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ABSTRACT
Supramolecular materials are complex chemical structures held together by
noncovalent interactions such as electrostatic, hydrogen bonding, van der Waals, and
donor-acceptor type interactions. Both individual molecules such as dendrimers and
molecular assemblies such as lipid bilayers are categorized under supramolecular
materials. Analytical applications of supramolecular materials are increasing and being
explored due to their fascinating characteristics. In the work reported in this dissertation,
use of supramolecular materials to eliminate/minimize some shortcomings in sol-gel
based optical chemical sensor materials (dye leaching, low sensitivity) and in fluor doped
silica nanoparticle based biolabels (nonspecific adsorption of/to proteins) were explored.
In part one, the ability of PAMAM dendrimers to act as anchors for dye molecules was
investigated. Binding the dye molecules to PAMAM quantitatively eliminated the
leaching of the dye from sol-gel matrices in aqueous solutions. It was shown that this
retention of dye is due to the physical entrapment of the PAMAM bound dye molecules.
Taking advantage of the available primary amine groups, dye (Nile red) modified
PAMAM molecules were further modified with alkyl chains. The alkylated, Nile red
modified PAMAM was used with 2,4-dinitrotoluene (analyte) in aqueous media to show
that alkyl chains can preconcentrate the analyte in the vicinity of the dye molecules. It
was shown that C8 chains provided the better preconcentration out of the three chain
lengths (C4, C8, and C18) tested. The fluorescence signal of the C8 modified PAMAMNile red was quenched with the addition of 2,4-dinitrotoluene. The non-alkylated version
showed no quenching of signal.
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In part two of this dissertation, a poly(lipid) coated fluor doped silica particles
were used as labels for cellular receptors. Using a model system consisting of streptavidin
attached to HeLa cell surfaces, it was shown that poly(lipid) layers on silica particles can
carry biotinylated lipids and can bind to streptavidin on HeLa cell surfaces. Most
importantly the ploy(lipid) coated particles showed about 70% reduction in the
nonspecific adsorption of the protein bovine serum albumin compared to bare particles. It
was also shown that polymerized lipid layers could withstand much harsher conditions.
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CHAPTER 1: INTRODUCTION TO PART I - MODIFIED-PAMAM/SOL-GEL
COMPOSITE MATERIALS AS NOVEL OPTICAL CHEMICAL SENSOR
MATERIALS
1.1 GENERAL PERSPECTIVE AND INTRODUCTION TO ANALYTICAL
APPLICATIONS OF SUPRAMOLECULAR MATERIALS
Supramolecular materials are chemical structures of higher complexity that are
held together and organized by means of noncovalent intermolecular interactions. The
highly interdisciplinary field that studies the chemical, physical, and biological features
of these structures is called supramolecular chemistry [1]. This broad definition covers a
multitude of fields such as organic chemistry and synthetic methods for receptor
constructions, coordination chemistry and metal ion-ligand complexes, physical
chemistry

and

theoretical

studies

of

interactions,

and

the

biochemistry

of

biomacromolecular structures. Generally, these materials are held together by
electrostatic interactions, hydrogen bonding, van der Waals, and donor-acceptor type
interactions. In addition to oligomolecular supermolecules (well defined species resulting
from the specific intermolecular association of few components), supramolecular
chemistry also includes poly-molecular assemblies formed by the spontaneous
association of a large number of components into a specific phase [1]. Supramolecular
chemistry is intrinsically a dynamic chemistry.
Examples of molecules that form supramolecular systems include natural and
synthetic macrocyclic chelating ligands, crown ethers, porphyrines, molecules those form
self assembled monolayers, biological ligands and receptors, and self organizing lipids.
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Large covalent assemblies formed from defined building blocks such as dendrimers are
also included.
The fascinating characteristics of these materials have lead to the development of
materials targeted for applications such as molecular recognition, molecular catalysis, and
transport [2]. Based on these materials, functional devices such as photoactive,
electroactive and/or ionoactive components are also suggested [1]. Chemical and
biochemical sensors with specific receptors for cationic, anionic, and neutral species are
also a common application [2].
The motivation for the work described in this dissertation is mainly based on
using commercially available supramolecular materials/systems to explore possible
improvements in the performance of chemical and biochemical sensor materials. This
was achieved by using existing sensor materials as model systems and introducing
supramolecular materials to those systems to eliminate or minimize the problems.
Chapter 2 discusses the use of generation 4 PAMAM dendrimers in the elimination of
dye leaching from sol-gel matrices. Chapter 3 discusses the use of PAMAM
dendrimer/sol-gel composite materials with further modifications to pre-concentrate an
analyte, thus leading to an increased sensor response. The use of dye doped silica
nanoparticles, coated with polymerized lipid bilayers, as specific labels for receptors in
biological materials is explored in Chapter 5. The bilayers were used as the carrier for the
labeling ligands and as the barrier to prevent nonspecific adsorption of silica particles to
proteins on biological surfaces. The appendix discusses the preliminary studies of using
porphyrazines with sol-gel matrices to develop metal ion sensor materials and the
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development of silver nanoparticles on silica nanoparticles. All these systems were used
as proof of concept rather than geared towards synthesizing new sensor materials. In the
following sections, some of the background information for the Chapters 2 and 3 are
discussed. The introduction to the materials discussed in Chapter 5 appears in Chapter 4.

