluorescence intensity ratio decreases by nearly 65% from 0 to 3%
BSA for free dyes treated with 150 M NO (75 M Proli/NO) (Figure 2.1B), but remains
constant for PAnP NO sensors. As before, the observed decrease in fluorescence intensity
ratio corresponds to a decrease in the fluorescence intensity of DAF-2 rather than Texas
Red.
The decreases in fluorescence intensity ratio for free dyes suggest that interactions
of protein with the dye may include non-radiative transfer of energy from dye (in both the
diamine and triazole forms) to protein, resulting in fewer emitted photons. This
experiment demonstrates that the protection of DAF-2 and Texas Red is essential as the
fluorescence intensity of dyes used to measure NO in biological samples containing even
low (1% or less) percentages of protein cannot be correlated to calibration curves
constructed for dyes in protein-free solutions. In addition, the complexity of most
biological samples makes taking such protein interactions into account during calibration
impractical. It is important to note that the data displayed in Figure 2.1 do not account for
the production of NO in protein-rich samples; NO was allowed to react with the dye prior
to addition of BSA. However, PA does appear to exclude protein and reduce protein-dye
interactions that can decrease the accuracy of PAnP NO sensors.
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Figure 2.1: Plots of fluorescence intensity ratio versus percent concentration of BSA for
free dyes (blue diamonds) and dyes encapsulated in sensors (red squares). The data
shown in (A) were collected with dyes and sensors in the absence of NO, while the data
shown in (B) were collected with dyes and sensors 5 minutes after the addition of 75 M
Proli/NO (150 M NO). The error bars represent the standard deviation of three samples.

2.3.2 Ratiometric Sensor Response
Sensor response was investigated by exposing sensors suspended in buffer (pH
7.4) to increasing concentrations of NO produced by dissociation of Proli/NO. The
fluorescence intensity for DAF-2 at 520 nm increases by approximately 320% from 0 to
142 M NO (assuming complete dissociation of the donor which is ca. 99.9% dissociated
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before fluorescence intensity was measured), while the fluorescence intensity of the
Texas Red at 610 nm changes by less than 1.3% (Figure 2.2A). The effects of pH have
been neglected here; while the pH of the sensor solution increases with each addition of
Proli/NO solution due to the 24 mM NaOH in which the donor was dissolved, the total
pH change of the sample (from 0 to 142 M Proli/NO) is less than 0.1 pH unit. The
fluorescence of the triazole form of DAF-2 decreases less than 1% between pH 7.4 and
7.5, and less than 5% between pH 7.25 and 7.75, indicating that the observed
fluorescence intensity increase is most likely due to the conversion of DAF-2 to the
fluorescent triazole and not to a change in pH.166
The comparatively small change in the fluorescence intensity of Texas Red (1.3%
compared to 320% for DAF-2) supports the use of Texas Red as a reference dye for
DAF-2-based NO sensors. Co-entrapment of DAF-2 with Texas Red within
polyacrylamide nPs eliminates the dependence of NO quantification on the number of
sensors present in the sample, as the ratio of dyes entrapped within each sensor is
constant. The ratiometric measurement of NO is particularly advantageous under
circumstances in which the number of sensors present in a sample cannot be controlled,
as in experiments in which sensors are endocytosed by cells.
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DAF-2

Texas Red

Figure 2.2: (A) Fluorescence spectra and (B) plot of fluorescence intensity ratio as a
function of NO concentration for sensors exposed to NO from Proli/NO. The error bars in
(B) represent the standard deviations of three samples. NO concentrations assume
complete dissociation of Proli/NO.

Sensor response, presented as a plot of fluorescence intensity ratio (I520/I610) as a
function of NO concentration (Figure 2.2B), exhibits a linear trend until the concentration
of NO reaches approximately 50 M. At higher NO concentrations, the slope of the plot
decreases until sensor response reaches a plateau, presumably due to conversion of
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available DAF-2 (all the DAF-2 that is accessible to the products of NO oxidation inside
the polymer matrix) to the triazole.

2.3.3 Time Resolved Response
The response time of PAnP NO sensors was determined by monitoring the change
in fluorescence intensity ratio with time after sequential additions of NO donor (Figure
2.3A). The change in sensor response rate as a function of time is shown in the plot in
Figure 2.3B, where each addition of donor is denoted by a vertical red line. Using this
data, sensor response is estimated to be approximately 30 seconds, although the actual
response time may be less than 30 seconds since data points were collected at a rate of
two per minute. Sensor response is dependent on the release of NO by Proli/NO, the
conversion of NO to NO2, and the subsequent reaction of NO2 with NO to form N2O3.
The half-life of Proli/NO at room temperature is short enough (t1/2 ≈ 6.4 s) that more than
99% of the donor degrades within the first minute after it is spiked into the sensor
solution. However, the conversion of NO to NO2 and the subsequent reaction of NO2
with NO to form N2O3 have rate constants of ca. 6 × 106 M-2 s-1 and 1 × 109 M-1 s-1
respectively.148,185 The half-life of NO can be estimated by Equation 2.1 where k is the
rate constant, which assumes that NO is consumed only by autoxidation and that the
conversion of NO to NO2 is the rate limiting step in the formation of the DAF-2 triazole:
t1/2 =

1
k[NO][O2]

(2.1)

Using Equation 2.1, the half-life is ca. 12 seconds in an air-saturated solution when [NO]
= 66 M. Further reaction of NO2 with NO increases the rate of NO consumption two-
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fold,185 making the half-life of 66 M NO closer to ca. 6 seconds. However, as it is
consumed, the half-life of NO lengthens, slowing the production of N2O3 accordingly and
leading to the observed sensor response time. In addition, diffusion of reactive species
may be slower through the polymer-chain packed environment of hydrated PAnPs than
through buffer alone.
The decrease in the (I520/I610)/t maxima with time may be due to decreased
availability of DAF-2 and O2 within the sensor. After the first four additions of donor, it
is possible that most of the dye towards the outer edges of the sensors has reacted. During
these initial response periods, N2O3 (and perhaps NO, NO2, and O2 as well) first reaches
dye in the outer volume of the sensors, near the sensor surfaces. With subsequent
additions of donor, smaller volumes of unreacted dye are available and N2O3 must diffuse
further into the sensor before they can be reached until eventually, all of the available dye
has been converted. However, the actual response time of the sensors remains
approximately constant (within the resolution of these measurements) for all additions of
Proli/NO. Further investigation into the relationship between sensor size and response
magnitude may confirm the results described above, if a decrease in the (I520/I610)/t
maxima is observed after a greater number additions of donor for sensors with a larger
average diameter.
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Figure 2.3: (A) Time resolved response of sensors to sequential additions of NO donor
and, (B) first derivative (I520/I610)/t versus time plot where the additions of donor are
indicated by the red lines annotated with the time at which the addition was made. An
expanded view of the first addition, enclosed in a green rectangle in (B), is shown in (C).
Blue diamonds represent data points, collected every 30 seconds for 60 minutes. The
error bars represent the standard deviation of three samples.

2.3.4 Sensor Response in Serum
Sensor response in a biological sample, FBS, was evaluated. Although FBS
samples were not expected to contain NO-producing species, FBS is a protein-rich fluid
that can be used to mimic the environment in which PAnP-protected dyes would be most
useful. The response of PAnP NO sensors, and approximately equivalent concentrations
of free DAF-2 and Texas Red in FBS solutions was measured before and after addition of
0.5 mM Proli/NO (1.0 mM NO) (Figure 2.4). The fluorescence intensity ratios of free
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dyes and PAnP NO sensors appear to undergo only a slight change with increasing FBS
concentration before addition of Proli/NO, compared to the fluorescence intensity ratios
of free dyes and PAnP NO sensors after addition of Proli/NO. However, the fluorescence
intensity ratio of free dyes actually decreases by ca. 67% from 0 to 100% FBS (ratio at
0% FBS is different than at 100%FBS, tstat = 6.9, t95% confidence = 4.3). This decrease in
fluorescence intensity ratio corresponds to a decrease in fluorescence intensity of DAF-2
rather than of Texas Red, which varies by 14% within the same interval, and may again
be due to dye-protein energy transfer. The fluorescence intensity ratio of PAnP NO
sensors appears to decrease by ca. 15% from 0 to 100% FBS, although the ratio at 0%
FBS is not considered different from the ratio at 100% FBS at the 95% confidence level
(tstat = 0.23, t95%

confidence

= 4.3), suggesting that the entrapped dye is protected from

proteins in the FBS.
After addition of 0.5 mM Proli/NO, the fluorescence intensity ratios of free dyes
and PAnP NO sensors increases by 1,600% and 1,500% respectively, at 0% FBS. The
fluorescence intensity ratios for both free dyes and PAnP NO sensors decreases by 78%
and 60% respectively, from 0 to 100% FBS. The decrease in fluorescence intensity ratio
for both samples is likely due to interactions of the proteins in FBS (primarily albumin)186
with NO released from the donor. This may seem to contradict earlier discussion of
Figure 2.1 in section 2.3.1, however, the data displayed in Figure 2.1 demonstrates the
protection DAF-2, both in the diamine and triazole forms, from non-specific protein
interactions, not the function of PAnP NO sensors in protein-rich solutions. NO released
in FBS solutions may be converted to NO2-, NO3-, or other species besides N2O3.
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Furthermore, NO and N2O3 may be bound to form complexes, particularly if glutathione
(which combines with N2O3) or heme-containing proteins (which bind NO) are present.
As may be expected, these effects become more prevalent with increasing FBS
concentration. However, the 18% improvement in signal (fluorescence intensity ratio at
100% FBS, tstat = 17, t95% confidence = 4.3) for PAnP NO sensors may be due to protection
of DAF-2 from proteins and other components of FBS as DAF-2 was protected from
BSA in earlier experiments, indicating that PAnP NO sensors offer some advantage over
free DAF-2 and Texas Red in terms of NO measurement in biological samples.
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Figure 2.4: Sensor response in serum plotted at fluorescence intensity ratio versus %FBS
(v/v). Fluorescence intensities of sensors (open squares) and free dyes (open diamonds)
measured before the addition of NO are compared to fluorescence intensities of sensors
(filled squares) and free dyes (filled diamonds) after the addition of 0.5 mM Proli/NO.
The error bars represent the standard devation of three measurements.
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2.3.5 Intracellular Sensor Response
The utility of PAnP NO sensors for intracellular sensing was investigated by
exposing endocytosed or phagocytosed sensors to NO produced by the cells or from
Proli/NO. Based on the volume of a single cell (ca. 4.0 × 10-9 cm3 for a 20 m diameter
cell) and the density of the sensors (approximated as 0.3 g/cm3) the maximum number of
sensors that can be endocytosed by each cell is ca. 60,000. Figures 2.5, 2.7 and 2.9 show
fluorescence microscopy images from three representative experiments performed during
the course of these investigations. Cell lines were selected based on the controllable
production of NO. The HTRiNOS 41 cell line possesses a gene for tetracycline-regulated
production of inducible nitric oxide synthase, and has been shown to produce NO when
stimulated with nanomolar concentrations of tetracycline alternative, doxycycline
(personal communication with Montfort). NO production in J774A.1 macrophages is
stimulated by activation of the cells with LPS and interferon-, and is greatly affected by
L-arginine concentration and transport.159-161 By withholding these stimulants from cell
culture media, the production of NO was maintained at minimum levels until sensors
were introduced and initial fluorescence intensities of intracellular sensors were
measured.
Sensors were introduced into HTRiNOS 41 cells via endocytosis. Other
introduction methods, including picoinjection and gene gun delivery were also explored,
but were found to be ineffective (in the case of picoinjection), or destructive and difficult
to control (in the case of gene gun delivery). To minimize NO production, cells were
cultured in tetracycline-free medium, and were exposed to doxycycline only after the
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removal of excess sensors (those that were not internalized by the cells) from the cell
samples. Fluorescence images of HTRiNOS 41 cells without sensors, with sensors, and
after treatment with 25 ng/mL (49 nM) or 50 ng/mL (97 nM) doxycycline are shown in
Figure 2.5. While some fluorescence emission in the green channel, due to cell
autofluorescence, was observed for cells without sensors (Figure 2.5A) there is very little
emission in the red channel until sensors are introduced into the cells (Figures 2.5B, C,
and D). However, the mean fluorescence intensity ratios for cell samples incubated with
doxycycline (Figure 2.6A) are not greater than the mean intensity ratios for cells without
doxycycline, suggesting that either NO was not produced by the cells, or that the sensors
did not detect the NO that was produced. Mean fluorescence intensities for the green and
red channel shown in Figure 2.6B suggest that the mean fluorescence intensity of Texas
Red varies more than the mean fluorescence intensity of DAF-2, although the reasons for
this are unclear. Texas Red is insensitive to changes in pH, and is not expected to react
with NO, NO2- or NO3-.
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Figure 2.5: Fluorescence images of HTRiNOS 41 cells incubated with 5 mg/mL sensors
for 7 hours and treated with doxycycline for 20 hours. The fluorescence images in (A) of
cells without sensors or doxycycline are compared to the images in (B) cells with sensors
but without doxycycline, (C) cells with sensors and 25 ng/mL doxycycline and (D) cells
with sensors and 50 ng/mL doxycycline. The top row of images show cells illuminated
with white light, the middle row shows the green emission (DAF-2) and the bottom row
shows the red emission (Texas Red).
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Figure 2.6: (A) Mean fluorescence intensity ratios, and (B) green emission (solid gray
bars) and red emission (striped bars) intensities for cells in the fluorescence images
(excluding areas of the images that do not contain cells), shown in Figure 2.5. The letter
(A, B, C, and D) beneath each bar corresponds to the images labeled with the same letter
in Figure 2.5. The error bars represent the standard deviations of the fluorescence
intensities for each cell sample.

Sensors endocytosed by HTRiNOS cells cultured in tetracycline-free media also
did not exhibit a change in mean fluorescence intensity ratio when exposed to NO from
Proli/NO. Fluorescence images of the same samples of cells before and after addition of
2.5 mM Proli/NO (which was followed by several rinsing steps 5 minutes later) are
shown in Figure 2.7. Assuming complete dissociation of the donor, approximately 5 mM
NO was released into the 500 L sample droplet. Based on the calibration curve shown in
Figure 2.2B, 5 mM NO would be nearly 20 times the NO required to reach the maximum
signal intensity, even if the sensors were endocytosed with 100% efficiency. Some NO is
undoubtedly converted to species other than N2O3 after release, and it is expected that at
such high concentration enough of the triazole form of DAF-2 would be produced to
provide a measureable change in fluorescence emission. Interestingly, there is a 16%
increase in mean fluorescence intensity ratio after addition of Proli/NO (Figure 2.8);
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however, the difference is not significant (tcalc = 0.89, t95%confidence = 3.18), indicating that
the intracellular sensors do not respond to externally released NO.
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Figure 2.7: Fluorescence images of HTRiNOS 41 cells incubated with 5 mg/mL sensors
for 7 hours and treated with 2.5 mM Proli/NO. Cells (A) without sensors and (B) with
sensors were observed. The top row of images show cells illuminated with white light,
the middle row shows the green emission (DAF-2) and the bottom row shows the red
emission (Texas Red).
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Figure 2.8: (A) Mean fluorescence intensity ratios, and (B) green emission (solid gray
bars) and red emission (striped bars) intensities for cells in the fluorescence images
(excluding areas of the images that do not contain cells), shown in Figure 2.7B. The error
bars represent the standard deviations of the fluorescence intensities for each cell sample.

The release of NO by J774A.1 macrophages over time was also explored to
determine whether cells with internalized sensors respond more slowly than expected to a
stimulus that increases NO production. Fluorescence images of cells acquired
periodically over 24 hours are shown in Figure 2.9. The same data is represented
graphically, as mean fluorescence intensity ratio and mean fluorescence intensities, in
Figure 2.10. Since they contain no sensors and the observed fluorescence emission is due
to autofluorescence in the green channel, the mean fluorescence intensity ratios (ca. 1.0
for both samples) corresponding to the images in Figures 2.9A and 2.9E are greater than
the ratios calculated for the other cell samples (between 0.35 and 0.60). A comparison of
the mean fluorescence intensity ratios for the images in Figure 2.9A and 2.9E indicates
that treatment of the cells with LPS does not increase the fluorescence of the sample in
either the green or red channels. The mean fluorescence intensity ratios of (D) cells with
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sensors but no LPS and (F) cells with sensors and LPS but no L-arginine are statistically
different (tstat

B,D

=3.6, tstat

B, F

= 12, t95% confidence = 2.0,) than (B) cells with sensors but

without LPS or L-arginine. However, because NO is released by the cells when Larginine is converted to L-citrulline by inducible nitric oxide synthase (iNOS), and LPS
increases the rate of L-arginine transport into J774A.1 macrophages,159 it is unlikely that
LPS or L-arginine alone stimulate NO production to the same degree as when LPS and Larginine are used simultaneously.
The fluorescence intensity ratios of (C) cells treated with LPS and L-arginine
monitored over time (3, 6, 12, and 24 hours) increases by approximately 60% after 24
hours, although this effect is due to a significant decrease in the Texas Red (red) emission
rather than an increase in DAF-2 (green) emission (Figure 2.9B). The reason for this is
unclear; Texas Red is insensitive to pH, and is not expected to react with NO, NO2-, or
NO3-. Any interference from other products of NO oxidation would have been observed
when sensor response was tested with Proli/NO in solution. As all cell samples were
incubated with the same concentration of sensors under the same conditions, it is
improbable that the cells phagocytosed such varied numbers of sensors. Instead, the
Texas Red is possibly quenched or degraded by some molecules small enough to pass
through the polyacrylamide matrix produced by the cell over time.
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Figure 2.9: Fluorescence images of macrophages (A) incubated without sensors or LPS in
L-arginine-free medium, (B) incubated with 7.5 mg/mL sensors but without LPS or Larginine, and (C) incubated with 7.5 mg/mL sensors and 10 g/mL LPS for 3, 6, 12, and
14 hours in media containing 5 mM L-arginine. Fluorescence images of (D) cells with
sensors but no LPS in medium containing 5 mM L-arginine, (E) cells without sensors
treated with LPS in L-arginine-free medium, and (F) cells with sensors and LPS, but in
L-arginine-free medium were also collected to demonstrate that any change in
fluorescence for cells with sensors can be attributed to the production of NO. The top row
of images shows the emission in the green channel (DAF-2) while the bottom row of
images shows the emission in the red channel (Texas Red).
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Figure 2.10: (A) Mean fluorescence intensity ratios, and (B) green emission (solid gray
bars) and red emission (striped bars) intensities for cells in the fluorescence images
(excluding areas of the images that do not contain cells), shown in Figure 2.9. Emission
due to cell autofluorescence (e.g., Figure 2.9A) was subtracted from mean fluorescence
values. The letter (B, C, D, E, and F) beneath each bar corresponds to the images labeled
with the same letter in Figure 2.8. The error bars represent the standard deviations of the
fluorescence intensities for each cell sample.

Although PAnP NO sensors show a measureable change in fluorescence intensity
ratio when treated with micromolar concentrations of NO donor in buffer (levels that are
theoretically attainable within J774A.1 macrophages treated with LPS, and possibily
attainable within HTRiNOS 41 cell treated with doxycycline),159 it is unclear if
intracellular response from endocytosed sensors has been detected at this point. Further
experiments with J774A.1, TC3 (mouse insulinoma), and HTRiNOS cells did not
indicate the detection of intracellular, or in some cases, extracellular NO by PAnP NO
sensors. Sensor concentrations from 4 to 40 mg/mL (ca. 4 × 1014 to 4 × 1015 nPs/mL),
LPS concentrations from 2 to 25 g/mL, doxycycline concentrations from 0 to 50 ng/mL,
and various incubation times and media compositions have been explored. Alternative
sensor introduction techniques such as gene gun loading and picoinjection have been
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investigated. Addition of an L-arginine analog that inhibits NO production, N- nitro-Larginine methyl ester hydrochloride (L-NAME), has been added to cell samples in an
attempt to minimize endogenous NO production that may interfere with measurement of
stimulated NO production. However, measurement of intracellular NO using PAnP NO
sensors remains undetermined.
The reasons why PAnP NO sensors appear unresponsive to cellular NO are
unclear; however, interference with the formation of the DAF-2 triazole product or
quenching of the fluorescence due to the presence of other molecules within the cell are
two possible explanations. Fluorescence assays of NO using DAF-2 are susceptible to
interference from 2-mercaptoethanol and dithiothreitol, and perhaps more significantly,
glutathione and catecholamines which attenuate DAF-2 triazole fluorescence.187
Dehydroascorbic acid and ascorbic acid also decrease triazole DAF-2 formation by
reacting with DAF-2 to form alternative fluorescent products, the structures of which
have been partially determined by ESI-MS and MS-MS.188 In addition, millimolar
concentrations of Ca2+ and Mg2+ have been found to increase the fluorescence of triazole
DAF-2 by several fold.189 It is also possible that even under conditions (L-arginine-free
medium, presence of inhibitors such as N-nitro-L-arginine methyl ester, absence of
doxycycline and LPS) in which the cells could produce only very low levels of NO,
enough NO to saturate the sensors was produced during the incubation period. More
detailed experiments in which the production of NO is quantified by another means must
be done before conclusions regarding the utility of these sensors as intracellular imaging
probes can be reached.
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Once the use of polyacrylamide DAF-2 NO sensors has been demonstrated for
living cells, many other possibilities for the detection and measurement of intracellular
NO could be explored. Surface functionalization by covalent attachment of specific
biomolecules or address motifs may yield sensors that can be used to detect local NO in
subcellular regions. For example, high levels of NO is known to damage DNA, yet as NO
is prevalent in many types of cells it is important to ascertain when and where NO is
produced, especially once protective protein-kinase catalytic subunit concentrations
increase in response to the presence of NO.190 In addition, surface functionalization may
allow specific cell types to be targeted in mixed tissue samples, reducing the need for
sample purification prior to analysis. Peptide motifs unique to cancer cell types have been
identified and could be exploited as a means of attaching sensors to cancer cells, where
NO activity is particularly relevant.
Dual-analyte sensors could also be developed for NO and its cofactors to examine
the dependence of NO production on the concentrations of one or more cofactors.
However, an independent detection scheme for the cofactor(s) would be necessary to
prevent interference between the DAF-2 detection of NO and the detection of cofactor(s).
This requires not only chemical independence, but also spectral independence (a limited
number of fluorescent dyes can be encapsulated in the same sensor with sufficiently low
spectral overlap). Furthermore, the size of the second analyte is limited by the porosity of
the polymer; larger pores will allow diffusion of larger analytes e.g., proteins, but may
cause DAF-2 to leach from the sensor. Attachment of DAF-2 to dextrans or other large
molecules could allow for pore size to be increased without leaching, or an indirect
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method of detection (using a small reporter molecule) could be used for the larger
analytes.

2.4 Conclusions
nP NO sensors with diameters of ca. 60 nm were developed by encapsulating
DAF-2, an NO sensitive fluorescent dye, with Texas Red in a polyacrylamide matrix.
Unlike free DAF 2, the fluorescence emission of the sensors remains constant in the
presence of 0 to 3.0 % BSA, indicating that encapsulated dyes are protected from nonspecific protein interactions. Sensor response to the diazeniumdiolate NO donor Proli/NO
is ratiometric and reproducible at physiological pH. Time-resolved data show that the
response rate of the sensors (ca. 30 s) is slightly below the rate of Proli/NO decay, likely
due to the rate of NO autoxidation at room temperature.
Sensors were introduced into HTRiNOS 41 cells (an HT1080 human
fibrosarcoma cell line possessing a gene for the tetracycline-regulated production of
inducible

nitric

oxide

synthase)

and

J774A.1

murine

macrophages

via

endocytosis/phagocytosis. However, changes in fluorescence intensity ratio that could be
ascribed to the production of NO were not observed for intracellular sensors upon
stimulation of the cells with doxycycline or LPS. This may be due to the presence of
interfering species that also react with NO, such as glutathione, or that react with DAF-2
to produce a different product, such as ascorbic and dehydroascorbic acids. Further
investigation into the application of these sensors could include testing sensor response in
cell lysate, which may aid in discovering the presence and concentration of an interfering
species. In addition, although it has not been studied systematically, it is possible that the
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both cell types produce minimal amounts or no NO upon stimulation after introduction of
sensors. The reason for this is currently unknown, although Western blot analysis of
HTRiNOS cell lysate from stimulated cells with and without sensors may determine
whether and how much iNOS is produced under varying conditions.
The intracellular detection and measurement of NO is challenging due to the
small sample volume, short lifetime of NO within the cellular environment, and the
necessity of a minimally invasive, non-lethal probe. The PAnP NO sensors developed in
this work are a step towards such a probe although further characterization of these
sensors is needed before they can be considered truly practical.
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CHAPTER 3:
PREPARATION AND CHARACTERIZATION OF
POLYACRYLAMIDE/SILICA HYBRID NANOPARTICLES FOR BIOLOGICAL
IMAGING AND SENSING

3.1 Introduction
Fluorescent probes for optical sensing and biological imaging have significantly
impacted medicine, biology, and chemistry by making detection, location, and
monitoring of analytes and targets possible, in some cases at single molecule levels.191-195
Small

molecule

fluorophores,166,194-198

115,123,125,128-130,137,138,140,141

and silica

56,71

quantum

dots,4,5,10,18,28,199

and

polymer

nanoparticles have been applied as sensors and

biolabels, although each type of probe has distinct disadvantages. Fluorophores can be
subject to interference from other small molecules (e.g., catecholamines), ions, nonspecific protein interactions, or pH changes.166,191,200,201 In addition, monitoring single
binding events (e.g., protein to substrate or indicator to analyte) with fluorophores is
challenging, as a single binding event will likely correspond to a single fluorophore,
which can photobleach quickly and provides a low total fluorescence signal. Quantum
dots have tunable emission spectra and can have high quantum yields, but suffer from
toxicity and elimination issues, and may sporadically cease emission (i.e., blink).13,14
Many types of polymer nanoparticles aggregate, and can swell and leak entrapped
molecules. Small molecules such as fluorophores may also leak from silica nanoparticles
unless covalently bound to the silica or entrapped by addition of a capping layer to the
particle exterior.11,59,60,73,77,79 The most useful optical nanosensor and label platform for
biological samples would be non-toxic, hydrophilic, resistant to non-specific protein
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interactions and degradation over time or under harsh conditions, highly retentive of
entrapped components, and easily functionalized for target specificity.
Research has progressed into the area of core-shell (materials layered
concentrically over one another), composite (distinct regions of materials), and hybrid
(regions of different materials are indistinct above the molecular/macromolecular level)
nanoparticles. For example, silica shells have been added onto quantum dots to reduce
cytotoxicity17 and onto iron oxide to prevent aggregation202 while maintaining the optical
and magnetic qualities of the core nanoparticles. Quantum dots entrapped in acrylic
polymers along with fluorophores and ionophores have been used to prepare nanoparticle
ion sensors.203 Silica shells supply mechanical strength to -galactosidase-loaded alginate
beads without disrupting enzyme activity or restricting the diffusion of 4-nitrophenyl-D-galactopyranoside.204 Silica nanoparticles with grafted poly(N-isopropylacrylamide)
shells show temperature-dependent colloidal stability, a property that may be relevant to
particle recovery and surface coatings.205 Combining silica and polypyrrole has produced
nanoparticles with interesting conductivity and redox properties while overcoming the
low solubility and difficult processing of polypyrrole.57 Examples of polystyrene and
silica composite and core-shell nanoparticles with altered surface chemistry and
morphology have also been reported.113,114 It is clear that core-shell, composite, and
hybrid nanoparticle architectures can be used to forward the positive qualities and offset
the inadequacies of the available materials used in nanoparticle construction. Using this
approach, nanoparticle-based sensors and biolabels could be tailored to provide
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maximum signal while avoiding extraneous effects such as non-specific binding,
photobleaching, or aggregation.
This chapter describes the development of a hybrid architecture for fluorescent
biolabels and sensors that includes the advantages of both silica and polyacrylamide.
While silica nanoparticles are inert in physiological environments and can be easily
functionalized via organosilanes,11,58,65 a wider range of fluorophores can be entrapped in
polyacrylamide. In addition, fluorophore leakage from polyacrylamide is low139,142
eliminating the need to covalently attach the fluorophore to the monomers or polymer.
Because polyacrylamide nanoparticles can be fabricated under non-denaturing
conditions, hybrid nanoparticles could potentially be used to entrap proteins as well as
fluorophores and have exterior surfaces decorated with covalently bound proteins,
antibodies, DNA or other molecules for numerous assays and improved target specificity.
Furthermore, the addition of silica to fluorophore-doped polyacrylamide provides a
surface amenable to coating with phospholipids, which reduces nonspecific adsorption of
proteins and may provide another means of surface functionalization. The versatility of
the silica surface and of the polyacrylamide cores in terms of functionalization and
entrapment of fluorophores makes polyacrylamide/silica hybrid nanoparticles a useful
platform for target-specific fluorescent probes and sensors.
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3.2 Experimental
3.2.1 Materials
Tetraethylorthosilicate

(TEOS),

3-aminopropyltriethoxysilane

(APTES),

fluorescein sodium salt, N,N’-methylenebisacrylamide (BIS), docusate sodium salt
(AOT),

Triton

X-100,

Brij30,

cyclohexane,

bovine

serum

albumin

(BSA),

tetramethylrhodamine isothiocyanate (TRITC) and streptavidin (from Streptomyces
avidinii) were obtained from Sigma Aldrich (St. Louis, MO). Acrylamide and hexanol
were

obtained

from

Alfa

Aesar

(Ward

Hill,

MA),

and

(3-

acrylamidopropyl)trimethylammonium chloride was obtained from TCI America
(Boston, MA). Texas Red X succinimidyl ester was obtained from Molecular Probes
(Eugene, OR). 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-snglycero-3-phosphoethanolamine

(DOPE),

and

1,2,-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-(lissamine rhodamine sulfonyl) (ammonium salt) (RhDHPE)
were obtained from Avanti Polar Lipids (Alabaster, AL). Biotin N-hydroxysuccinimidyl
ester (biotin-NHS) was obtained from G-Biosciences (Maryland Heights, MO).

3.2.2 Preparation of Polyacrylamide/Silica Hybrid Nanoparticles
Polyacrylamide (PA) nanoparticles (nPs) were fabricated using an inverse
microemulsion procedure adapted from Clark et al.128,139 A solution containing 1.9 M
acrylamide, 0.19 M BIS, 2.5 M (3-acrylamidopropyl)trimethylammonium chloride, and 1
mM fluorescein sodium salt was prepared in 20 mM MOPS buffer (pH 7.4). The final
volume of the monomer/fluorophore solution was 2 mL. The emulsion was formed by
dispersing the monomer/fluorophore solution in 42 mL degassed hexanes containing 0.8
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g AOT and 1.63 mL Brij 30, which was then stirred briskly with a magnetic stir bar for
several minutes under a gentle stream of argon. Once the emulsion appeared homogenous
and well mixed, polymerization was initiated with 50 L 0.96 M sodium bisulfite
dissolved in water. After two hours of stirring, hexanes were removed using a rotary
evaporator and PAnPs, remaining surfactant, and excess monomers were collected and
diluted with nanopure water. Excess monomers, fluorophore, and surfactant were
removed by dialysis in nanopure water using 14,000 MWCO dialysis tubing (Spectra/Por
from Spectrum, Rancho Dominguez CA). PAnPs were ca. 125 nm as determined by
dynamic light scattering (DLS, Brookhaven Instruments, BI-200 with a BI-DS detector
and BI-800AT autocorrelator software, non-negatively constrained least squares, multiple
pass calculation).
A second emulsion was formed with 1.77 mL Triton X-100, 1.8 mL hexanol, and
8.0 mL cyclohexane. A volume of PAnPs was passed through a 0.45 m syringe filter to
remove large particles and aggregates; 545 L filtered solution (approximately 8 x 107
nPs per mL) and 60 L NH4OH (28%) were then added to hexanes:surfactant mixture
with brisk stirring. After several minutes, 100 L of silica precursors (97% TEOS, 3%
APTES by volume, where APTES was included to provide primary amines at the nP
surfaces) was added dropwise. Stirring was continued for another 12 hours. Hybrid nPs
were collected by adding 8 mL acetone and retrieving the settled nPs with a pipette. The
nPs were washed by repeated dispersion in ethanol, centrifugation at 14,000 rpm, and
removal of supernatant liquid. Ethanol rinsing cycles were followed by two water rinsing
cycles. Hybrid nPs were ca. 125 nm as determined by DLS. Silica nPs without PA were
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fabricated using the same procedure, except no PAnPs were added to the reaction
mixture.

3.2.3 Transmission Electron Microscopy
Silica, PA, and hybrid nPs were imaged without staining via TEM (JOEL JEM100CX-II electron microscope operated at 80 kV accelerating voltage).

3.2.4 Density Approximation with Cesium Chloride
Eight CsCl solutions with densities from 1.45-1.88 g/cm3 were prepared by
diluting saturated CsCl with water. For each trial, 3 mL CsCl solution was added to eight
individual, 15 mL centrifuge tubes. Samples (100 L) of fluorescein-doped PA,
fluorescein-doped PA/Texas-Red labeled silica hybrid, or Texas Red-labeled silica nPs
were gently added to the top of the solution in each tube (Texas Red X labeling procedure
is described in section 3.2.6). The tubes were centrifuged at 2,000 rpm for 3 minutes, and
photographed immediately afterward.

3.2.5 Zeta Potential Measurements
Zeta potential measurements were made in disposable folded capillary cells using
a Zetasizer Nano (Malvern Instruments Ltd., Worcestershire UK). PA, silica, and hybrid
nPs were dispersed in 100 mM NaCl at varying pH (from 3 to 10) immediately prior to
measurement. Cells were flushed with water and then with 100 mM NaCl at the
appropriate pH between samples. Zeta potential was calculated using the Smoluchowski
approximation as the solution for the Henry equation for all samples.206

122

3.2.6 Labeling of PA/Silica Hybrid nPs with Texas Red
A quantity of fluorescein-doped PA/silica hybrid nPs was dispersed in 20 mM
pH 10 borate buffer containing 0.03 mg/mL (3.8 x10-8 M) Texas Red X succinimidyl
ester and allowed to react for 3 hours. Free Texas Red X succinimidyl ester was removed
using several washing cycles (dispersion of nPs, centrifugation, removal of supernatant
liquid) with 20 mM pH 7.4 MOPS. nP samples were imaged using a Nikon Eclipse
TE300 Quantum inverted microscope with a 40x 1.3 N.A. oil objective. The microscope
was equipped with two filter sets: a fluorescein set (ex= 480/30nm, em= 535/40nm) and
a rhodamine set (ex= 540/25nm, em= 620/60nm). Images were acquired using a Quantix
57 CCD camera (Roper Scientific) and analyzed with MetaVue software (Universal
Imaging).

3.2.7 Phospholipid Coating
The solvent from all lipids, originally received in chloroform, was removed by
evaporation in a lyophilizer for four hours before use. A solution of DOPC and RhDHPE
lipids (approximately 1.3 mM lipid) in 20 mM MOPS buffer (pH 7.4) was sonicated for
30 minutes in a bath sonicator to produce small (ca. 30 nm) liposomes. Samples of
fluorescein doped PA/silica hybrid or silica nPs were added to the lipid solution, which
was then stirred gently for 30 minutes to allow liposome fusion to nP surfaces. The nPs
were recovered and rinsed by centrifuging the lipid solution at 8,000 rpm for 5 minutes,
removing the supernatant buffer, and resuspending nPs in fresh buffer. Although lipid
coated nPs were rinsed several times with buffer, the volume of buffer was sufficient to
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submerge nPs at all times. Coated nP samples were imaged using the same microscope,
filters, camera, and software described above (section 3.2.6).

3.2.8 Protein Adsorption Assay
Protein adsorption to lipid-coated and uncoated hybrid nPs was investigated using
a similar procedure to Senarath-Yapa et al.79 A quantity of hybrid nPs was coated with
lipid in a 2 mg/mL (approximately 2.6 mM) solution of DOPC as described above. BSA
was labeled with TRITC by treating 1 mL of a 10 mg/mL BSA (1.5 × 10-7 moles)
solution in 10 mM pH 8 borate buffer with 100 L 19 mM TRITC (1.9 × 10-6 moles) in
DMSO for 1 hour. Labeled protein was separated from free protein via size exclusion
chromatography on a Sephadex G-25 column using 20 mM pH 7.4 phosphate buffer.
Separate samples of DOPC-coated and uncoated hybrid nPs were incubated with 3.5 M
TRITC-labeled BSA for 1.5 hours. Coated and uncoated nP samples were then
centrifuged at 10,000 rpm for 5 minutes to recollect the nPs. The fluorescence intensity of
the supernatant TRITC-BSA solution (ex = 540 nm, em = 575 nm) was measured (PTI
Quantamaster, Photon Technology International) to determine the relative amounts of
protein remaining in solution after removal of nPs.

3.2.9 Functionalized Phospholipid Coatings and Cell-Surface Binding of Coated
Hybrid nPs
Fluorescein-doped/Texas Red-labeled hybrid nPs were coated with a combination
of DOPC and biotinylated DOPE (approximately 35% biotinylated lipid) using a
procedure similar to that described above. Lipid solution (1.9 mM total lipid in 100 mM
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pH 7.4 phosphate buffer) was sonicated for 30 minutes. A quantity of hybrid nPs was
added to the sonicated lipid, and stirred for 1 hour to allow coating. Coated nPs were
collected by centrifuging the nP sample at 8,000 rpm for 5 minutes. Coated nPs were then
redispersed in Kreb’s Ringer Buffer (KRB) at pH 7.4.
HeLa cells were cultured in Dulbecco’s Modified Eagle’s Medium supplemented
with of 100 units/mL penicillin and 100 g/mL streptomycin, 2 mM L-glutamine, and
10% (v/v) fetal bovine serum (FBS) and incubated at 37 oC and 5% CO2. Cells were
placed in fresh medium every other day and passaged 1-2 times per week. Cells were
plated on glass coverslips (No. 0 thickness) one day prior to labeling experiments. To
biotinylate cell surfaces, plated cells (60% confluent) were treated with 29 M biotinNHS (dissolved in DMSO, diluted with KRB, 140 M final DMSO concentration) for 15
minutes. Cells were then rinsed several times with KRB containing 10 mM glycine to
react with remaining NHS ester, followed by KRB without glycine. Cells were
subsequently treated with 0.38 M streptavidin for 15 minutes, followed by rinsing
cycles with KRB supplemented with 20% (v/v) FBS, and then KRB without FBS. The
cells were treated with freshly coated hybrid nPs for 30 minutes (final lipid concentration
of 38 M). Cell samples were imaged after several more rinsing cycles with KRB to
remove unbound nPs. Cell samples were also labeled with fluorescein-streptavidin
conjugate for comparison using the same biotinylation procedure, which was followed by
treatment with ca. 0.38 M fluorescein-streptavidin for 15 minutes. Cells were rinsed
thoroughly with buffer to removed unbound fluorescein-streptavidin before imaging.
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3.2.10 Measurement of pH Dependent Fluorescence
Fluorescein-doped PA/Texas Red-labeled silica nPs were suspended in 50 mM
phosphate buffer (pH 7.5) in a disposable PMMA fluorescence cuvette. The pH of the
sample was adjusted to pH 6.0, 7.0, and 8.0 nominally, by adding small volumes of 1 M
NaOH or 1 M HCl. The pH of the sample was determined via pH electrode after each
addition of acid or base. The fluorescence intensity of fluorescein (ex =480 nm, em 515
nm) and Texas Red (ex = 580 nm, em = 605 nm) was measured at each pH as it was
changed from 7.0 to 8.0, then to 6.0 and back to 7.0 (one cycle) for a total of four
consecutive cycles. The measured fluorescence intensities were plotted as fluorescence
intensity ratio (I

fluorescein/I Texas Red)

versus pH in such a manner that the trend can be

clearly observed. The procedure was repeated with a solution of free fluorophores for
comparison. The concentrations of fluorophore in the free fluorophore sample were
adjusted until the fluorescence ratio was approximately the same as the ratio observed for
the hybrid nPs at pH 8.0.