1.2 DENDRIMERS
Dendrimers are a relatively new class of macromolecules that have very highly
branched and monodispersed structures. Structurally, dendrimers are inherently globular,
starting with a core moiety surrounded by branching units and ending with closely
packed peripheral (surface) groups. Each added layer of branching is called a generation
(Figure 1.1) and the globularity is achieved around the fourth generation due to steric
effects [3]. Due to the branching and closed packing of the surface groups, there are
internal voids and channels created in the dendrimer structures (Figure 1.2).
The first synthesis attempts of dendrimers started during a time-period where
host-guest and supramolecular chemistry were in the upswing. The Vogtle group
attempted the first synthesis of a dendrimer using a “cascade” method [4, 5]. There were
problems with this method as the generation number increases, the strong metal chelating
ability of the dendritic structures removed Co (III) ions used in one of the steps from the
reaction mixture thus leading to very low yields. Later, Denkewalter employed the
peptide chemistry procedure to produce monodispersed, non-draining spheres [6]. The
most important study leading to the current popularity of dendrimers was lead by
Tomalia. They devised a synthetic route where “stepwise polymerization” lead to highly
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branched polymers with extremely low polydispersities [3, 7-10]. This method has
produced dendrimers up to about 10 generations. Tomalia’s dendrimer series is called
PAMAM (polyamidoamine), aka “Starburst Dendrimers” are the ones used in the
experiments in this dissertation (Figure 1.3).

Figure 1.1. A pictorial definition of the terms core, branching unit, surface unit and
generation as used in the theoretical treatment of dendritic structures (Reprinted
with permission from reference [5]. Copyright 1998, Elsevier.).
Currently, the synthesis of dendrimers employs a variety of growth mechanisms
but the two main methods are divergent and convergent synthesis. Divergent synthesis
refers to synthesis starting from a core molecule and growing outwards (Figure 1.4).
Conversely, convergent synthesis refers to the synthesis of branches first (dendrons) and
merging them to a core molecule at the same time (resembling merging inwards, Figure
1.5). The individual dendrons can be purified before attaching; thus convergent synthesis
leads to higher monodispersity.
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Figure 1.2. A fifth generation dendritic structure demonstrating the morphological
and structural aspects that make them unique (Reprinted with permission from
reference [5]. Copyright 1998, Elsevier.).

Figure 1.3. Structure of PAMAM dendrimer (Reprinted with permission from
reference [11]. Copyright 2005 American Physical Society.).
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Figure 1.4. Schematic representation of the divergent synthetic approach (Reprinted
with permission from reference [5]. Copyright 1998, Elsevier.).

Figure 1.5. Schematic representation of the convergent synthetic approach
(Reprinted with permission from reference [5]. Copyright 1998, Elsevier.).
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The inherently globular nature of dendrimers leads to some unique properties. For
example, the intrinsic viscosity of dendrimers begins to decline as higher generations are
added, which is different from linear polymers. Dendrimers contain internal voids, which
can act as host cavities for smaller molecules. In the higher generations, the periphery
contains a tightly packed layer of active groups. If necessary, these groups can be further
modified. The synthetic methods are developed enough to design dendrimer molecules
for specific applications.
The above properties have lead to numerous applications of dendrimers such as
light harvesting where peripheral molecules act as white light gathering antennae to
funnel energy into a chromophore in the dendrimer's core [12, 13]. Using the ability of
cyclodextrin to solubilise hydrophobic drug molecules, cyclodextrin containing dendritic
structures have been used to demonstrate the drug delivery applications [14, 15]. In other
diagnostic medical applications, the capability of dendrimers to chelate metal ions has
been used in magnetic resonance imaging. Dendrimers can anchor many Gd ions and the
higher molecular weight allows the retention of the ions longer in the blood vessels
compared to small molecule chelating agents [14, 15]. Attaching catalytic groups to the
periphery of dendrimers has produced excellent catalysts due to their homogeneity and
they can be easily removed from the synthetic mixture using nanofiltration [16].
Dendrimers have also been used as crystallization promoters using the metal ion binding
ability of the surface groups [17].
The branching and spaces created by the branches have also been utilized in
applications. As mentioned earlier the cavities are used as hosts for variety of
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compounds. This is a useful property to solubilized molecules for drug delivery. Meijer et
al. created a “dendritic box”, where guest molecules can be trapped in the cavities by
constructing a shell around the periphery. Subsequent removal of the shell releases the
guest molecules [18, 19]. As stated earlier another application related to branches is the
energy funneling in light harvesting molecules [20, 21].