3.3 Results and Discussion
3.3.1 Preparation and Characterization of Hybrid nPs
PA/silica hybrid nPs were prepared via a two-emulsion process; one emulsion in
which the PAnPs were formed and another emulsion in which silica was added to the
PAnPs. This approach is similar to those previously developed for polymer core/silica
shell nPs113,207,208 or polymer/silica composites114,208,209 and for fluorophore-labeled or
fluorophore-doped silica core nPs within silica shells65,77. The nPs described herein can
be tailored for use as fluorescent sensors and labels for biological applications by
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entrapping fluorophores within the PA and combining it with easily functionalized
organosilica precursors. An illustration of a simplified version of the PA/silica hybrid nP
architecture is shown in Figure 3.1. Ideally, hybrid nPs would possess a core-shell
architecture so that the interior and exterior of nPs can be separately adjusted and
individually optimized.

Protein
DNA
Fluorophore
Antibody
Polyacrylamide
Silica
Figure 3.1: Illustration of simplified PA/silica hybrid nP architecture. Fluorophore doped
PA cores are coated with silica shells to which proteins, antibodies, fluorophores, DNA,
and other molecules can be conjugated.

After polymerization, the PAnPs were removed from the first emulsion and
cleaned of surfactant and unreacted monomer by rinsing before dispersion in the second
emulsion. Initial attempts at encapsulating PA made from acrylamide and BIS, in silica
resulted in non-fluorescent silica nPs, suggesting that the nPs were not hybrids, and that
less dense fluorescein-doped PAnPs were washed away during rinsing. Procedures based
on both the Stöber synthesis of silica nPs (commonly used for encapsulating metal nPs
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16,202,210

) and on emulsions (in which surfactants are used to disperse an aqueous solution

of silica precursors in a hydrophobic continuous phase) were explored, but resulted in
mixtures of silica nPs and fluorescein-doped PAnPs rather than hybrid or core-shell nPs.
Surface charge greatly affects the formation of silica shells on acrylic polymer
particles due to electrostatic interactions between the particles and the silica oligomers
and polymer,208 and it is possible that a similar effect occurs with PAnPs. Neutral
polymer composed of acrylamide and BIS has few interactions with silica precursor
molecules or oligomers. In such a case, silica nPs are more likely to nucleate and grow in
the reaction mixture rather than formation of silica shells on polymer nP cores. Cationic
PAnPs, such as those composed of acrylamide, (3-acrylamidopropyl)trimethylammonium
chloride, and BIS, may interact more strongly with anionic silica oligomers and
polymeric chains, which develop into silica shells as hydrolysis and condensation
reactions proceed. When fluorescein-doped cationic PAnPs were used in place of
fluorescein-doped neutral PAnPs, fluorescent nPs partially composed of silica were
collected from the second emulsion, indicating that formation of PA/silica hybrid nPs
requires cationic core nP surfaces.
TEM images (Figure 3.2) confirm that the PA/silica hybrid nPs are spherical, but
have a wider size distribution than silica nPs made by the same process. In fact, the
PA/silica hybrid nPs appear to have a range of sizes more similar to that seen in the
sample of PAnPs, suggesting that the PA nPs act as a template during the development of
the silica component. However, there is no discernable core-shell architecture observed in
the TEM images, possibly due to the polymer being shielded by the electron density of
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the silica. It is also possible that silica is interspersed with crosslinked PA and that the
hybrid nPs have no distinct domains of PA or silica. Light scattering data (Figure 3.2D)
suggests that the diameters of the silica, PA/silica hybrid, and PAnPs are all ca. 125 nm
instead of the 60 nm or less seen in the TEM images. This discrepancy may be attributed
to dehydration; hydrophilic materials such as PA are expected to be thoroughly saturated
with water in aqueous solutions, possibly even swelling in size. Because DLS
measurements were performed in water, PA nPs may be been fully hydrated and swollen.
Removal of the water may have caused significant shrinkage, as nPS were dried and
placed under vacuum in preparation for electron microscopy. This explanation may not
be accurate for silica nPs due to the more rigid nature of the silica matrix, although the
shrinkage of highly porous silica gels has been reported.211-213
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Figure 3.2: Transmission electron microscopy images of (A) silica nPs, (B) PA/silica
hybrid nPs, and (C) PAnPs without silica. The scale bar corresponds to 100 nm. The (D)
plot of light scattering data for silica (green triangles), PA (blue diamonds), and hybrid
(red squares) nPs shows that all three samples have diameters of approximately 125 nm,
contrary to the 60 nm diameter observed in the TEM images.

3.3.2 Density Approximation with Cesium Chloride
Isopycnic centrifugation is a typically used to separate cell organelles, proteins, or
DNA based on density.214 By centrifuging nP samples in CsCl solutions of varying
density, the density of the PA/silica hybrid nPs was estimated. When the PAnPs were
centrifuged in CsCl solutions with densities ranging from 1.47-1.87 g/cm3, they remained
at the top of the solution in each tube (Figure 3.3A), indicating that the density of PAnPs
is less than 1.47 g/cm3. Silica nPs centrifuged in CsCl solutions with densities in the same
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range formed a pellet at the bottom of each tube (Figure 3.3C), demonstrating that the
silica nPs must have a density greater than 1.87 g/cm3. PA/silica hybrid nPs remained at
the top in CsCl solutions with densities from 1.87-1.76 g/cm3, but formed pellets at the
bottom of the tubes in CsCl solutions with densities less than or equal to 1.70 g/cm3
(Figure 3.3B). In addition, there appears to be no separation within the PA/silica hybrid
nP sample in any of the CsCl solutions, suggesting that the sample consisted mostly of
hybrid nPs rather than a mixture of the two types of nPs. nPs composed of both silica and
PA would be expected to possess an intermediate density; the relative density estimated
from this experiment indeed indicates that the nPs collected from the two-emulsion
synthesis process have a density between 1.76 and 1.70 g/cm3, and likely consist of both
materials.
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Figure 3.3: Photographs of (A) fluorescein doped PAnPs, (B) PA/silica hybrid nPs, and
(C) silica nPs in solutions of varying CsCl concentration. The density (in g/cm 3) of each
solution is listed below the photographs.

3.3.3 Zeta Potential Measurements
nPs that possess core-shell morphologies are expected to exhibit different surface
charge characteristics than nPs with a mixed surface composition (i.e., both PA and silica
exposed at the nP surface). Surface charge characteristics of particles can be investigated
through laser Doppler velocimetry, were the velocity of a particle through an electrolyte
solution per unit applied electric field (electrophoretic mobility, ep) is measured. The
zeta potential, or the potential measured at the surface of hydrodynamic shear, can be
extracted fromep data by applying the relationship shown in Equation 3.1, where  is
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zeta potential,  is the viscosity of the solution, and  is the dielectric constant of the
solution. The term f(a) refers to Henry’s function, which accounts for the effect of
particle diameter and electric double layer thickness. For zeta potential measurements of
silica, hybrid, and PAnPs, the solution to Henry’s function can be approximated as 1.5.206
ep = 2f(a)
3

(3.1)

The surface charge characteristics of hybrid nPs were examined by comparing the zeta
potentials of hybrid nPs to the zeta potentials of silica and PAnPs measured in 100 mM
NaCl solutions of varying pH (from 3 to 10) (Figure 3.4). Hybrid nPs possessing coreshell architectures in which silica forms a shell around the PA would be expected to yield
zeta potentials similar to those measured for silica nPs. For hybrid nPs with mixed (both
silica and polymer) surfaces, the zeta potential would reflect the charge contributions of
both silica and PA.
The zeta potential of the PAnP samples is approximately +20 mV at all pH values
due to the presence of the cationic co-monomer at the nP surfaces. The zeta potentials of
the silica nP sample become increasingly negative with increasing pH; at pH 3, the zeta
potential is ca. 0 mV, while at pH 10 the zeta potential has reached approximately -30
mV. This trend can be attributed to the deprotonation of the silanol groups at the silica nP
surfaces with increasing pH. In contrast, the zeta potentials of the hybrid nPs are positive
at low pH (ca. +17.5 mV at pH 3), but negative at high pH
(ca. -14.5 mV at pH 10). The observed trend for the hybrid nP samples likely results from
the presence of both the cationic PA co-monomer and silanol groups from the silica at the
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surfaces of the hybrid nPs. At low pH, very few silanol groups are deprotonated, and the
overall surface charge of the hybrid nPs is positive. Increasing densities of deprotonated
silanol groups are observed as pH increases, and although the cationic co-monomer is
still present, its positive contribution to the overall surface charges of the particles
becomes overwhelmed by the negative contribution of the deprotonated silanol groups,
leading to overall negative surface charges and negative zeta potentials at high pH. This
is consistent with the TEM images shown in Figure 3.2, where core-shell architectures
were not observed for hybrid nPs, supporting the conclusion that the PA and silica are
highly interspersed at the nP surfaces.
30
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Figure 3.4: Plot of zeta potential as a function of pH for silica (red squares), PA (blue
diamonds), and hybrid nP (green triangles) samples. The error bars represent the standard
deviation of three measurements.
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3.3.4 Texas Red-Labeled Fluorescein Doped PA/Silica Hybrid nPs
Silica can be quickly and simply modified with fluorophores, proteins, antibodies,
polymers, and other molecules that allow for specific targeting schemes, improve uptake
of sensors, reduce non-specific interactions with proteins or surfaces, and provide options
for multi-color imaging.11,56,58,215,216 These qualities are expected to be imparted upon
PA/silica hybrid nPs. The silica in the PA/silica nPs also facilitates incorporation of two
different fluorophores into the hybrid architecture (one doped into the PA and another
covalently bound to the silica). APTES was included as a second silica precursor during
synthesis to facilitate labeling via succinimidyl esters, isothiocyanates, and sulfonyl
chlorides. Figure 3.5 shows fluorescence microscopy images of (A) fluorescein and (B)
Texas Red emission of fluorescein-doped PA/Texas Red-labeled silica hybrid nPs. There
is spatial correlation between the nPs seen in (A) and those seen in (B), suggesting that at
least some fluorescein-doped PAnPs are co-localized with Texas Red-labeled silica.
While TEM and DLS analysis indicate that the hybrid nPs are ca. 60 nm in diameter, the
fluorescent features seen in Figure 3.5 appear to have diameters of 1 m or more. Larger
features may result from aggregates or the limited spatial resolution of the microscope.
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A

B

Figure 3.5: Fluorescence images of fluorescein-doped PA/Texas Red-labeled silica
hybrid nPs. The fluorescence images correspond to (A) fluorescein emission and (B)
Texas Red emission of the same hybrid nP sample. The scale bar corresponds to 10 m.

The advantage of incorporating multiple fluorophores in or on the nPs lies in
prospective ratiometric sensors and multiplexed labels with different surface
functionalization; one or more fluorophores can respond to the presence of analytes while
an inert fluorophore maintains a constant level of fluorescence throughout the period of
observation.76,116,123,126,140-142 Ratiometric sensing schemes are required when the number
of particles being used is not easily controlled, such as monitoring dynamic changes of
intracellular analyte concentrations. Furthermore, entrapping multiple fluorophores
allows for multiplexed detection, where more than one analyte can be monitored
simultaneously within the same sample volume. A multiplexed system could be used, for
example, to measure the correlation between two analyte concentrations such as Ca2+ and
ATP, or NO and pH, perhaps with both spatial and temporal resolution.
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The advantages of hybrid nP architectures are not limited to fluorophore
entrapment and labeling. Hybrid nPs provide orthogonal labeling sites which facilitate
multi-step modification. Fluorophores could be entrapped by PA and antibodies
covalently attached to the silica to make antigen-specific labels. More than one receptor
could be incorporated onto the hybrid nP surfaces for multiple labeling functionalities. In
addition, combined populations of hybrid nP could be used to detect more than one target
simultaneously, were each population contains a different fluorophore and is
functionalized with a different receptor. Such multi-color targeting techniques could be
fast and inexpensive diagnostic tools.

3.3.5 Phospholipid Coated PA/Silica Hybrid nPs
An added benefit of combining PA and silica is that silica can be coated with
phospholipids to reduce non-specific protein adsorption and provide an alternative means
of functionalization at the surface.85-87 Supported lipid bilayers possess the lateral fluidity
and structure of cell membranes, yet have the advantage of greater mechanical stability.
Consequently, lipid coated nPs may be valuable as models for studies of membrane
permeability, membrane protein assembly and insertion, and interactions between
membranes and other biomolecules under controlled conditions. In addition, lipid
coatings reduce non-specific protein adsorption, an essential quality for biological
application of nP sensors and labels.79,85 Initial attempts to coat PA particles with
phospholipids yielded particles with incomplete coatings. It is possible that the polymer
shrinks and swells depending on experimental conditions, preventing the formation of
complete lipid coatings. Furthermore, the surfaces of PA particles may consist of polymer
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chains of varying lengths (a “fuzzy” surface) that physically interrupt lipid bilayer
formation. It is expected therefore, that nPs amenable to lipid coating must have
smoother surfaces.
Lipids have been used to coat silica particles as well as planar and curved silica
surfaces for the purposes outlined above, and may impart similar qualities when used to
coat PA/silica hybrid nPs.21,67,78,87,124,217-222 Supported lipid bilayers can be stabilized by
incorporating polymerizable groups into the lipid structure itself, by crosslinking
hydrophobic monomers within the inner leaflet of the bilayer, or by combining a
polymerizable lipid with a hydrophobic crosslinker.85-94 Such stabilization could reduce
coating degradation during storage or use under adverse conditions (centrifugation,
presence of surfactants, sonication, drying etc).
Hybrid nPs were coated with phospholipids via liposome fusion. Figure 3.6 shows
fluorescence images of fluorescein-doped PA/silica hybrid nPs coated with a combination
of DOPC and rhodamine DOPE. Image (C), the overlay of images (A) and (B), shows
that emission due to (A) the fluorescein-doped PA and (B) the rhodamine DOPE in the
phospholipid coating can be attributed to the same particles. Fluorescence images of
fluorescein doped PA/silica hybrid nPs with and without a phospholipid coating as well
as silica nPs with and without a phospholipid coating are shown in Figure 3.7 for
comparison. It is interesting to note that the phospholipid coatings appear to reduce
aggregation, probably by shielding the nP surfaces from one another.
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Figure 3.6: Fluorescence images of phospholipid coated PA/silica hybrid nPs. The
emission (A) due to the fluorescein doped PA and (B) due to the fluorescent lipid in the
phospholipid coating are co-localized, as seen in (C) a color combination image of (A)
and (B). Both scale bars correspond to 30 m.
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Figure 3.7: Fluorescence images of phospholipid coated PA/silica hybrid nPs and
phospholipid coated silica nPs. Images showing the fluorescein emission of fluoresceindoped PA/silica hybrid nPs (A, B) and silica nPs (C, D) are directly above the images
corresponding to the rhodamine emission of those same nP samples (E, F, G, H). Images
(A) and (E) show fluorescein-doped PA/silica hybrid nPs without a lipid coating; images
(B) and (F) show fluorescein doped PA/silica hybrid nPs with a coating of DOPC and
rhodamine DOPE. Images (C) and (G) show silica nPs without a lipid coating, while
images (D) and (H) show silica nPs with a coating of DOPC and rhodamine DOPE.
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As reported for lipid-coated silica nPs,79 DOPC coated PA/silica hybrid nPs are
resistant to non-specific protein adsorption. Figure 3.8 shows the mean fluorescence
intensities of solutions of TRITC-labeled BSA to which coated and uncoated hybrid nPs
were added and later removed by centrifugation. The fluorescence intensity of the
supernatant TRITC-BSA solution from the uncoated hybrid nP samples is significantly
lower (approximately 30%, tstat = 11.8, t95% confidence = 2.4) than the fluorescence intensity
of a TRITC-BSA solution to which nPs were not added. The difference in fluorescence
intensity between the two samples can be attributed to the protein that adsorbed to
uncoated nPs and was therefore removed from solution along with the nPs. The
fluorescence intensity of supernatant TRITC-BSA from DOPC coated hybrid nP sample
is not statistically different than that of TRITC-BSA solution without added nPs (tstat =
0.85, t95% confidence = 2.4), indicating that protein did not adsorb to the coated hybrid nPs
and consequently remained in solution. The amount of TRITC-BSA adsorbed to PAnPs
without silica was not quantified because most of the nPs in a PAnP sample remain
dispersed in the buffer, even with extended centrifugation times (greater than 10
minutes). However, these data suggests that phospholipid-coated hybrid nanoparticles
could be used to construct target-specific labels and sensors that exhibit low non-specific
binding.

Fluorescence Intensity (cps)
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Figure 3.8: Mean fluorescence intensity for supernatant TRITC-BSA solutions after the
addition and removal of (A) uncoated and (B) DOPC coated hybrid nPs, as well as (C)
TRITC-BSA solution to which no nPs had been added. The error bars represent the
standard deviation of four measurements.

3.3.6 Cell Labeling with Lipid Coated Hybrid nPs
The potential utility of lipid-coated hybrid nPs for target-specific biological
labeling was investigated through HeLa cell labeling experiments using fluoresceindoped Texas Red labeled hybrid nanoparticles coated with a combination of DOPC and
biotinylated DOPE. Plated cells were treated with biotin-NHS, which was expected to
indiscriminately biotinylate membrane proteins at available primary amines, introducing
sites for specific binding of streptavidin and the subsequent binding of biotinylated, lipidcoated hybrid nP probes. White light and fluorescence microscopy images of treated and
untreated cells are shown in Figure 3.9, where the conditions of each sample are
illustrated to the right of each set of images. Since the red channel emission for the
images in Figure 3.9 is more intense (when probes are present) than the green channel
emission and includes minimal emission due to cell autofluorescence, the mean red
channel fluorescence intensities of cells (excluding the areas of the images without cells)
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were calculated and used to construct the plot shown in Figure 3.10. T-test values
comparing mean fluorescence intensities for each sample (B, C, D, and E) are displayed
in Table 3.1.

Figure 3.9: Fluorescence microscopy images of HeLa cells labeled with DOPC and
biotinylated DOPE-coated hybrid nPs. Five areas of each sample were imaged due to the
variability within each sample. Schematics of the corresponding experimental
configuration are shown in each panel.
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Figure 3.10: Mean red channel fluorescence intensities for cells in the fluorescence
images (excluding areas of the images that do not contain cells), shown in Figure 3.9. The
letter (A, B, C, D, E) beneath each bar corresponds to the red channel images labeled
with the same letter in Figure 3.9. The error bars represent the standard deviations of the
fluorescence intensities for each cell sample. T-test values are displayed in Table 3.1.

Table 3.1 T-test values for mean red channel fluorescence intensities of cell samples
shown in Figure 3.9, displayed as a bar graph in Figure 3.10. When tstat > t95% confidence,
mean fluorescence intensity values are considered different at the 95% confidence level.
Sample

B

B

-

C

tstat = 4.5
t95% confidence = 2.1

D
E

C
tstat = 4.5
t95% confidence = 2.1

D

E

tstat = 5.1
t95% confidence = 2.1

tstat = 8.3
t95% confidence = 2.1

-

tstat = 0.9
t95% confidence = 2.1

tstat = 2.7
t95% confidence = 2.1

tstat = 5.1
t95% confidence = 2.1

tstat = 0.9
t95% confidence = 2.1

-

tstat = 1.5
t95% confidence = 2.1

tstat = 8.3
t95% confidence = 2.1

tstat = 2.7
t95% confidence = 2.1

tstat = 1.5
t95% confidence = 2.1

-
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The mean red channel fluorescence intensity of biotin-NHS and streptavidin
treated cells incubated with biotinylated lipid-coated hybrid nP probes (B) is
approximately 47% greater than the mean red channel fluorescence intensities of both the
untreated cells incubated with biotinylated, lipid-coated hybrid nP probes (C), and the
biotin-NHS and streptavidin treated cells incubated with non-biotinylated lipid coated
hybrid nPs (D), and approximately 94% greater than the mean red channel fluorescence
intensity of untreated cells incubated with non-biotinylated lipid-coated hybrid nPs (E).
However, the standard deviations associated with the mean fluorescence intensities are
large (percent relative standard deviations from 14% to 42%). This suggests that while
there may be some specific binding of biotinylated lipid coated hybrid nP probes to
biotin-NHS and streptavidin treated cells, there may also be significant non-specific
binding when biotin is present on either the lipid-coated hybrid nPs or on the cell
surfaces. The least amount of binding (non-specific adsorption) is observed between nonbiotinylated lipid coated nPs and untreated cells, an effect that has been documented by
other researchers.79 T-test values, displayed in Table 3.1, show that the mean
fluorescence intensity of biotinylated lipid-coated hybrid nP probes (B) is significantly
greater than biotinylated, lipid-coated hybrid nP probes (C), non-biotinylated lipid coated
hybrid nPs (D), and untreated cells incubated with non-biotinylated lipid-coated hybrid
nPs (E). However, the mean fluorescence intensities of biotinylated, lipid-coated hybrid
nP probes (C), non-biotinylated lipid coated hybrid nPs (D), and untreated cells incubated
with non-biotinylated lipid-coated hybrid nPs (E) may not be different from one another
at a 95% confidence level.
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Adjustments to the parameters (incubation and treatment times, types of lipids
used, buffer composition, the cell line used, nP and probe concentrations, temperature,
etc.) have not yielded data that demonstrates specific binding of biotinylated, lipidcoated hybrid nP probes to biotin-NHS and streptavidin treated cell surfaces. The reasons
for this are unclear. The binding between biotin and streptavidin is known to be strong
(Kd = 4 × 10-14) and highly specific,223 and experiments in which biotin-NHS treated cells
were incubated with fluorophore-labeled streptavidin show specific labeling of treated
cells (Figure 3.11). The non-specific binding of lipid-coated hybrid nPs to cell surfaces
must be due to some unanticipated interactions between the nPs and cell surfaces.
Experiments using a different ligand-receptor pairs may provide more definitive data on
the utility of lipid-coated hybrid nP probes as target-specific labels.

+ biotin-NHS
+ fluoresceinstreptavidin

A

+ biotin-NHS

B

+ fluoresceinstreptavidin

C

D

White Light:

Fluorescein
Emission:

Figure 3.11: White light and fluorescence images of HeLa cells (A) treated with biotinNHS and fluorescein-streptavidin, (B) treated with biotin-NHS, (C) treated with
fluorescein-streptavidin, and (D) untreated.
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3.3.7 Measurement of pH Dependent Fluorescence
To explore the potential of PA/silica hybrid nPs as a practical sensor platform,
fluorescein-doped PA/Texas Red-labeled silica hybrid nPs were monitored for their
sensitivity to changes in pH within a physiologically relevant pH range. Figure 3.12
shows plots of the fluorescence intensity ratio (Ifluorescein/ITexas Red) versus pH for a sample
of nPs and a sample of free fluorescein and free Texas Red in buffer titrated with NaOH
or HCl to repeatedly raise and lower the pH to values from 6.0, 7.0, and 8.0. Figure
3.12A shows a plot of fluorescence intensity ratio versus pH with respect to time for both
samples; it can be seen that as the pH was adjusted in a cyclical manner, the fluorescence
intensity ratio also changed in a cyclical manner. However, for the hybrid nP sample,
data points collected during the fourth pH cycle have fluorescence intensity ratios that are
15-20% greater than data points collected during the first pH cycle, creating a noticeable
overall upward shift in fluorescence intensity ratio. This gradual increase can be
attributed to the photobleaching of the entrapped/labeling fluorophores over time. The
emission intensity of the Texas Red at the hybrid nP surface was observed to decrease by
nearly 30% from the beginning of the first pH cycle to the end of the fourth pH cycle,
while the variation in the emission intensity of the entrapped fluorescein at any one pH
was less than 13% (Figure 3.13) for the hybrid nP sample. There was some dilution of the
sample as acid or base was added to adjust the pH of the sample solution, but, since the
sensor is ratiometric, the factor by which the sample was diluted should be reflected by
both the fluorescein and the Texas Red fluorescence intensities. Although the
fluorescence intensity ratio of the free fluorophore sample is similar to the fluorescence
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intensity ratio of the hybrid nP sample, the fluorophore concentration is much greater; the
effects of photobleaching become negligible and the upward trend observed in the hybrid
nP sample is not observed. Photobleaching of entrapped or attached fluorophores could
be alleviated in part by degassing the sample buffer, or perhaps by adding a radical
scavenger. More stable fluorophores for pH and for other sensing schemes may also
decrease photobleaching effects.
It is interesting to note that there appear to be minimal buffering effects from the
presence of silica in the hybrid nPs. Due to the acidic nature of silica (pKa of ca. 6) it is
expected that silica-entrapped molecules experience a more acidic environment than
exists in the bulk solution.224 This means that as the pH of the bulk solution is changed by
the addition of acid or base, the local pH within the particle is not the same, and is
buffered by silanol groups. Under these circumstances, a titration curve in which
fluorescein emission is used as a measure of fractional composition (acid or base form of
fluorescein) is predicted to be broader for silica-entrapped fluorescein than for free
fluorescein, and may also exhibit a shifted inflection point.224,225 A broadened, shifted
titration curve would translate to a decrease in the magnitude of the change in
fluorescence intensity ratio for silica-entrapped dyes compared to free dyes with
changing pH. The observed trend corresponding to hybrid particles in Figure 3.12A
would appear vertically flattened compared to the trend corresponding to free fluorescein
and Texas Red. However, the magnitudes of the change in fluorescence intensity ratio for
entrapped and free dyes are approximately the same, suggesting that the fluorescein does
not experience a different environment compared to the bulk solution, possibly because it
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is not entrapped in the silica, but is rather contained within the polyacrylamide, which is
not expected to affect local pH. Further investigation, which could include the
construction of wider pH range titration curves for hybrid nPs and free dyes, may support
this hypothesis.

Figure 3.12: Plots of fluorescence ratio (I fluorescein/I Texas Red) as a function of pH for a
sample of fluorescein-doped PA/Texas Red-labeled silica hybrid nPs () and a solution
of free fluorescein and Texas Red (). The pH of the sample was adjusted from
approximately 7.0 (indicated by ) to 8.0 (‡), then to 6.0 (†) and back to 7.0 for four
consecutive cycles. The plot in (A) shows fluorescence intensity ratio as a function of pH
with respect to time, while the plot in (B) shows the mean fluorescence intensity ratio
measured at an mean pH value. The error bars in (B) represent the standard deviations of
the measured pH (x error bars) and fluorescence intensity ratio (y error bars) of the data
shown in (A).
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Figure 3.13: Fluorescence intensity (in counts per second) of entrapped fluorescein at pH
8.0 (), 7.0 (), and 6.0 (), and Texas Red (▲) throughout the course of an experiment
testing the reversibility and reproducibility of the pH dependent response of fluorescein
doped PA/Texas Red labeled silica hybrid nPs.

The data from the plot in Figure 3.12A is summarized in Figure 3.12B as mean
fluorescence intensity ratio versus mean pH. The percent relative standard deviations for
mean fluorescence intensity ratio at pH 6.0, 7.0, and 8.0 are 10.0%, 5.6%, and 7.4%,
respectively, for the hybrid nP sample, and 3.5 %, 1.4% and 0.6%, respectively, for the
free fluorophore sample. The error bars for mean fluorescence intensity ratio for the
hybrid nP sample are comparatively large, especially considering that the standard
deviation for pH is less than 0.03 for all three pH values. This may also be a consequence
of fluorophore photobleaching. In addition, the quantum yield of fluorescein is directly
affected by acid-base equilibria.201 However, the fluorescein-doped PA/Texas Redlabeled silica hybrid nPs respond reversibly and reproducibly to changes in pH between
6.0 and 8.0, and could be used as ratiometric sensors for monitoring physiological pH
changes.
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3.4 Conclusions
Hybrid nPs composed of PA and silica have been fabricated by employing a twoemulsion process. TEM images show spherical nPs with no apparent core-shell
architecture. The diameter of the silica, PA/silica hybrid, and PAnPs measured by DLS
(ca. 125 nm) conflicts with the diameters determined from the TEM images (ca. 60 nm or
less), although it is likely that the nPs shrink as they dry during TEM sample preparation.
Zeta potential measurements for silica, PA/silica hybrid, and PAnPs show that the hybrid
nPs have surface charge characteristics that can be explained by the presence of both
silica and PA at the surfaces of the nPs. Based on zeta potential measurements and TEM
images, it can be concluded that the hybrid nPs do not possess a core-shell architecture.
Instead, the silica may be intercalated throughout the PA polymer chain matrix. The
density of the hybrid nPs was estimated using an isopycnic centrifugation procedure and
found to be between 1.76 and 1.70 g/cm3, which is less than the density of silica nPs and
greater than the density of PAnPs. There was no separation of the hybrid nP samples
within the CsCl gradient solutions used for the estimation of the density, indicating that
the hybrid nP product contains mostly or all hybrid nPs rather than a mixture of silica nPs
and PAnPs.
Cohydrolysis of TEOS with other organosilanes (e.g., APTES) yields
functionalized hybrid nPs that can be further modified with amine reactive fluorophores
suggesting that PA/silica hybrid nPs can be used to entrap, as well as be covalently
labeled with, fluorophores for multi-color labels or, in the future, multi-analyte sensors.
The hybrid nPs can be coated with phospholipids, which has been shown to reduce the
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non-specific binding of BSA compared to uncoated hybrid nPs. Biotinylated-lipid coated
fluorescein-doped/Texas Red-labeled hybrid nP probes were used to explore the utility of
hybrid nPs as target-specific probes, although experimental results show that there is
significant non-specific binding. Further research in this area may reveal the conditions
appropriate for minimizing non-specific binding. However, PA/silica hybrid nPs have
potential as sensors; fluorescein-doped PA/Texas Red-labeled silica hybrid nPs respond
reproducibly and reversibly to changes in pH between pH 6 and 8.
PA/silica hybrid nPs exploit the advantages and overcome many of the
disadvantages of silica and PA. Combining silica and PA in a hybrid nanoparticle
architecture improves nP retention of small molecules (the main advantage of PA) while
providing an easily functionalized surface that is suitable for coating with phospholipids
(the advantages of silica). Such versatility will be valuable for biological and medical
imaging, as well as for the multiplexed detection and quantification of analytes.
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CHAPTER 4:
POLYSTYRENE-CORE SILICA-SHELL NANOPARTICLES FOR
SCINTILLATION PROXIMITY ASSAY

4.1 Introduction
Unstable atomic nuclei, which have an imbalance between short-range attractive
forces and repulsive coulombic forces in the nucleus, spontaneously emit subatomic
particles or electromagnetic radiation in order to achieve stability.226,227 Radionuclides
can be generally classified as , , or  emitters, depending on the mechanism of
stabilization. -emitters release -particles, which consist of two protons and two
neutrons, analogous to a He nucleus. Classic -emitters include

241

Am,

238

Pu and

226

Ra.

Although -particles usually possess MeV decay energies, the relatively large mass leads
to easy deflection by other atoms in high density matter.226-228 In the event of a collision,
an -particle can be converted to He gas by ionizing surrounding atoms.226,228 -particles
result from the decay of a proton to produce a positron (positive electron) and a neutron,
or the decay of a neutron to produce a negatron (electron) and an antineutrino. -particles
are ejected from unstable nuclei with decay energies ranging from keV to MeV.226 Key
examples of -particle emitters include 3H,

14

C, and

32

P. Due to their smaller mass, -

particles (positrons or negatrons) can travel at a higher velocity and much farther than particles, up to many meters in air, compared to centimeters for -particles, and can
penetrate deeper into a sample.226 The high velocity of -particles leads to both primary
and secondary ionization of surrounding atoms. In contrast, -rays are produced when
radioactive decay leaves the nuclide in an excited state. Emission of high frequency (ca.
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1020 s-1) photons coincides with relaxation to the ground state.226,227 As with  and particles, -rays lead to ionization of nearby atoms. Examples of -ray emitters include
excited-state
22

86

Sr (the daughter nuclide of

86

Rb), and

22

Ne (the daughter nuclide of

Na).226
Radionuclides, specifically 3H,

14

C,

32

P,

33

P, and

S (all -particle emitters), are
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commonly used as signal transducers in biological assays.229-236 Unlike fluorophores or
fluorescent protein tags, radionuclides do not significantly increase the size or mass of the
labeled component, and therefore have minimal effects on binding, conformational
changes, diffusion and active transport, etc. In addition, lower backgrounds are typically
obtained for radioassays compared to fluorescence assays, where background arises from
the inherent fluorescence of many biomolecules within the sample. Radiolabeling
techniques have been used to quantify antigens at sub-pM concentrations, and drugs such
as buprenorphine at sub-nM concentrations,229,236 as well as for the study of enzyme
activity.232,233
-particle emission from radiolabeled analytes is commonly quantified using
liquid scintillation counting techniques. Scintillation occurs when the energy of a particle
(, or photon) emitted during radioactive decay is absorbed by absorbing molecules
within range, promoting them to an electronically excited state. Relaxation to the ground
state results in emission of a photon or the transfer of energy to another molecule, which
may then emit a photon.226 For convenience, aqueous samples are usually dispersed in
scintillation cocktails, which are mixtures of aromatic absorbing hydrocarbon molecules
(e.g., benzene, toluene, xylene, diisopropylnaphthalene, alkylbezenes), surfactants, and
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scintillants (molecules that emit photons when excited, e.g., 2,5-diphenyloxazole or 1,4bis-{2(5-phenyloxazolyl)}-benzene).226,237,237 Photons emitted from the scintillation
cocktail/sample mixture are detected using a liquid scintillation counter (LSC), which
utilizes coincidence counting from two PMTs to differentiate signal from background.
Liquid scintillation counting is not limited to samples in scintillation cocktail, but can
also be used for solid scintillators held within a liquid scintillation vial. Solid scintillators,
like the organic scintillants described above, absorb energy and emit photons, but are
polymers (e.g., polyvinyltoluene or polystyrene) or inorganic crystals (e.g., CdWO 4,
CeF3).226
Scintillation proximity assay (SPA) is a derivative of solid scintillation counting,
wherein specific binding of radiolabeled analyte to a solid scintillator surface increases
the probability of energy absorption by the scintillant. SPA is particularly useful for emitters with low penetration depths and results in an increased number of emitted
photons upon analyte binding. SPA also eliminates the need to separate bound from
unbound analytes in radioimmunoassays, markedly enhancing the throughput and
simplicity of the assay. Consequently, SPA lends itself to the monitoring of binding
kinetics under steady state conditions,238-241 as well as to quantification of radiolabeled
analytes using automation and high-throughput screening methods.
Early work on SPA reported by Hart and Greenwald involved 3H latex particles
and scintillant latex particles, both of which were coated with antigen (human albumin).
When antibody (rabbit anti-human albumin) was added to a solution containing both
types of particles, the particles were bound in close proximity, increasing the probability
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that the energy of the emitted -particles (the most energetic of which can only travel
approximately 0.5 m in water) would be absorbed by the nearby scintillant medium
(Figure 4.1).226,242 The number of photons subsequently emitted from the scintillant
medium was measured with a phototube detector and correlated to both the amount of
antibody present and the length of time in which the antibody was incubated with the
particles. Modern SPA particle formats operate using the same principle of proximity, but
utilize only one class of particle, often scintillant-doped polyvinyltoluene (PVT) or
polystyrene (PS) particles or yttrium silicate (YSi) or yttrium oxide (YOx) particles, to
which receptors have been covalently attached.240,243-246 SPAs have been successfully
used to measure binding and/or binding kinetics of enkephalins, thyroxin, morphine,
inositol phosphates, and many other analytes.238,239,241,247-249 Further examples have been
tabulated in a review by Glickman, Schmid, and Ferrand.250

A

B

Figure 4.1: Illustration of antigen-coated, 3H (LH) and antigen-coated, scintillant-doped
(L*) latex particles in (A) the absence and (B) the presence of antibody. Reproduced with
permission from Hart and Greenwald.242
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Development of a SPA particle system requires the selection of component
materials that offer high quantum yields, good sample compatibility (e.g., solubility),
resistance to degradation from exposure to radiation, and highly specific and sensitive
analyte binding. Inorganic crystalline scintillators are attractive, as their high density and
high atomic numbers means they can efficiently absorb energy, leading to more sensitive
assays. Additionally, inorganic scintillants can absorb higher energy radiation (gamma
and X) than polymer-particle based scintillants.