1.3 DENDRIMERS IN ANALYTICAL APPLICATIONS
In addition to the above-mentioned applications, dendrimers have been used in
some analytical applications. One obvious application is their use in micellar
electrokinetic chromatography (MEK) instead of surfactant micelles [22, 23]. They have
been suggested for large-scale biomolecule separations using ion exchange displacement
chromatography [24]. Highly effective immunoassays using dendrimers with covalently
attached antibodies have also been reported [25, 26].
Chapters 2 and 3 discuss the potential use of dendrimers in chemical sensors.
There have been previous reports of use of dendrimers in chemical sensing applications.
Heil et al. have reported a gas phase sensor for carbonyl compounds using the host-guest
property of dendrimers. The quartz crystal microbalance has been the method of
detection in this case [27]. Ghosh et al. have showed the potential pH sensing ability of a
PAMAM dendrimer with a naphthalene core unit using fluorescence as the detection
technique [28]. A cobalt ion sensor using dansyl groups on a dendrimer and a saccharide
molecule sensor using boronic groups on a dendrimer have also been reported [15]. The
following section discusses the basic makeup of a chemical sensor.
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1.4 INTRODUCTION TO CHEMICAL SENSORS
A chemical sensor is a device use to measure a specific response from the
presence/absence of a given chemical species. The measurement of the response (signal)
is achieved by any of a variety of methods such as spectroscopy, electrochemistry,
changes in physical properties, etc. The most striking property of a sensor is that it goes
through all the steps of a chemical analysis within the device itself thus the analyte is
selected from a complex matrix, detected, and quantified, preferably within a very short
time. Some of the desired properties of a sensor are as follows. However, perfecting all
these at the same time is challenging and sometimes impossible.
1) Highly selective – should be able to select the analyte from a complex matrix (e.g.
sugar from blood, certain organics from soil extracts)
2) Highly specific towards the selected analyte – less interferences from chemically
similar compounds leads to better detection
3) Accurate – this is important in the quantification of analyte concentrations (e.g. level
of oxygen in a body of water is a critical measure)
4) High precision – reproducible results
5) Quick response – especially in the case of in situ sensors
6) Re-usability
7) Ease of use
8) Low cost of production
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Figure 1.6. A basic makeup of a chemical sensor for an analyte dissolved in a
solvent.
A basic makeup of a chemical sensor is shown in Figure 1.6. According to the
figure, the analyte molecules are dissolved in a solution in this case. The indicator
molecules are immobilized in an inert matrix and create a signal upon reacting with the
analyte. Generally the sensing layer (in this case both matrix and the indicator molecules)
is mounted on a substrate. This substrate is some times used in the transduction of the
signal to the detection element. The chemical signal is finally converted into an electronic
signal and read using electronics. The sensing layer matrix should be chemically inert for
a variety of reasons. First, the embedded indicator molecules should be stable in the
matrix. Second, the matrix should be stable in the environment that the sensor is intended
to be used. The matrix should also be chemically inert towards the analyte molecules. I.e.
should not interact with analyte nonspecifically. The matrix should contain voids to retain
the indicator molecules and those voids should be open to the outer environment to allow
indifussion of the analytes. In the case of a biological sensor, the matrix should be made
of non-toxic materials. The matrix should also be compatible with the deposition on the
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substrate. In some cases, indicator molecules can be immobilized directly on the
substrate; in this case the sensor does not necessarily require a matrix. Some
immobilization techniques are briefly mentioned in Section 1.6.1.
The above description of a sensor can be elaborated using the pH sensor
developed by Lee et al. [29]. In this case, a glass slide was coated with a thin sol-gel layer
containing bromophenol blue. Using attenuated total reflection spectroscopy (ATR), the
absorbance of the 458 nm laser beam was used to probe the pH of the buffer solution in
contact with the sol-gel layer. In this case, the sol-gel layer is the matrix bearing the
indicator molecules (bromophenol blue). The glass slide acts as the substrate as well as
the signal transduction element. Figure 1.7 provides the schematic of this sensor.

Figure 1.7. The schematic of the pH sensor developed by Lee et al. (Reprinted with
permission from reference [29]. Copyright 1994, Elsevier.).
In the next two sections, the sol-gel materials preparations and the properties of
the sol-gel as a matrix for chemical sensors are discussed in detail.
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1.5 SOL-GEL MATERIALS & APPLICATIONS
The sol-gel process is a method to produce ceramic materials via hydrolysis and
polycondensation of metallic/nonmetallic alkoxides. Sol-gel materials provide a
convenient way to incorporate heat sensitive molecules such as organic molecules and
proteins into porous ceramic materials [30]. In the 1930s, the discovery of the tendency
of organosilicon compounds to form siloxane polymers containing organic side groups
(silicones) created increased interest in silicon based sol-gel material research [31]. In
addition, these silica-based sol-gels provided several advantages over the other polymeric
materials. Silica matrices are physically rigid and have high abrasion resistance. They
also show negligible swelling both in organic and aqueous solvents. They also provide a
chemically inert matrix with high resistance to biodegradation, photochemical
degradation, and thermal degradation. Silica sol-gel materials are highly transparent and
have low intrinsic fluorescence [30].
Silica based sol-gel materials are referred to as room temperature glass due to the
mild synthesis conditions. Their structure is similar to the structure of glass, consisting of
a silica-oxygen bond network. The incomplete reaction of silanols leads to the pores in
the structure and allows guest molecules to be entrapped. The ability of the porous silica
network to retain molecules and the ability of those molecules to retain their chemical
and physical properties has lead to the development of functional materials based on solgels. Most of these functional materials mimic solution and/or gas phase chemistries
within the pores of sol-gels.
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The synthesis of sol-gel silica can be described in two main reactions: hydrolysis
and poly(condensation). The poly(condensation) reaction proceeds either via alcohol
condensation or water condensation. These three reactions are shown below in Scheme
1.1 [31].