226,251

However, the density of inorganic

crystalline scintillators causes them to settle in storage and sample containers, making it
difficult to accurately dispense equal numbers of particles per volume of solution. In
addition, samples must be continuously agitated in order to maintain the particles in
suspension throughout the time period of the assay.250
Although they usually exhibit lower quantum efficiencies than inorganic
crystalline scintillators, polymer-based scintillators are less dense and therefore more
easily dispensed and dispersed. The molecular structure of polymer particles limits their
to use to lower energy radiation such as 3H -particle emission and Auger electrons
emitted by 125I;

245,246

however, lower energy emissions are considered safer due to their

reduces penetration distances for air, water, and tissue. In addition, the use of lower
energy emitters reduces the background signal for SPA, as it is unlikely that -emission
from unbound radiolabeled analyte will travel sufficiently far through the aqueous
solution to interact with the particle matrix. Further, polymer scintillators can incorporate
scintillants to which the energy absorbed by the polymer can be transferred, resulting in
photon emission at characteristic wavelengths.252-254 The scintillant or combination of
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scintillants can be adjusted for maximum absorption and emission for a given set of
experimental parameters.252-255 Such adjustments are useful for avoiding self-absorption
(where energy is emitted but then reabsorbed by another molecule in the particle) and for
reducing color quenching.226,252
This chapter describes the development and characterization of polystyrene-core
silica-shell nanoparticles (nPs) for SPA. Polystyrene was selected as the core material
due to its low cost and compatibility with scintillant fluorophores.254-256 The addition of
silica shells to the scintillant fluorophore-doped polystyrene particles makes the particles
hydrophilic without using the polyhydroxy films or surfactants required for the dispersion
of PVT and PS particles in aqueous samples and facilitates the covalent attachment of
binding ligands to the exterior nP surfaces. Due to the high surface area, polystyrene-core
silica-shell nP assays could have greater dynamic ranges and higher efficiency than
microwell plate-based designs as well as commercially available SPA particles, which are
often 5 to 10 microns in diameter. Furthermore, it is anticipated that while the density of
the core-shell nPs will allow the particles to remain dispersed in a sample for a longer
period of time than YSi or YOx particles, the core-shell particles can be easily recovered
via centrifugation in the case that non-proximity effects must be minimized by
sequestering the particles or removing them from the sample entirely.
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4.2 Experimental
4.2.1 Materials
The primary scintillant p-terphenyl (pTP) and secondary scintillant 4-bis(4methyl-5-phenyl-2oxyzolyl)benzene (dimethyl POPOP) were obtained from Acros
Organics (Geel, Belgium). Styrene, biotin-N-hydroxysuccinimide (biotin-NHS), 2,2’azobis(2-methylpropionamidine)

dihydrochloride

(AAPH),

tetraethylorthosilicate

(TEOS), and 3-aminopropyltriethoxysilane (APTES) were obtained from Sigma Aldrich
(St. Louis, MO). 3H acetic acid (500 mCi/mmol) and 3H glutamic acid (49.6 Ci/mmol)
were obtained from MP Biomedicals (Solon, OH) and Perkin Elmer (Boston, MA)
respectively. Sodium dodecylsulfate (SDS) was obtained from Fisher (Pittsburgh, PA).

4.2.2 Fabrication of Scintillant-Doped Polystyrene Core nPs
Scintillant-doped polystyrene (PS) core nPs were fabricated via a surfactant-free
emulsion polymerization process by combining 6.0 g (58 mmols) of styrene containing
540 M (3.6 mols) dimethyl POPOP and 54 mM pTP (360 mols) for a pTP: dimethyl
POPOP ratio of 100:1, 30 M (0.2 mols) dimethyl POPOP and 300 M (2.0 mols)
pTP for a pTP: dimethyl POPOP ratio of 10:1, or 30 M (2 mols) dimethyl POPOP and
no pTP, with 100 mL of degassed nanopure water in a 500 mL round-bottomed flask
equipped with a magnetic stir bar. Polymerization was initiated by adding 6 mg of AAPH
(220 M final concentration). The water/styrene combination was stirred briskly under a
gentle stream of argon and maintained at 70-80 °C in a water bath for 12 hours.
Unpolymerized styrene and some water were removed under reduced pressure. The nPs
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were rinsed several times with water, isopropanol, and water again. The average diameter
of the PS nPs was ca. 175 nm as determined by dynamic light scattering (DLS,
Brookhaven Instruments, BI-200 with a BI-DS detector and BI-800AT autocorrelator
software, non-negatively constrained least squares, multiple pass calculation). The
concentration of nPs in the PS core stock suspension was estimated by freezing and then
lyophilizing 4 mL of the suspension, and was found to be approximately 30 mg/mL. PS
nPs without scintillants were made according to the same procedure by simply omitting
dimethyl POPOP and pTP from the reaction flask.

4.2.3 Addition of Silica Shells to PS Core nPs
Silica shells were added to the PS core nPs by diluting 0.05 mL (1.5 mg) of the
PS core stock suspension with 3.95 mL water and 20 mL isopropanol in a 50 mL round
bottomed flask. The mixture was stirred briskly using a stir bar and 0.50 mL NH4OH
(28%) was added. After several minutes, 100 L of a TEOS:APTES combination (90%
TEOS, 10% APTES by volume) was added dropwise to the flask. Stirring was continued
for 1 hour, after which PS-core silica-shell nPs were collected by centrifugation. The nPs
were washed by repeatedly dispersing them in ethanol, centrifuging the ethanol at 14,000
rpm, and removing the supernatant liquid. Ethanol rinsing cycles were followed by three
water rinsing cycles. Shells synthesized with TEOS only (no APTES) were fabricated
using a similar procedure in which the NH4OH volume was reduced to 0.25 mL. The
average diameter of the PS-core silica-shell nPs was ca. 300 nm as determined by DLS.
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4.2.4 Transmission Electron Microscopy
PS core and PS-core silica-shell nPs were imaged without staining via TEM
(JOEL JEM-100CX-II electron microscope operated at 80 kV accelerating voltage).

4.2.5 Zeta Potential Measurements
Zeta potential measurements were made in disposable folded capillary cells using
a Zetasizer Nano (Malvern Instruments Ltd., Worcestershire UK). PS, silica, and PS-core
silica-shell nPs were dispersed in 100 mM NaCl at varying pH (from 3 to 10)
immediately prior to measurement. Cells were flushed with water and then with 100 mM
NaCl at the appropriate pH between samples. Zeta potential was calculated using the
Smoluchowski approximation (1.5) as the solution for the Henry equation for all
samples.206

4.2.6 Comparison of Scintillation Efficiencies for PS Cores With and Without pTP
The effect of including pTP along with dimethyl POPOP in PS core nPs was
investigated by comparing the scintillation response of PS cores with a ratio of 10:1 pTP
(300 M): dimethyl POPOP (30 M) to the response of PS cores fabricated with the
same concentration of dimethyl POPOP but no pTP. Both the mass-dependent and the
activity-dependent responses of the PS core nPs were tested with 3H acetic acid (labeled
at the  carbon) using a liquid scintillation counter (Beckman LS 6500, Beckman
Coulter, Brea, CA). In the mass-dependent response study, 1 Ci of 3H acetic acid was
diluted to 10 mL with water. The nP mass was then increased from 0 to 13 mg (0 to 1
mg/mL) by adding volumes of nP stock suspensions to the vials and mixing the solution.
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The scintillation response in counts per minute was measured for each sample after each
addition of nPs. In the activity-dependent study, a fixed mass (10 mg, 1 mg/mL final
concentration) of nPs was suspended in 10 mL of water. The activity of the samples was
then increased from 0 to 2000 nCi (0 to 190 nCi/mL) by sequential additions of 10
Ci/mL 3H acetic acid. Samples were mixed by aspirating the solution with a pipette and
the scintillation response in counts per minute was measured after each addition.
4.2.7 Assay of PS Core and PS-Core Silica-Shell nPs with 3H Acetic Acid
The mass-dependent and activity-dependent scintillation responses of PS core
(with dimethyl POPOP and pTP at a ratio of 100:1), PS (without dimethyl POPOP and
pTP) and PS-core silica-shell (with dimethyl POPOP and pTP at a ratio of 100:1 in the
PS core) were tested with 3H acetic acid. In both studies, all nP samples were dispersed in
1 mL 10 mM SDS solution. The scintillation vials for the Beckman LS 6500 liquid
scintillation counter can hold approximately 20 mL, and when only 1 mL sample
volumes are used the liquid sample only fills the bottom 1/20 of the vial. Such low
volumes in 20 mL scintillation vials may decrease measurement efficiency, as photons
emitted from the sample at a the distal edges may not be detected as well as photons
emitted from the more central regions of the vial volume. This problem could be
alleviated by using larger sample volumes; however, fabricating the amount of nPs
needed to complete experiments using larger volumes is impractical. Instead, smaller
volume (2 mL) glass autosampler vials were glued to the interiors of 20 mL scintillation
vials in such a way as to ensure that 1 mL samples would be contained within a region
close to the center of the scintillation vial volume.
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In the mass-dependent response study, where mass refers to the mass of PS
present rather than the combined mass of both PS and silica, 1 mL aliquots of 10 mM
SDS solution were added to modified scintillation vials, along with 33 L 10 Ci/mL 3H
acetic acid (approximately 300 nCi final activity). The nP mass was then increased from
0 to 5 mg (0 to 4 mg/mL) by adding volumes of nP suspensions to the vials and mixing
the solution. The scintillation response in counts per minute was measured for each
sample after each addition of core-shell nPs.
In the activity-dependent study, a fixed mass (4 mg, based on the mass of PS
present) of nPs was added to 1 mL 10 mM SDS solution in modified scintillation vials.
The activity of the samples was increased from 0 to 1250 nCi (0 to 890 nCi/mL) by
sequential additions of 10 Ci/mL 3H acetic acid. Samples were mixed by aspirating the
solution with a pipette and the scintillation response in counts per minute was measured
after each addition. Data for both the mass-dependent and activity-dependent studies
were normalized to pTP fluorescence intensities at 345 nm (300 nm excitation) in order
to account for differences in PS-core silica-shell nP versus PS core nP concentrations.
Further investigation into the significance of the interactions between the silica
surfaces of core-shell nPs and 3H acetic acid was accomplished by comparing the
scintillation efficiencies of PS-core silica-shell nPs (10:1 pTP: dimethyl POPOP) made
with TEOS and APTES (10% APTES) and PS-core silica-shell nPs made with TEOS
only. Equivalent amounts (based on the fluorescence intensity of entrapped pTP excited
with 300 nm light) of PS-core TEOS and APTES silica-shell nPs and PS-core TEOS-only
silica-shell nPs were diluted to 10 mL with water in unmodified plastic scintillation vials.
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3

H acetic acid was then incrementally added to each sample to increase the activity from

0 to 70 Ci (0 to 7 Ci/mL). Samples were mixed by aspirating the solution with a
pipette and the scintillation response in counts per minute was measured after each
addition.

4.2.8 Biotin-Streptavidin Binding Model SPA
Scintillant-doped PS-core silica-shell nPs (ca. 60 mg nPs) were suspended in 5
mL 20 mM pH 8.3 borate buffer with 0.6 mM (3.0 mols) biotin-NHS for 2.5 hrs. After
thorough rinsing and redispersion in water, nPs were treated with 570 nM streptavidin
(2.8 nmols). The nP/streptavidin solution was shaken at 120 rpm for 2.5 hrs followed by
further rinsing with water. Streptavidin functionalized scintillant-doped PS-core silicashell nP were then diluted to 33 mL with water. Biotinylated 3H glutamic acid was
prepared by diluting 15 L (15 Ci) 49.6 Ci/mmol 3H glutamic acid with 15 mL 20 mM
pH 8.3 borate buffer and 3 L 20 mM biotin-NHS (60 nmols). 3H glutamic acid and
biotin-NHS were allowed to react for 12 hours. A solution containing the same activity of
3

H glutamic acid and same concentration of biotin was prepared as a control.
For SPA experiments, 1 mL aliquots of streptavidin-functionalized scintillant-

doped PS-core silica-shell nP solution (1.9 mg, or ca. 1.0 × 1011 nPs each) were placed in
modified scintillation vials with 100, 250, 500, 1000, or 3000 nCi biotinylated 3H
glutamic acid or 3H glutamic acid and biotin mixture. Water was added to each sample to
bring the final sample volume to 1.3 mL. Samples were mixed and allowed to react for 30
minutes before the scintillation response was measured.
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4.3 Results and Discussion
4.3.1 Preparation and Characterization of Polystyrene-Core Silica Shell nPs
Although the -orbital electrons of PS are readily excited by -particle emission,
the radiative quantum yield of PS is low (ca. 7%).253 It is therefore advantageous to
incorporate other absorbers with higher radiative quantum yields, known as scintillants,
into the PS matrix to increase total radiative quantum yield.237,253,254,257 Not only do
scintillants absorb energy from excited PS that would otherwise be lost to non-radiative
processes, but -orbital electrons of the scintillants can also be directly excited by particle emission. In this way, radiative de-excitation (fluorescence) can be maximized
for PS scintillator nPs. The scintillants pTP and dimethyl POPOP were used in the work
described here to both improve total radiative quantum yield of PS core nPs, and redshift
the emission wavelength into the visible region of the spectrum where photomultiplier
tube detectors are more sensitive. Energy absorbed by PS is transferred to the primary
scintillant, pTP. Further energy transfer occurs from pTP to dimethyl POPOP when the
electronic oscillations of the pTP are resonant with the electronic energy gap of dimethyl
POPOP, which emits photons with a mean wavelength of ca. 430 nm. The structures of
PS, pTP, and dimethyl POPOP are shown in Scheme 4.1.
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Scheme 4.1: Structures of (A) dimethyl POPOP, (B) polystyrene and (C) pTP, the
components used to fabricate scintillating polystyrene core particles. The wavelengths of
maximum absorption and emission are listed below each structure.

Scintillant-doped PS core nPs were fabricated by entrapping pTP and dimethyl
POPOP in the PS matrix using a surfactant-free emulsion polymerization process. A
primary disadvantage of PS particles for biological SPA is the hydrophobicity of the
polymer, which causes PS particles to aggregate in aqueous solutions. The addition of a
silica shell improves the solubility without the use of polyhydroxy films or surfactants,
and facilitates the covalent attachment of receptor molecules such as proteins, antibodies,
aptamers, etc. using well-established silane chemistry. The core-shell architecture of
scintillant-doped PS-core silica-shell particles allows hydrophobic, aromatic scintillants
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to be entrapped in an absorbing PS medium while providing a hydrophilic and easily
functionalized silica surface at the particle exterior. Figure 4.2 illustrates the morphology
of the core-shell particles and the function of scintillant-doped PS-core silica-shell
particles in SPA.

Photon emission



Scintillant-doped
polystyrene core-silica shell
nanoparticle with attached
receptor: unbound analyte

Emission after binding of
analyte by receptor

Figure 4.2: Illustration depicting the morphology and function of PS-core silica-shell nPbased SPA. -particles are emitted isotropically from radiolabeled analyte (green circle),
although their low penetration depth in aqueous solution minimizes absorption of energy
by scintillant-doped nPs. -particle emission remains isotropic after analyte is bound to
scintillant-doped nP by surface-attached receptors, but the probability that energy will be
absorbed by the nP increases due to proximity.

Surface charge greatly affects the formation of silica shells on acrylic and PS
particles due to electrostatic interactions between the polymer and the silica
oligomers.113,119,208,258 PS core nPs were fabricated using the cationic azo initiator AAPH,
which imparts an overall positive charge to the nPs.119,258 TEM images of PS core and
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PS-core silica-shell nPs are shown in Figure 4.3. Initial experiments in which styrene was
polymerized using the neutral initiator azobisisobutyronitrile (AIBN) formed mixtures of
PS particles and silica nPs during the silica addition step (Figure 4.3C). Neutral polymer
composed of styrene polymerized with AIBN has few interactions with the silica
precursor molecules or oligomers. In such a case, silica is more likely to nucleate and
grow into nPs in the reaction mixture rather than form silica shells on PS nP cores.
Cationic particles, such as those composed of styrene polymerized using AAPH, may
collect anionic silica oligomers and polymeric chains, which develop into silica shells as
the hydrolysis and condensation reactions proceed (Figure 4.3B). Silica shells ca. 20 nm
thick were deposited on scintillants-doped PS core nPs.
Light scattering data suggests that the diameters of the PS core and PS-core silicashell nPs are approximately 175 and 300 nm respectively instead of 90 and 150 nm as
observed in the TEM images. This discrepancy may be attributed to dehydration;
hydrophilic materials such as silica are expected to be thoroughly saturated with water in
aqueous solutions, possibly even swelling in size. Hydrophobic materials such as PS
would not be expected to become saturated with water, although because the PS core nPs
fabricated here may be less hydrophobic as a result of polymerization with AAPH.
Because DLS measurements were performed in water, nPs may be been fully hydrated
and swollen. Removal of the water may have caused significant shrinkage, as nPS were
dried and placed under vacuum in preparation for electron microscopy.
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Figure 4.3: TEM images of (A) PS core, (B) PS-core silica-shell particles fabricated
using the cationic initiator AAPH, and (C) a mixture of PS cores and silica nPs fabricated
using the neutral initiator AIBN. Silica nPs appear much smaller in diameter (ca. 30 nm)
than the PS nPs (ca. 100 nm) in image (C). DLS measurements indicate that PS cores and
PS-core silica-shell nPs are ca. 175 nm and 300 nm in diameter respectively. The smaller
diameters observed here may be due to the shrinkage of the nPs upon drying for TEM, as
observed for PA/silica hybrid nPs discussed previously.

Core-shell morphology (i.e. PS core nP diameter and silica shell thickness) can be
modulated by adjusting the parameters of nP synthesis and shell deposition. Larger PS
core nPs can be synthesized by increasing styrene concentration in the surfactant-free
emulsion. PS microparticles can be fabricated using a amphoteric initiator, which allows
layers of PS to build upon a PS core.117Although larger core particles can entrap a greater
number of scintillant molecules and may yield a larger signal on a per particle basis, for
the experiments described here, PS-core particles with diameters of ca. 175 nm were
synthesized to maximize surface area for binding assays. Shell thickness can be
controlled via silica precursor concentration, reaction pH, and deposition time.113 For
SPA nPs however, thick silica shells increase the distance between the PS core nPs and
surface-bound analyte, decreasing the probability that energy from -particles emitted
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from the analyte will be absorbed by core nPs. Conversely, silica shells that are too thin
may be discontinuous, leaving regions of PS exposed and reducing the number of
available binding sites on functionalized scintillant-doped PS-core silica-shell nPs. For
these reasons, silica shells ca. 20 nm thick were deposited on scintillant-doped PS core
nPs to fabricate core-shell nPs for SPA.

4.3.2 Zeta Potential Measurements
nPs that possess core-shell morphologies are expected to exhibit different surface
charge characteristics than nPs with a mixed surface composition (i.e., both PS and silica
exposed at the nP surface). Surface charge characteristics of particles can be investigated
through laser Doppler velocimetry, where the velocity of a particle through an electrolyte
solution per unit applied electric field (electrophoretic mobility, ep) is measured. The
zeta potential, or the potential measured at the surface of hydrodynamic shear, can be
extracted fromep data by applying the relationship shown in equation 4.1, where  is
zeta potential,  is the viscosity of the solution, and  is the dielectric constant of the
solution. The term f(a) refers to Henry’s function, which accounts for the effect of
particle diameter and electric double layer thickness. For zeta potential measurements of
silica, PS-core silica-shell, and PS nPs, the solution to Henry’s function can be
approximated as 1.5.206
ep = 2f(a)
3

(4.1)

The surface charge characteristics of PS-core silica-shell nPs were examined by
comparing the zeta potentials of core-shell nPs to the zeta potentials of silica and PS nPs
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measured in 100 mM NaCl solutions of varying pH (from 3 to 10) (Figure 4.4). nPs
possessing core-shell architectures in which silica forms a shell around the PS would be
hypothesized to have zeta potentials similar to those measured for silica nPs. For hybrid
nPs with mixed (both silica and polymer) surfaces, the zeta potential would reflect the
charge contributions of both silica and PS.

Zeta Potential (mV)

80
60
40
20
0
-20
-40
2

3

4

5

6

7

8

9

10

pH

Figure 4.4: Plot of zeta potential as a function of pH for PS (blue diamonds), silica (green
triangles), and PS-core silica shell made with APTES (red squares), and PS-core silicashell made with TEOS only (hollow black squares) nP samples. The error bars represent
the standard deviation of three measurements.

The zeta potentials of the silica nP sample become increasingly negative with
increasing pH; at pH 3, the zeta potential is nearly +1.0 mV, while at pH 10 the zeta
potential has reached approximately -29 mV. This trend can be attributed to the
deprotonation of the silanol groups at the silica nP surfaces with increasing pH.
Interestingly, the zeta potentials of PS core nPs are also negative; the zeta potential at pH
3 is approximately -5.0 mV, and approaches -18 mV at pH 10. As described above, the
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cationic initiator AAPH was used for the fabrication of PS core nPs in order to make the
overall surface charge of the nPs positive. The PS nP surfaces may therefore be decorated
with amidine moieties originating from AAPH that can undergo hydrolysis over time,
and with increasing pH, to form amide groups.259 Consequently, the radius of the electric
double layer and the ions contained within that radius may also change. In this case, the
electric double layer may become thicker and more diffuse with increasing amidine to
amide conversion, resulting in an increase in mobility, and a negative zeta potential of
greater magnitude. However, this does not explain why the zeta potential of PS core nPs
is negative even at low and neutral pH; further study may be required to answer this
question.
PS-core silica-shell nPs made with TEOS alone (no APTES was included during
the addition of silica shells to PS cores meaning that the silica shells possess no primary
amine groups) exhibit a trend very similar to the trends observed for silica nPs and PS
core nPs: the zeta potential becomes increasingly negative with increasing pH. At pH 3,
the zeta potential for PS-core silica-shell nPs is 0 mV, while at pH 10 the zeta potential is
-23 mV. However, when APTES (and therefore primary amine groups) is included in the
silica shell synthesis, the differences between silica, PS core, and PS-core silica-shell nP
become clear. At pH 3, the zeta potential of the PS-core silica-shell nPs made with
APTES is +59 mV due to the presence of the amine groups at the nP surface. The zeta
potential decreases with increasing pH, approaching -8.0 mV at pH 10. This trend in zeta
potential has also been observed for other amine-modified silica nP surfaces, and can be
attributed to protonation of the amine at low pH, and a combination of deprotonation and
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hydrolysis at high pH.260,261 The presence of amine groups at the surface of the PS-core
silica-shell nPs as indicated by the zeta potential data shown in Figure 4.4 suggests that
the silica component of the nP exists as a shell around the PS core rather than existing as
part of a hybrid (in which regions of different materials are indistinct above the
molecular/macromolecular level) nP morphology. This is consistent with the TEM
images shown in Figure 4.2, in which core-shell architectures are observed for the PScore silica-shell nPs.

4.3.3 Comparison of Scintillation Efficiencies for PS Cores With and Without pTP
The effect of pTP on the scintillation efficiency of PS core nPs was investigated
by comparing the scintillation response of PS core nPs doped with pTP and dimethyl
POPOP at a ratio of 10:1 (300:30 M pTP: dimethyl POPOP) to the scintillation response
of PS cores doped with dimethyl POPOP (30 M) only (Figure 4.5). Because both the
concentration of PS core nPs and concentration of radiolabeled material (3H acetic acid)
affects the proximity of the nuclide to the scintillator, and consequently, the probability
of energy absorption, both mass-dependent and activity-dependent studies were
performed. Figure 4.5A shows that the activity-dependent response of PS cores with pTP
and dimethyl POPOP is ca. 50% greater (has a slope that is 50% larger) than the response
of PS cores with dimethyl POPOP only at activities from 0 to 200 nCi/mL, suggesting
that including pTP improves energy absorption and/or transfer from PS to dimethyl
POPOP. This is perhaps a result of an increase in the overall number of absorbing
molecules (PS and pTP) contained within the volume of the PS core nPs.
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The mass-dependent response (Figure 4.5B) is the same for PS cores with pTP
and dimethyl POPOP and PS cores with dimethyl POPOP only at concentrations of 0.25
mg/mL and below. At concentrations greater than 0.25 mg/mL, the scintillation
efficiency of PS cores with pTP and dimethyl POPOP again exceeds that of PS cores
with dimethyl POPOP only, although scattering effects become increasingly significant,
resulting in a plateau in the response for both PS core nP types. It is possible that at low
core nP concentrations or low activity, the advantage of including pTP in the PS cores is
minimized because there are few energy-absorption events. At higher core nP
concentrations and higher activities, the enhancement in scintillation efficiency for PS
cores with pTP and dimethyl POPOP becomes apparent. Perhaps if this experiment were
carried out to higher activities and higher core nP concentrations the response would
eventually become saturated for both PS core nP types, although the saturation level may
be higher for the PS cores with pTP and dimethyl POPOP due to improved energy
absorption efficiency over PS cores with dimethyl POPOP only. Based on these data it
was concluded that more efficient and sensitive SPA nPs can be fabricated when both
pTP and dimethyl POPOP are included in the PS core nPs.
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Figure 4.5: Scintillation response in counts per minute PS core nPs with 10:1 pTP and
DMPOPOP (blue diamonds) and DMPOPOP alone (red squares). The plots show (A) the
activity-dependent response of 10 mg (1mg/mL) nPs and (B) the mass-dependent
response to 1 Ci 3H acetic acid. The error bars represent the standard deviation of three
measurements.
4.3.4 Assay of PS Core and PS-Core Silica-Shell nPs with 3H Acetic Acid
SPA is dependent on the probability that energy from emitted -particles will be
absorbed by the scintillator (in this case, the dimethyl POPOP and pTP-doped PS nPs).
Thus, it was necessary to determine if the addition of silica shells to the scintillant-doped
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PS core nPs decreases scintillation efficiency. Furthermore, since both the concentration
of PS-core silica-shell nPs and the concentration of radiolabeled material (3H acetic acid)
affects the proximity, both mass-dependent and activity-dependent studies were
performed. The scintillation responses (in normalized counts per minute) of PS nPs
without dimethyl POPOP or pTP, PS-core nPs with dimethyl POPOP and pTP, and
scintillant-doped PS-core silica-shell nPs to increasing activities of 3H acetic acid were
compared and are shown in Figure 4.6A. The responses of the same nP samples to a
constant activity of 3H acetic acid (300 nCi) as a function of nP concentration in mg/mL
are shown in Figure 4.6B.
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Figure 4.6: Scintillation response in counts per minute for PS core (with dimethyl POPOP
and pTP, blue diamonds), PS (without dimethyl POPOP and pTP, green triangles), and
PS-core silica-shell nP (with dimethyl POPOP and pTP doped in the PS core, red
squares) samples. The plots show (A) the activity-dependent response of 4 mg nPs and
(B) the mass-dependent response to 300 nCi 3H acetic acid. The error bars represent the
standard deviation of three measurements.

The response of a fixed mass of scintillant-doped PS-core silica-shell nPs is
approximately the same as the response of a fixed mass dimethyl POPOP and pTP-doped
PS core NPs to increasing activities of 3H acetic acid (Figure 4.6A). This similarity
indicates that the addition of silica shells to dimethyl POPOP and pTP-doped PS-cores
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does not prevent or reduce the absorption of energy from -particles emitted by 3H acetic
acid within the 0 to 1.25 Ci activity range. PS nPs without dimethyl POPOP and pTP do
not respond to 3H acetic acid within the same activity range due to lack of scintillant
dyes.
The response of the scintillant-doped PS-core silica-shell nPs is similar in
magnitude to the response of dimethyl POPOP and pTP-doped PS core nPs as nP
concentration is increased at constant 3H acetic acid activity. However, while the
response of the dimethyl POPOP and pTP-doped PS core nPs is linear, the response of
the scintillant-doped PS-core silica-shell nPs has a positive curvature. This curvature is
especially apparent at concentrations of 0.5 to 2.5 mg/mL, and greater than 3.0 mg/mL,
where the deviation from linearity is most significant. This effect is possibly due to
electrostatic interactions between the amine-functionalized silica shell (since APTES was
included as a silica precursor during silica shell synthesis) and 3H acetic acid. These
interactions cause an enhancement in scintillation efficiency over dimethyl POPOP and
pTP-doped PS cores (without shells) at concentrations of 0.5 to 2.5 mg/mL, where the
surface area of the scintillant-doped PS-core silica-shell nPs does not exceed the number
of 3H acetic acid molecules (of which there would be a maximum of 3.6 × 1014 for 300
nCi of 500 mCi/mmol 3H acetic acid) that can be attracted to it. At concentrations greater
than 3.0 mg/mL however, a saturation point is reached. Increasing the nP concentration
after this saturation point then does not increase the efficiency of energy adsorption from
emitted -particles. A similar trend might be observed for data from an experiment such
as that used to construct Figure 4.6A, if carried out to higher activities. It can be
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concluded however, that scintillant-doped PS-core silica-shell nPs can act as scintillators
for 3H, suggesting that this nP architecture with its hydrophobic core and hydrophilic,
easily functionalized silica shell will be useful for SPA in aqueous biological samples.
The hypothesis that electrostatic interactions between the silica shell and the 3H
acetic acid lead to an enhancement in scintillation efficiency was further investigated by
comparing the scintillation response of PS-core silica-shell nPs made with TEOS and
APTES (which results in an amine-functionalized shell) to the scintillation response of
PS-core silica-shell nPs made with TEOS only to increasing activities of 3H acetic acid
(Figure 4.7). The response of the PS-core TEOS-only silica-shell nPs is approximately
twice that of PS-core TEOS and APTES silica-shell nPs, indicating a greater number of
interactions, perhaps even H-bonding, between the TEOS-only shell nPs and 3H acetic
acid. However, this result is not expected when the zeta potential measurements for coreshell nPs are considered. The zeta potential of PS-core TEOS and APTES silica-shell nPs
is positive (+59 mV at pH 3) and only becomes negative at high (≥ 10) pH. In contrast,
the zeta potential of PS-core TEOS-only silica-shell nPs is close to 0 at low pH, and
approaches -23 mV at pH 10. As it is unlikely that the pH of the samples in this
experiment exceeds 8, stronger interactions between TEOS and APTES silica shells and
3

H acetic acid would be predicted due to the positive nature of the nP surfaces. Further

experiments in which the scintillation efficiency of PS-core silica-shell nPs is tested in
buffered solutions may reveal important details about analyte interactions with the nP
surfaces that must be considered when developing silica-shell nPs for SPA.
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Figure 4.7: Scintillation response of PS-core silica-shell nPs made with TEOS and
APTES (blue diamonds) and TEOS only (red squares) to increasing activities of 3H acetic
acid. The error bars correspond to the standard deviation of three measurements.

4.3.5 Biotin-Streptavidin Binding Model SPA
To test the utility of scintillant-doped PS-core silica-shell nPs in SPA, a model
assay based on biotin-streptavidin binding was explored. Scintillant-doped PS-core silicashell nPs were functionalized with biotin and then streptavidin to construct streptavidinconjugated SPA nPs. Streptavidin-conjugated SPA nPs treated with biotin-conjugated 3H
glutamic acid are expected to exhibit a larger signal in terms of counts per minute
compared to streptavidin-conjugated SPA nPs treated with a mixture of 3H glutamic acid
and biotin due to the increased proximity of the radiolabeled analyte to the scintillantdoped PS core that occurs upon binding.
The actual response of streptavidin-conjugated SPA nPs to biotin-conjugated 3H
glutamic acid and a mixture of biotin and 3H glutamic acid is shown in Figure 4.8. Nonproximity effects, which occur when energy is absorbed from -particles emitted by
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unbound analyte, increases with increasing activity and contributes to the signal
measured for both sample sets. However, there is no observed signal enhancement for
streptavidin-conjugated SPA nPs treated with biotin-conjugated 3H glutamic acid. The
lack of signal enhancement may be due to the absence of specific binding between the
streptavidin conjugated surface and biotin-conjugated 3H glutamic acid, which reduces
the observed response to non-proximity effects only. Alternatively, there may be
significant non-specific adsorption of 3H glutamic acid to the SPA nP surface, similar to
the effect described for 3H acetic acid in the previous section. Non-specific adsorption of
3

H glutamic acid may be so prevalent as to make the contribution of specific binding to

the overall signal negligible.
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Figure 4.8: SPA response of streptavidin-conjugated scintillant-doped PS-core silica-shell
nPs treated with biotin-conjugated 3H glutamic acid (blue diamonds) and a mixture of
biotin and 3H glutamic acid (red squares). Error bars represent the standard deviations of
three samples.
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It is also possible that higher activities are required to obtain an enhanced signal for
streptavidin-conjugated SPA nPs. The number of possible nP-biotin binding events for a
given sample can be approximated by first considering the number of amine groups at the
scintillant-doped PS-core silica-shell nP surface that can be functionalized with biotin. If
a sample contains 1.0 × 1011 nPs, and each nP could have 4.0 × 105 amine groups (based
on the surface area of the nP and the TEOS:APTES ratio used during shell synthesis),
then there are 4.0 × 1016 amines available for functionalization. A larger number of
biotin-NHS molecules were present during nP functionalization (5.5 × 1016), so the
number of possible binding sites on 1.0 × 1011 nPs is limited by the number of
streptavidin molecules added and is, at most, 5.3 × 1013. Taking the specific activity of
the 3H glutamic acid in to account, 100 nCi of biotin-conjugated 3H glutamic acid could
be as many as 1.2 × 109 molecules (depending on the efficiency of the reaction of biotinNHS with 3H glutamic acid). If every biotin-conjugated 3H glutamic acid molecule binds
to streptavidin only 0.0023% of the binding sites are occupied (assuming a 1:1 binding
ratio). With 3000 nCi of biotin-conjugated 3H glutamic acid, only 3.6 × 1010 sites, or
0.069% are occupied. At such high streptavidin-conjugated SPA nP concentrations and
such low 3H glutamic acid activities, the primary mode of -particle energy transfer to
the scintillant-doped PS core is likely to be non-proximity effects over specific binding.
Using higher activities or lower nP concentrations may increase the contribution of
specific binding to the overall observed signal, although reducing nP concentration will
also reduce the total number of measureable photons. Future experiments may address
these effects on streptavidin-conjugated-SPA nP response
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4.4 Conclusions
Dimethyl POPOP and pTP were entrapped in PS core nPs with diameters of
approximately 175 nm (as measured using DLS) using a surfactant-free emulsion
polymerization method. Silica shells were deposited on the outside of scintillant-doped
PS core nPs to make PS-core silica-shell nPs with diameters of approximately 300 nm (as
measured using DLS) when the core nPs were polymerized using a cationic initiator,
AAPH. When the neutral initiator AIBN was used to polymerize the PS core nPs, silica
shell did not form on the PS cores. Instead, small (ca. 30 nm in diameter) silica nPs
developed and a mixture of PS core nPs and silica nPs was recovered from the reaction
solution. Measurements of zeta potential as a function of pH show that the surface charge
density characteristics of PS core, silica, and PS-core silica-shell nPs made with TEOS
only become increasingly negative with increasing pH. For the silica and PS-core silicashell nPs made with TEOS only, the increasingly negative zeta potential likely reflects
the deprotonation of the silanol groups at the surfaces of the nPs. For the PS core nPs,
which have no silanol groups, the increasingly negative zeta potential is possibly a result
of the hydrolysis of surface amidine groups to form amide groups. When the PS-core
silica-shell nPs are amine-functionalized by including APTES in the shell synthesis, the
zeta potential is positive at all pH values tested, except 10, indicating the presence of
amine groups at the surface of the nPs and confirming the existence of silica shells.
The effect of the silica shell on the scintillation efficiency of scintillant-doped PScore silica-shell nPs was investigated by measuring the response of the nPs to 3H acetic
acid in both a nP concentration-dependent study and an activity-dependent study.

182

Scintillant-doped PS-core silica-shell nPs exhibit a response that indicates that the
addition of silica shells to dimethyl POPOP and pTP-doped PS-cores does not prevent or
reduce the absorption of energy of -particles emitted from 3H acetic acid within the 0 to
1.25 Ci activity range. It is possible however, that there are electrostatic interactions
between the silica shell surface and the 3H acetic acid that cause an enhancement in
scintillation efficiency for scintillant-doped PS-core silica-shell nPs over scintillantdoped PS core nPs without silica shells. This is supported by the enhancement in
scintillation efficiency observed for PS-core silica-shell nPs made with TEOS only,
which is approximately twice that of PS-core silica-shell nPs made with TEOS and
APTES, indicating that interactions between the silica surface and the analyte must be
carefully considered when designing PS-core silica-shell nP SPA. However, it was
expected that the efficiency of PS-core silica-shell nPs made with TEOS and APTES
would be greater than the efficiency of PS-core silica-shell nPs made with TEOS only
due to the positive nature of the TEOS and APTES silica shells. Futher experiments are
required in order to fully understand the interactions between the silica surfaces and
analyte.
A model SPA was performed using streptavidin-conjugated scintillant-doped PScore silica-shell nPs and biotin-conjugated 3H glutamic acid. Initial results do not show
an enhancement in signal for specific binding of biotin-conjugated 3H glutamic acid over
non-proximity effects. This may be due to an absence of binding, or a prevalence of nonspecific adsorption of 3H glutamic acid to streptavidin-conjugated SPA nPs. Furthermore,
the number of available binding sites on the number of nPs used per sample is 3 to 4
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orders of magnitude greater than the maximum number of 3H glutamic acid molecules
used in the experiment. Further experiments in which 3H glutamic acid activity is
increased or nP concentration is decreased may reduce non-proximity effects and
increase the contribution of specific binding to the overall observed signal.
Future work will include further investigations into model SPA schemes.
Developing a well-understood SPA with scintillant-doped PS-core silica-shell nPs will
allow the relationships between PS core size, scintillant concentration, and silica-shell
thickness to be elucidated. From this information, the performance of PS-core silica-shell
nPs can be maximized for other SPA applications. This is considered a preliminary step
to SPA in biological samples. Once it has been determined if there is an enhancement in
signal for scintillant-doped PS-core silica-shell nPs with surface-attached 3H, other
ligand-receptor SPA schemes can be explored.
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CHAPTER 5:
SUMMARY AND FUTURE DIRECTIONS

5.1 Summary
nPs demonstrate significant advantages over other sensor and marker
technologies. They are less invasive than electrodes or fiber optic probes, less toxic than
many fluorescent indicator dyes, and can be surface modified to increase both
biocompatibility and target specificity. Furthermore, spatial separation of nPs allows
individual cells or intracellular locations to be distinguished, and for measurements of
single cell or large cell populations. The variety of materials from which nP sensors and
markers are constructed (silica, polymers, lipids, and metals) make them a versatile
option for application to biological and non-biological samples.
The work described in the preceding chapters focused on nPs constructed from
polyacrylamide, silica, and polystyrene. However, each material has advantages and
disadvantages that must be taken into account when developing a nP-based sensors or
markers. Silica is more biocompatible than metals (e.g., semiconductors used to make
QDs) and easily functionalized, though dye leakage in silica nPs is problematic unless the
nPs are coated or the dye is covalently bound to the particle matrix. Polystyrene particles
can be used to entrap hydrophobic components for selective, highly fluorescent sensors
and markers, but tend to aggregate in aqueous solutions. Because the synthesis is
inexpensive, easy, and versatile, and the products are nontoxic, polyacrylamide nPs are
commonly used for biological sensing and labeling. PAnP NO sensors were fabricated
and are discussed in Chapter 2. Due to their low density and structural flexibility
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however, polyacrylamide nPs can be difficult to manipulate in solution. For these
reasons, hybrid and core-shell nPs, which contain more than one of these materials and
may therefore exploit the advantages of both, were explored and discussed in Chapters 3
and 4. Continued research in the development and application of hybrid and core-shell
nPs may in time lead to faster, more specific, and more accurate monitoring of cellular
mechanisms.

5.1.1 Ratiometric Polyacrylamide Nanoparticle NO Sensors for Intracellular
Imaging
The intracellular detection and measurement of NO is challenging due to the
small sample volume, short lifetime of NO within the cellular environment, and the
necessity of a minimally invasive, non-lethal probe. PAnPs are a non-toxic matrix that
provide protection of entrapped dyes from non-specific protein interactions and allow for
co-entrapment of reference dyes. PAnP NO sensors may prove to be useful tools for the
detection and quantification of intracellular NO.
Nanoparticle NO sensors with diameters of ca. 60 nm were fabricated by
encapsulating DAF-2, an NO sensitive fluorescent dye, with Texas Red in a
polyacrylamide matrix. Unlike free DAF 2, the fluorescence emission of the sensors
remains constant in the presence of 0 to 3.0% BSA, indicating that encapsulated dyes are
protected from non-specific protein interactions. Sensor response to the diazeniumdiolate
NO donor Proli/NO is ratiometric and reproducible at physiological pH. Time-resolved
data show that the response rate of the sensors is ca. 30 s and is likely dependent on the
rate of NO production by Proli/NO, conversion of NO to N2O3 at room temperature, and
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the diffusion of NO, NO2, O2 and N2O3 into the sensor. Response of free DAF-2 and of
sensors to NO decreases with increasing FBS concentration, possibly due to conversion
of NO to species other than N2O3 and binding of NO to form complexes in a protein-rich
solution. The response of sensors is however, approximately 18% greater than the
response of free dyes in FBS solutions, suggesting that PAnP NO sensors protect the
entrapped dyes from non-specific protein interactions, further supporting the advantage
of protecting DAF-2 by entrapment in PAnPs.
Sensors were introduced into HTRiNOS 41 cells and J774A.1 murine
macrophages via endocytosis/phagocytosis. However, no changes in fluorescence
intensity ratio that could be ascribed to the production of NO have been observed for
intracellular sensors upon stimulation of the cells with doxycycline or LPS. This may be
due to the presence of interfering species that also react with NO, such as glutathione, or
that react with DAF-2. Further research is required before conclusions regarding the
response and fate of sensors after introduction into cells can be drawn.

5.1.2 Preparation and Characterization of Polyacrylamide/Silica Hybrid
Nanoparticles for Biological Imaging and Sensing Applications
While silica nanoparticles are inert in physiological environments and can be
easily functionalized via organosilanes,11,58,65 a wider range of fluorophores can be
entrapped in PA. Fluorophore leakage from PA is low

139,142

eliminating the need to

covalently attach the fluorophore to the monomers or polymer. Because PAnPs can be
fabricated under non-denaturing conditions, hybrid nanoparticles composed of silica and
PA could potentially be used to entrap proteins as well as fluorophores, and have exterior
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surfaces decorated with covalently bound proteins, antibodies, DNA or other molecules
for numerous assays and improved target specificity. Furthermore, the addition of silica
to fluorophore-doped PA provides a surface amenable to coating with phospholipids,
which reduces nonspecific adsorption of proteins and may provide another means of
surface functionalization.
Hybrid nPs composed of PA and silica were fabricated by employing a twoemulsion process. TEM images show spherical nPs with no apparent core-shell
architecture. The diameter of the silica, PA/silica hybrid, and PAnPs measured by DLS
(ca. 125 nm) conflicts with the diameters determined from the TEM images (ca. 60 nm or
less), although it is likely that the nPs shrink as they dry during TEM sample preparation.
Zeta potential measurements for silica, PA/silica hybrid, and PAnPs show that the hybrid
nPs have surface charge characteristics that can be explained by the presence of both
silica and PA at the surfaces of the nPs. Based on zeta potential measurements and TEM
images, it can be concluded that the hybrid nPs do not possess a core-shell architecture.
Instead, the silica may be intercalated throughout the PA polymer chain matrix. The
density of the hybrid nPs was estimated using an isopycnic centrifugation procedure and
found to be between 1.76 and 1.70 g/cm3, which is less than the density of silica nPs and
greater than the density of PAnPs. There was no separation of the hybrid nP samples
within the CsCl gradient solutions used for the estimation of the density, indicating that
the hybrid nP product contains mostly or all hybrid nPs rather than a mixture of silica nPs
and PAnPs.
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Cohydrolysis of TEOS with other organosilanes (e.g., APTES) yields
functionalized hybrid nPs that can be further modified with amine reactive fluorophores
suggesting that PA/silica hybrid nPs can be used to entrap, as well as be covalently
labeled with, fluorophores for multi-color labels or, in the future, multi-analyte sensors.
The hybrid nPs can be coated with phospholipids, which has been shown to reduce the
non-specific binding of BSA compared to uncoated hybrid nPs. Biotinylated-lipid coated
fluorescein-doped/Texas Red-labeled hybrid nP probes were used to explore the utility of
hybrid nPs as target-specific probes, although experimental results show that there is a
significant amount of non-specific binding. Further research in this area may reveal the
conditions appropriate for minimizing non-specific binding. However, PA/silica hybrid
nPs have potential as sensors; fluorescein-doped PA/Texas Red-labeled silica hybrid nPs
respond reproducibly and reversibly to changes in pH between pH 6 and 8.

5.1.3 Polystyrene-Core Silica-Shell Nanoparticles for Scintillation Proximity Assay
Because it does not require separation of bound from unbound ligands, SPA has
improved radioimmunoassays and other ligand binding assays by making automation and
high throughput screening possible while minimizing risk and eliminating the need for
scintillation cocktails. In addition, SPA lends itself to the monitoring of binding kinetics
under steady state conditions.238-241 Scintillant-doped PS-core silica-shell nP assays could
have greater dynamic ranges and higher efficiency than microwell plate-based designs
and commercially available SPA particles, which have lower surface area to volume
ratios. Silica shells make the particles hydrophilic without using the polyhydroxy films or
surfactants and facilitate the covalent attachment of binding ligands to the exterior nP
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surfaces. Furthermore, it is anticipated that the density of the core-shell nPs will allow the
particles to remain dispersed in a sample for a longer period of time than inorganic
scintillator particles.
The scintillants dimethyl POPOP and pTP were entrapped in PS core nPs with
diameters of approximately 175 nm (as measured using DLS) using a surfactant-free
emulsion polymerization method. Silica shells can be deposited on the outside of
scintillant-doped PS core nPs to make PS-core silica-shell nPs with diameters of
approximately 300 nm (as measured using DLS) when the core nP have been
polymerized using a cationic initiator, AAPH. When the neutral initiator AIBN is used to
polymerize the PS core nPs, silica shells do not form on the PS cores. Instead, small (ca.
30 nm in diameter) silica nPs develop and a mixture of PS core nPs and silica nPs is
recovered from the reaction solution. Measurements of zeta potential as a function of pH
show that the surface charge density characteristics of PS core, silica, and PS-core silicashell nPs made with TEOS only become increasingly negative with increasing pH. For
the silica and PS-core silica-shell nPs made with TEOS only, the increasingly negative
zeta potential likely reflects the deprotonation of the silanol groups at the surfaces of the
nPs. For the PS core nPs, which have no silanol groups, the increasingly negative zeta
potential is possibly a result of the hydrolysis of surface amidine groups to form amide
groups. When the PS-core silica-shell nPs are amine-functionalized by including APTES
in the shell synthesis, the zeta potential is positive at all pH values tested, except 10,
indicating the presence of amine groups at the surface of the nPs and confirming the
existence of silica shells.
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The effect of the silica shells on the scintillation efficiency of scintillant-doped PScore silica-shell nPs was investigated by measuring the response of the nPs to 3H acetic
acid in both a nP concentration-dependent study and an activity-dependent study.
Scintillant-doped PS-core silica-shell nPs exhibit a response that indicates that the
addition of silica shells to dimethyl POPOP and pTP-doped PS-cores does not prevent or
reduce the absorption of energy of -particles emitted from 3H acetic acid within the 0 to
1.25 Ci activity range. It is possible however, that there are electrostatic interactions
between the silica shell surface and the 3H acetic acid that cause an enhancement in
scintillation efficiency for scintillant-doped PS-core silica-shell nPs over scintillantdoped PS core nPs without silica shells. This is supported by the enhancement in
scintillation efficiency observed for PS-core silica-shell nPs made with TEOS only,
which is approximately twice that of PS-core silica-shell nPs made with TEOS and
APTES. However, it was expected that the efficiency of PS-core silica-shell nPs made
with TEOS and APTES would be greater than the efficiency of PS-core silica-shell nPs
made with TEOS only due to the positive nature of the TEOS and APTES silica shells.
Futher experiments are required in order to fully understand the interactions between the
silica surfaces and analyte.
A model SPA was performed using streptavidin-conjugated scintillant-doped PScore silica-shell nPs and biotin-conjugated 3H glutamic acid. Initial results do not show
an enhancement in signal for specific binding of biotin-conjugated 3H glutamic acid over
non-proximity effects. This may be due to an absence of binding, or a prevalence of nonspecific adsorption of 3H glutamic acid to streptavidin-conjugated SPA nPs. Furthermore,
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the number of available binding sites on the number of nPs used per sample is 3 to 4
orders of magnitude greater than the maximum number of 3H glutamic acid molecules
used in the experiment. Further experiments in which 3H glutamic acid activity is
increased or nP concentration is decreased may reduce non-proximity effects and
increase the contribution of specific binding to the overall observed signal.

5.2 Future Directions
5.2.1 Characterization of PAnP NO sensors, Hybrid nPs, and PS-core
Silica-shell nPs
Further characterization is required before any of the nP sensors and markers
discussed here (PAnP NO sensors, PA/silica hybrid nPs, and PS-core silica-shell nPs) can
be utilized to their maximum potential. This may include more involved explorations of
the fate of the nPs, as well as detailed studies of the cellular processes that may be
affecting the function (i.e., nP binding or changes in the fluorescence of entrapped dyes)
of the nPs after they have been introduced into biological/cell samples. Physical
properties of the hybrid and core-shell nPs could also be thoroughly investigated so that
the formation and nature of the nPs can be fully understood, which could allow for better
control over silica to polymer composition ratios and finer tunability of nP
characteristics.
In the case of the PAnP NO sensors, an intracellular response from endocytosed
sensors has not been detected at this point, although the sensors respond reproducibly to
NO released from an NO donor in buffer at pH 7.4. The reasons for this are unclear;
however, interference with the formation of the DAF-2 triazole product or quenching of
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the fluorescence due to the presence of other molecules within the cell are two possible
explanations. Fluorescence assays of NO using DAF-2 are susceptible to interference
from 2-mercaptoethanol and dithiothreitol, and perhaps more significantly, glutathione
and catecholamines which attenuate DAF-2 triazole fluorescence.187 Dehydroascorbic
acid and ascorbic acid also decrease triazole DAF-2 formation by reacting with DAF-2 to
form alternative fluorescent products, the structures of which have been partially
determined by ESI-MS and MS-MS.188 In addition, millimolar concentrations of Ca2+ and
Mg2+ have been found to increase the fluorescence of triazole DAF-2 by several fold.189
It is also possible that even under conditions (L-arginine-free medium, presence of
inhibitors such as N-nitro-L-arginine methyl ester, absence of doxycycline and LPS) in
which the cells could produce only very low levels of NO, enough NO to saturate the
sensors was produced during the incubation period. More detailed experiments in which
the production of NO is quantified by another means must be performed before
conclusions regarding the utility of these sensors as intracellular imaging probes can be
reached.
An investigation into the hybrid nature of the PA/silica hybrid nPs would be
useful for understanding how the nPs form during the two-emulsion process, how the
synthesis affects the nP surfaces, and accordingly, the interactions that occur between the
nPs and other surfaces during binding experiments. Estimating the amount of silica that is
incorporated into the PAnPs via thermogravimetric analysis or CsCl density experiments
similar to the experiment described in Chapter 3 may provide valuable information on the
polymer to silica ratio for these hybrid nPs. With this information, the polymer to silica
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ratio could be tuned to provide more or fewer silica (and therefore, functionalizable)
groups on the nP surfaces, which may aid in the development of a more effective labeling
scheme for using PA/silica hybrid nPs as fluorescent markers for cells.
A similar investigation could be carried out for the PS-core silica-shell nPs in
order to more closely examine the relationship between synthesis conditions (amount of
initiator used, concentrations of monomers and silica precursors, etc.) and the thickness
and morphology of silica shells. Shell thickness could then be correlated to scintillation
efficiency, as thinner shells may increase the probability that -particles emitted from a
radiolabeled analyte attached to the nP surface would be absorbed by the PS. In addition,
varied concentrations and ratios of dimethyl POPOP and pTP could be entrapped in order
to find the concentrations at which energy transfer and photon emission are most
efficient.
It is imperative to determine if the scintillant-doped PS-core silica-shell nPs can
be applied to SPA. Initial experiments investigating the proximity effects of radiolabeled
molecules may not have much utility for real samples and may be as simple as wellstudied coupling reactions (e.g., carbodiimide coupling of carboxylate and amine groups).
However, once an enhancement in scintillation efficiency by attachment of radiolabeled
molecules is achieved, more complex binding schemes should be explored. Antibodies,
aptamers, or single-stranded DNA could be attached to the scintillant-doped PS-core
silica-shell nP surfaces to make more practical SPA probes.
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5.2.2 Future Experiments
5.2.2.1 Detection of Local NO and PAnP NO Sensors for Direct NO Detection
Once the use of polyacrylamide DAF-2 NO sensors has been demonstrated for
living cells, many other possibilities for the detection and measurement of intracellular
NO could be explored. Surface functionalization by covalent attachment of specific
biomolecules or address motifs may yield sensors that can be used to detect local NO in
subcellular regions. For example, NO is known to damage DNA, yet as NO is prevalent
in many types of cells it is important to ascertain when and where the interaction between
DNA and NO occurs, especially once protective protein-kinase catalytic subunit
concentrations increase in response to the presence of NO.190 Cationic NO sensors
(charged due to the incorporation of cationic monomers during nP synthesis) could be
used to target the nucleus and measure local NO concentration. In addition, surface
functionalization may allow specific types of cells to be targeted in mixed tissue samples,
reducing the need for sample purification prior to analysis. Peptide motifs unique to
cancer cell types have been identified and could be exploited as a means of attaching
sensors to cancer cells, where NO activity is particularly relevant.
Dual-analyte sensors could also be developed for NO and its cofactors to examine
the dependence of NO production on the concentrations of one or more cofactors. An
independent detection scheme for the cofactor(s) would be necessary to prevent
interference between the DAF-2 detection of NO and the detection of cofactor(s). This
requires not only chemical, but also spectral, independence. Furthermore, the size of the
second analyte is limited by the porosity of the polymer; larger pores will allow diffusion
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of larger analytes e.g., proteins, but may cause DAF-2 to leach from the sensor.
Attachment of DAF-2 to dextrans or other large molecules could allow for pore size to be
increased without leaching, or an indirect method of detection (using a small reporter
molecule) could be used for the larger analytes.
Metal complexes (ruthenium, copper, cobalt, iron, and rhodium) with bound
fluorophores have been investigated for their ability to detect, and in some cases react
with, NO itself rather than a product of NO autoxidation as do many fluorescent NO
indicators. However, most of these metal-fluorophore complexes are insoluble in aqueous
solution and may lead to metal toxicity.163-165 A Cu(II)-fluorescein complex synthesized
by Lim and coworkers, in which the fluorophore is not directly coordinated to the metal,
shows promise. In this case, 8-aminoquinoline was attached to fluorescein to produce a
chelating complex which was used to bind Cu(II) (Scheme 5.1). When the metal complex
is exposed to NO, Cu(II) is reduced to Cu(I), which then dissociates from the fluoresceinNO molecule.163 This complex has not been tested for cytotoxicity yet, although a
negative impact on cell viability from intracellular release of Cu(I) is expected.
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Scheme 5.1: Reaction of the Cu(II) fluorescein complex with NO to yield a fluorescent
product. The copper center dissociates from the fluorescein-NO after Cu(II) reduction.
Adapted from Lim et al.163

As the direct detection would yield more accurate measurements of NO
production, it would be advantageous to employ metal-fluorophore complexes such as the
Cu(II)-fluorescein complex described above for intracellular NO detection. Cytotoxic
effects could be alleviated by entrapping the Cu(II)-fluorescein complex in PAnPs. Like
the PAnP NO sensors described in Chapter 2, the complex could be co-entrapped with a
reference dye for ratiometric measurements. However, the dissociation of Cu(I) from the
Cu(II)-fluorescein complex upon binding with NO may continue to be problematic even
for PA entrapped complex, as the polymer matrix is likely too porous to retain Cu(I). To
minimize Cu(I) release, chelator-conjugated dextrans262 could be co-entrapped with the
Cu(II)-fluorescein complex. Furthermore, the Cu(II)-fluorescein complex suffers little
interference from H2O2, ONOO-, or HNO, species that can form fluorescent products
with DAF-2.163
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5.2.2.2 Multiplexed Detection and Analyte Capture Using PA/Silica Hybrid nPs
Because the surface is easily functionalized, PA/silica hybrid nPs could be applied
to label a wide range of targets in biological/cellular samples. Populations of PA/silica
hybrid nPs, where each population entraps a fluorophore with a different emission
wavelength and is functionalized to bind a different target, could be combined for
simultaneous labeling of related targets, such as membrane proteins that co-localize or
redistribute on the cell surface in response to a stimulus. In contrast, the intense
fluorescence of single PA/silica hybrid nPs could be used for monitoring individual
targets, for example, ion channels in a biomimetic membrane.
PA/silica hybrid nPs could potentially be used to capture analytes through their
surface-attached receptors. The captured ligands, provided that they do not undergo an
irreversible change during binding to the nP-immobilized receptors, could be recovered
from cell lysate by taking advantage of the density and fluorescent properties of the nPs
to which they are bound. Once control over the chemistry and binding characteristics of
PA/silica hybrid nPs is more complete, the biological applications in which they could be
useful are numerous.

5.2.2.3 SPA Applications and Improved nP Geometry
Once the principles of scintillation efficiency and binding have been established
for scintillant-doped PS-core silica-shell nPs, they could not only be applied for SPA in
bulk samples, but also as SPA probes within cells in order to monitor the production of
radiolabeled biomolecules, e.g., proteins. Since liquid scintillation counting is a nondestructive measurement of emitted photons, the emission from cells (mammalian or
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bacterial) could be measured while suspended in medium, and harvested when the
emission signal reaches a maximum. Some of the radiolabeled product may be lost due to
binding to the nPs, although this could possibly be minimized by introducing SPA probes
into a small subpopulation of the culture.
The spherical shape of most nPs is not a limitation for fluorescence-based sensor
platforms. However, because SPA is dependent on the distance between the scintillator
particle and the radiolabeled analyte, the scintillation efficiency is partly reduced by the
area (at mostonly one half of the sphere) that is within reach of emitted -particles
(Figure 5.1). As probability of emission is isotropic, scintillation efficiency would be
improved if the -particle was emitted from within the sphere rather than from outside it.
To allow unrestricted access of radiolabeled analyte to the interior sphere volume,
concave architectures could be used.
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Figure 5.1: The probability of interaction and energy absorption is less when -particles
are emitted from analyte (A) outside than (B) inside a spherical SPA nP. The shaded
regions show the surface area available for absorption of energy from -particles, while
the red arrows illustrate the isotropic nature of -particle emission. A diagram depicting
the cross section of a concave PS-core silica-shell nP is shown in (C).

Fabrication of concave scintillator nP architectures may be challenging as most
nP are synthesized in emulsions where droplets form to minimize contact with the
continuous phase in which it is immiscible. Constructing layered concave nPs where PS
is sandwiched between silica may prove an even greater challenge. However, it may be
possible to use Janus particles, particles with two distinct regions of materials (e.g., PS
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and PMMA) as templates for concave scintillator nPs. PS could be deposited on one half
of a Janus particle template (deposition on the other half would be prevented by
unfavorable surface interactions, e.g., similar surface charge), followed by dissolution of
the template particle in solvent to form the initial concave particle form. Concave PS
particles could then be coated with silica using a non-emulsion process that promotes
silica nucleation and growth at the PS surface. Alternatively, silica could be deposited on
one half of Janus particle templates by employing a Pickering emulsion where Janus
particles stabilize silica precursor droplets. The half of the Janus particles to be coated
with silica face inward towards the precursor droplet, while the other half of the Janus
particle is made of a material suitable for dispersion in the continuous phase, faces
outward from the droplet. Subsequent layers could be similarly added until the concave,
core-shell nP architecture is complete.
Significant research would be required to develop a process for fabricating
concave core-shell nPs, but the result may be more sensitive SPA. Further investigation
could yield concave SPA nPs that have binding site on the concave side, but not the
convex side of the nP. Although it would reduce the total surface area available for
binding, this would maximize the probability that every bound radiolabeled analyte
molecule would contribute to the overall signal.

5.3 Conclusions
nPs composed of metals, polymers, lipids, and silica have proven to be
indispensible as platforms for sensing and imaging in biological samples. Each material
has advantages and disadvantages that must be taken into account when developing a nP-
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based sensor or marker. The work discussed in this dissertation involves the investigation
of sensors and markers based on PA, as well as on PA/silica hybrid, and PS-core silicashell nPs. PA is inexpensive and can be used quickly and easily to construct a variety of
sensors and markers by the entrapment of hydrophilic fluorophores. nPs with more
complex architectures and properties are fabricated by combining materials, as for the
PA/silica hybrid, and PS-core silica-shell nPs. The characteristics and advantages of such
combinations have been explored here, although further investigation will give greater
understanding of hybrid and core-shell nP fabrication and application.
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APPENDIX A:
POLYACRYLAMIDE NANOPARTICLE-BASED FLUORIDE SENSOR

Introduction
Fluoride (F-) is added to drinking water, mouthwashes, toothpastes, and dietary
supplements at low (less than 50) micromolar concentrations to prevent dental decay, and
has been evaluated as a treatment for osteoporosis.263-265 However, dental and skeletal
fluorosis, the symptoms of which include mottled, pitted teeth, softened bones, and
ossified tissue, can result from overconsumption of F-. In addition, F- induces the
expression of stress proteins in HeLa and rat brain tumor cells, and may incite a similar
response in non-cancerous cells.266 F- can reach high micromolar concentrations in
groundwater in the United States, but contamination from fertilizers, coal-powered
plants, and semiconductor, ceramic, and glass manufacturing can artificially increase the
amount of F- in groundwater and potable water supplies.267-269 Detection and
measurement of F- is therefore essential for maintaining acceptable levels of F- in water
for both health and environmental reasons. This has stimulated the development of
sensitive, selective, and high-throughput techniques for monitoring F- in aqueous
solutions.270-280
Ion selective electrodes (ISEs) for F- have been developed using LaF3, NdF3, and
PrF3 crystal membranes, although F--sensitive ISEs measure F- activity rather than total
fluorine concentration.281 Complexing buffers (e.g., citrate buffers) can be used to release
metal-bound F- and improve the accuracy of total fluorine measurements.282 F- ISEs can
detect micromolar to molar concentrations of F-, and have been used to measure F- in
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wastewater, coal extracts, and urine, as well as to detect F- from group II salts.282-285
However, ISEs are costly and delicate, making them impractical for rough fieldwork.
The F--binding properties of fluorescent metal-ligand complexes have been
studied.270,271,277-279,286 Several detection schemes based on zirconium- ethylenediamineN, N, N’, N’-tetraacetic acid (Zr-EDTA) complexes have been developed.270,274,277,278
The schemes rely on release of chelating fluorophores such as calcein blue, 8hydroxyquinoline, or a hemicyanine-based molecule through ligand exchange with F-,
resulting in a change in fluorescence emission intensity. These methods can be used to
detect F- at sub-micromolar levels, and are selective for F- over many other anions,
although some metal ions such as Al3+ or Cu2+ can interfere with F- measurement. In
contrast, absorbance and luminescence of a 2,2’-bipyridine and 1,10-phenanthroline-5,6dione 2,4-dinitrophenylhydrazone ruthenium (II) complex exhibit F- concentrationdependent changes due to H-bond formation rather than ligand exchange at the metal
center.271
Metal-free molecular probes for the quantitation of F- have been synthesized.275
Since the absorbance of water-soluble N-(boronobenzyl)-6-aminoquinolinium bromide
(BAQBA) isomers changes at 315, 342, and 388 nm with increasing F- concentration,
BAQBA isomers can be used for ratiometric measurement of F-. In addition, there are
two fluorescence emission wavelength maxima that can be similarly applied for
ratiometric measurements. However, BAQBA isomers have a dynamic range of
approximately 1 to 200 mM, well above F- levels recommended by the United States
Public Health Service for drinking water (37-63 M).263

204

This appendix describes the fabrication and preliminary characterization of
polyacrylamide nanoparticle-based F- sensors. Sensors were made by entrapping the
chelating fluorophore 2’,7’-[[bis(carboxymethyl)amino]methyl]-fluorescein (calcein)
within polyacrylamide nanoparticles (nPs) and then forming a fluorescent Al3+-calcein
complex inside the polymer matrix. Upon F- binding, changes in fluorescence intensity
and emission maximum wavelength were observed. The sensors were used to measure Fat concentrations of 5 M to 2.5 mM in solution, and could be used as an inexpensive,
easily transported (as dry nPs or nanoparticle solutions) means of measuring F- in water
samples.

Experimental
Materials
Dioctyl sulfosuccinate sodium salt (AOT), Brij 30, NaHSO3, NaF, and calcein
(2’,7’-[[bis(carboxymethyl)amino]methyl]-fluorescein) were obtained from SigmaAldrich (St. Louis MO). Acrylamide and AlK(SO4)2 were purchased from Alfa Aesar
(Ward Hill MA). N-methylenebisacrylamide (BIS) was obtained from Bio-Rad (Hercules
CA).
Preparation of Polyacrylamide Nanoparticle F- Sensors
Polyacrylamide sensor nPs were fabricated by forming an inverse microemulsion
in hexanes using a procedure originally developed by Clark and coworkers.128,139 A
solution containing 3.8 M acrylamide and 0.19 M BIS, along with 0.2 mM calcein, and
14 M Texas Red dextran (10,000 MW) was prepared in 100 mM phosphate buffer (pH
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7.4). The emulsion was formed by dispersing 2 mL of monomer/dye solution in 42 mL of
degassed hexanes containing 0.8 g AOT and 1.63 mL Brij 30, which was then stirred
briskly for several minutes under a gentle stream of argon to ensure thorough mixing.
Polymerization was initiated with 50 L of 0.96 M NaHSO3 in water. Stirring of the
emulsion was continued for 2 hours under argon, after which the nPs were precipitated
and rinsed with ethanol at least six times by centrifuging the nPs and decanting the
ethanol in order to remove residual monomers and surfactants. The nPs were then dried
under vacuum and stored at –20 °C until use. The diameters (ca. 30 nm) of nPs were
determined by dynamic light scattering (Brookhaven Instruments, BI-200 with a BI-DS
detector and BI-800AT autocorrelator software, non-negatively constrained least squares,
multiple pass calculation).
Sensor Response to Al3+ and FTo study the response of the sensors to Al3+, an essential component of the Fdetection scheme, sensors were suspended at a concentration of 10 mg/mL in 20 mM pH
2.5 citrate buffer which also contained 0, 0.01, 0.05, 0.10, 0.25, 0.50, 0.75, 1.0, 1.5, or 2.5
mM AlK(SO4)2. Samples were heated in a 65 °C water bath for 12 minutes and allowed
to cool to room temperature. Samples were then diluted (25 L into 3 mL, 0.83 mg/mL
final sensor concentration) with water in disposable polymethylmethacrylate (PMMA)
cuvettes. Fluorescence spectra were obtained with a Spex Fluorolog fluorimeter,
consisting of a single excitation monochromator and a sample compartment followed by
a double emission monochromator and PMT. The sample was excited at both 470 nm and
570 nm, although not simultaneously. When the sample was excited at 470 nm, the
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fluorescence emission was scanned from 480 to 560 nm; when the sample was excited at
570 nm, the fluorescence emission was scanned from 580 to 630 nm.
Sensors treated with 0.5 mM Al3+ were rinsed many times with ethanol and dried
under vacuum. Al3+-treated sensors were then dispersed at 10 mg/mL in 20 mM pH 2.5
citrate buffer which also contained 0.005, 0.010, 0.050, 0.10, 0.25, 0.50, 0.75, 1.0, or 1.5,
mM NaF. After 15 minutes of reaction time, samples were diluted (25 L into 3 mL, 0.83
mg/mL final sensor concentration) with water in disposable polymethylmethacrylate
(PMMA) cuvettes. Fluorescence spectra obtained under the same conditions described
above.

Results and Discussion
Several F- detection schemes based on metal-ligand complexes have been
developed,270,274,277,278 including an Al3+-calcein complex used to measure the Fextracted from plant leaves.279 The structure of calcein is shown in Figure A1. Calcein
and similar compounds bind alkaline earth metal ions such as Ca2+ as well as transition
metal ions such as Ni2+, Cu2+, Co2+, Pb2+, Pd2+, Zn2+, Al3+, and many others, through two
chelating aminocarboxylate groups.286-289 However, the fluorescence of calcein and the
binding of calcein to metal ions is pH-dependent.286-288 Consequently, the Al3+-calcein
complex F- detection scheme must take place in solution at a pH where Al3+ can bind to
calcein, but not bind so strongly that it cannot be unbound to form complexes with F-.
This necessitates the use of acidic solutions for both the Al3+-calcein complexation and Fdetection steps.279 In addition, F- detection must occur at a pH where a fluorescence
intensity difference is observed between the Al3+-calcein complex and free calcein
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released after Al3+ binds to F-, an effect that is most prevalent from pH 2 to 3.279 For these
reasons, the experiments described here were performed at pH 2.5.
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Figure A1: Structure of calcein, which has pKa1 = 2.1, pKa2 = 2.9, pKa3 = 4.2, pKa4 = 5.5,
pKa5 = 10.8 and pKa6 = 11.7.290 pKa values 1-4 correspond to the four carboxyl groups,
while pKa values 5 and 6 correspond the alcohol groups.

The responses of calcein-doped polyacrylamide nanoparticle sensors to increasing
concentrations of Al3+, and of Al3+-calcein complex-doped sensors to increasing
concentrations of F-, were explored (Figure A2). Texas Red dextran was co-entrapped
with calcein in the nPs as a reference dye. Fluorescence spectra displayed in Figure A2A
show that the fluorescence intensity of calcein increased by 280% and the wavelength of
maximum intensity is blueshifted (due to the redistribution of electrons upon metal
binding)287 by 25 nm with increasing [Al3+]. The fluorescence intensity of Texas Red
decreased by approximately 30% from 0 to 50 M Al3+, but changed only 15% as the
[Al3+] was increased from 50 M to 2.5 mM. There may be some quenching of Texas
Red by Al3+, although the 30% decrease was not observed for all samples and is more
likely due to some other undetermined factor of the experiment. However, the data shown
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in Figure A2A indicate that an Al3+-calcein complex forms upon addition (with heat) of
Al3+ to calcein-doped polyacrylamide nPs, and that the fluorescence intensity of Texas
Red is relatively unaffected, after intial Al3+ addition, to increasing [Al3+].
The response of Al3+-calcein complex-doped F- sensors to increasing of [F-] is
illustrated in Figure A2B. As Al3+ is released from the Al3+-calcein complex to form
complexes with F-, the fluorescence intensity of calcein decreases by approximately 85%
and the wavelength of maximum intensity is redshifted by 20 nm. Because the sensors
used here were treated with only 0.5 mM Al3+ prior to exposure to F-, the range of
fluorescence intensities and the magnitude of the wavelength shift is less for the data
displayed in Figure A2A than for the data shown in Figure A2B. However, the
fluorescence intensity of Texas Red varies by only 15% when [F-] is increased from 0 to
1.5 mM, demonstrating that Al3+-calcein complex-doped F- sensors can be used for
ratiometric measurement of micromolar concentrations of F- in aqueous solutions.
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Figure A2: Fluorescence spectra of calcein and Texas Red-doped PAnPs with (A)
increasing concentrations of Al3+ and (B) with 0.5 mM Al3+ and increasing
concentrations of F-. The concentrations of Al3+ and F- are listed to the right of the
spectra in corresponding colors.
The dynamic range of the Al3+-calcein complex-doped F- sensors was studied by
treating the sensors with 0 to 3 mM F- (Figure A3). Below 15 M, the decrease in the
fluorescence intensity of calcein is only 0.7%, while the wavelength of maximum
emission does not change. At [F-] >15 M, the changes in wavelength become significant
as determined by the t-test, but only at [F-] >50 M does change in fluorescence intensity
become significant, suggesting that the Stokes’ shift may provide the more sensitive
method.
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Figure A3: Calibration curves for (A) fluorescence intensity of calcein and (B) change in
wavelength of maximum intensity as a function of F- concentration for Al3+-calcein
complex- doped sensors. These sensors were treated with 1 mM Al3+ rather than 0.5 mM
Al3+, as in the experiment described for Figure A2. The error bars represent the standard
deviations of four samples.
The equilibrium that governs the response of Al3+-calcein complex-doped Fsensors is intricate; not only must the formation of AlF2+ be considered (and possibly
AlF2+, AlF3, AlF41-, AlF52-, and AlF63- as well), but also the dissociation of the Al3+calcein complex, formation of HF, and formation of fully protonated calcein (Figure A4).
The fluorescence intensity of the sensor solution is dependent of the amount of calcein
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bound to Al3+. Fluorescence intensity is therefore at and maximum when all, or close to
all, of the Al3+ is bound to calcein, and is at minimum when all of the Al3+ has been
removed from the calcein complex. Since the formation of Al3+-calcein and AlF2- (and
other aluminum fluorides) is controlled by the formation constants for those complexes,
the upper and lower detection limits for F- are not dependent on the number of sensors
present. For example, increasing the number of sensors will increase the fluorescence
intensity range (the slope of an intensity versus log[F-] curve) from maximum
([calcein]<<[Al-calcein]) to minimum ([calcein]>>[Al-calcein]), but will not change the
concentration range at which F- can be measured. A similar explanation can be applied to
the change in wavelength that occurs when F- is added to Al3+-calcein complex-doped
sensors. When [calcein]<<[Al-calcein], peak emission occurs at ca. 495 nm. When
[calcein]>>[Al-calcein], peak emission occurs at ca. 518 nm. When [calcein] and [Alcalcein] are between the two extremes, the observed emission peak is a combination of
emission at 495 nm and at 518 nm, appearing as a single, broad peak at a shifted
wavelength. The regions in which the response of the Al3+-calcein complex-doped Fsensors is linear (Figure A5) indicate that the sensors can be used to measure F- in
solution from ca. 15 M to 3 mM by monitoring the shift in wavelength, or from ca. 50
M to 3 mM by monitoring the change in fluorescence intensity ratio.
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[calcein] + [H+]
+
[Al3+]

Ka = 7.9 x 10-3

[Al3+-calcein] + [F-]
+
Strong emission
[H+]

[H-calcein]

[calcein] + [AlF2-]
Weak emission

Ka = 6.8 x 10-4

[HF]
Figure A4: Equations illustrating the equilibrium that controls the response of Al3+calcein complex-doped F- sensors to F-. Al3+ complexes with more than one F- (AlF21+,
AlF3, AlF41-, AlF52-, and AlF63-) are omitted for clarity. Formation constants of Al3+
complexes are listed in Table 1. The term H-calcein denotes fully protonated calcein.
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Figure A5: Plots showing the linear regions of the calibration curves for (A) fluorescence
intensity of calcein and (B) change in wavelength of maximum intensity as a function of
F- concentration for Al3+-calcein complex-doped sensors. The error bars represent the
standard deviations of three samples.
Although it appears that the dynamic range of the Al3+-calcein complex-doped Fsensors is controlled by the formation constants of Al3+-calcein and AlF2- complexes
(Table 1), the actual limiting factor may be time. All measurements used to construct the
plots shown in the figures in this appendix were made under similar conditions, including
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the amount of time in which F- was allowed to react with the Al3+-calcein complex-doped
F- sensors. It is possible that sub-micromolar [F-] could be measured using these sensors
if the reaction time were increased. In fact, it has been observed (but not yet studied) that
the fluorescence intensity of sensors continues decreasing, even after an hour of reaction
time, in the presence of F-. Conclusions drawn on the behavior of the sensors over time
must be treated with caution however, as the dissociation of the Al3+-calcein complex due
to F- must be differentiated from dissociation of the complex that may occur slowly, over
time, in the absence of F-. With further study, Al3+-calcein complex-doped F- sensors may
prove to be a useful tool for the measurement of aqueous [F-].
Table A1: Formation constants of AlFxy complexes.276 References discussing the
formation constants for Al3+-calcein have not been found at this time.
Complex
AlF2+
AlF2+
AlF3
AlF4AlF52AlF63-

Formation Constant (M-1) at 25°C
1.35 × 106
1.41 × 1011
1.00 × 1015
5.50 × 1017
2.34 × 1019
6.92 × 1019

Conclusions
Ratiometric Al3+-calcein complex-doped F- sensors were fabricated by entrapping
calcein, a fluorophore with chelating aminocarboxylate groups, and Texas Red dextran, a
F- insensitive reference dye, within polyacrylamide nPs. The Al3+-calcein complex-doped
F- sensors respond reproducibly to F- in the range of ca. 15 M to 3 mM by monitoring
the shift in wavelength, or from ca. 50 M to 3 mM by monitoring the change in
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fluorescence intensity ratio. However, because the sensors depend upon the extraction of
Al3+ from the Al3+-calcein complex, the response is not reversible and requires that the
pH of the sample be between 2 and 3. Additional studies regarding the response time,
interference from other ions and metals, and application to real-life samples would be
useful for thoroughly understanding sensor function and response. Although further
characterization of the sensors is necessary, preliminary data indicate that Al 3+-calcein
complex-doped F- sensors may be an inexpensive, portable, and easy means of measuring
F-.
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