Scheme 1.1. Sol-gel reaction.
Generally, alkoxy silanes are water immiscible. A co-solvent such as ethanol is
added to enable the mixing during the hydrolysis reaction. However, this is not a
requirement as alcohol molecules are produced during the hydrolysis reaction. Thus in
the case of tetramethylorthosilicate (TMOS), the initial immiscible phases merge within
few minutes [32]. Even though there are two distinct chemical reactions, the
condensation reaction starts before the completion of the hydrolysis reaction leading to
colloidal sols.
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Silicon alkoxides have a very low reactivity compared to other metal alkoxides
[31]. Therefore, the hydrolysis step is either acid or base catalyzed. The rate of the
hydrolysis reaction strongly depends on the pH of the water added. Figure 1.8 shows the
rate of hydrolysis of γ-glycidoxypopyltrialkoxysilane in aqueous solution at different pH.
It clearly shows that the rate of hydrolysis is the lowest around neutral pH and increases
rapidly as the pH of the solution either lowered or increased, depending on the catalyst.
Both hydrolysis and condensations reactions proceed via bimolecular nucleophilic
substitution reactions at the Si center [33]. Under acidic conditions, the alkoxide group is
protonated and then leaves upon neucleophilic attack by a water molecule. Under basic
conditions, a hydroxyl group attacks the Si center before an alkoxide anion is displaced.
The rate of hydrolysis depends on the size of the leaving alkoxide group due to steric
effects. Bulkier leaving groups retard the rate of hydrolysis. The hydrolysis rate is also
dependant on the alkyl substituents on the Si center. One or more alkoxide groups can be
substituted with alkyl groups (called organically modified silanes) and the large group of
materials resulting from these precursors is called Organically Modified Silicates
(ORMOSILs – some examples of ORMOSILs are discussed in Chapter 2). Due to
formation of charged intermediates in the reaction mechanism, these substituted groups
affect the stability of the intermediate and thus affect the rate of reaction. For example, a
substituted alkyl group stabilizes the positively charged intermediate (formed during the
acid catalysis) due to inductive effects, whereas the negatively charged intermediate (base
catalyzed) will be destabilized. Stabilization of the intermediate leads to a reduced
activation barrier and thus a higher rate of hydrolysis [33].
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Figure 1.8. pH, rate profile for the hydrolysis of γ-glycidoxypopyltrialkoxysilane in
aqueous solution (Reprinted with permission from reference [31]. Copyright 1990,
Elsevier).
The condensation reaction is also affected by the reaction pH. Under acidic
conditions, reactions between monomers or at the end of the polymer are promoted,
leading to linear longer chains. Gels are predominantly made of entangled linear
polymers and drying leads to much denser material with low porosity. Conversely, under
basic conditions the reaction proceeds at highly branched oligomers resulting in
particulate gels with high porosity.
Physical properties of the final sol-gel material depend on the processing
conditions such as water/silane ratio (r-ratio), concentration of the catalyst and
substituents on the silica center. Rottman et al. [34] state that an r-ratio << 4 promotes the
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alcohol condensation reaction and an r-ratio >> 4 promotes hydrolysis and the water
condensation reaction. These two situations also lead to different characteristics of the
silica surface after the gel is dried. In addition, a low r-ratio leads to much denser
materials.
The progress of the two reactions forms a sol (colloidal suspension of oligomers
in the solvent) initially, followed by a gel phase. Gel is formed by the agglomeration of
the polymeric silica formed by the condensation reaction. Gellation is aided by solvent
evaporation and water consumption by the alkoxy silanes during the hydrolysis reaction.
In the initial stages, the repulsion between the deprotonated silane groups stabilizes the
sol but the increasing concentration of the oligomers leads to destabilization and
gellation.
After the sol-gel material is formed, it is generally aged before using. Aging
conditions affect the final properties of the sol-gel materials especially the pore structure
and distribution. Reactions initialized in the hydrolysis and condensation steps are
continued during the aging process. In addition, shrinkage of the gel network also occurs
as a result of the removal of liquids from the pores. In certain cases, a phase
transformation occurs as well. Aging gels under different temperatures leads to
differences in the both the average size and the distribution of the pore size. Higher
temperature leads to larger pores and overall higher porosity of the dried gels.
Differential solvent evaporation during the drying process leads to fractures and cracking.
Therefore, maintaining the correct conditions for aging is an important consideration in
the preparation of sol-gels.
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The most striking property of sol-gel formation is that the reaction can be
manipulated to create functional materials. First, dopant materials can be added to the
mixture in the sol state. Addition of the dopant molecules has to be done carefully
considering the properties of the dopant molecules. Sometimes they can be added at the
beginning of hydrolysis reaction. These types of dopant molecules are stable under the
reaction conditions, do not affect the reaction, or they act as the catalyst for the
hydrolysis reaction. Dopant molecules that affect the sol-gel reaction or are sensitive to
the reaction conditions are generally added just before gellation. These molecules are
generally dissolved in an organic solvent or a buffer solution and mixed with preformed
sol to create the final doped sol-gel. Second, the sol (doped or undoped) can be
formulated into variety of shapes to form the final gel. The gel can take any form or
shape of the vessel it contains after gelation. This type of bulk sol-gel is called a
monolith. On the other hand, the sol can be casted into films by spin coating or dip
coating (two of the most commonly used methods). The flexibility of creating the desired
forms of materials for different applications is one of the main advantages of using solgels in functional materials. Third, the properties of the materials can also be manipulated
by mixing different silane precursors. The only concern here is the reactivity of the
different silanes might lead to phase separated products. This may be minimized by
mixing the already hydrolyzed precursors or mixing them in a cosolvent. In the case of
ORMOSILs the mixing will also allow the control of the percent composition of the side
chains.
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These properties have lead to a variety of applications for sol-gels such as optical
coatings, protective and decorative coatings [35], and electro-optic components [36],
optical and refractory ceramic fibers to used for fiber optic sensors and thermal insulation
[37, 38], submicrometer particles for dental and biomedical applications [39-43], powder
abrasives used in a variety of finishing operations [44], zeolite synthesis [45, 46], ceramic
membranes for microfiltration, ultrafiltration, nanofiltration, pervaporation and reverse
osmosis [47-50]. The next section discussed the application of sol-gels in sensor
materials.

1.6 SOL-GEL BASED SENSORS
The optical clarity of sol-gels has prompted the wide use of them in optical
sensors. The applications of sol-gels in electrochemical sensors have been limited due to
the high insulating properties of silica. Most of sol-gel based electrochemical sensors are
designed with dopant conducting molecules such as conducting polymers.

1.6.1 Optical chemical sensors - general perspective
A variety of optical techniques such as absorbance, reflectance, luminescence,
and fluorescence using the different regions of the electromagnetic spectrum can be used
in the sol-gel based optical sensors. One of the crucial aspects in development of an
optical sensor is the immobilization of the sensing dye molecules (generally the indicator
molecule in optical sensors) in the matrix or on the substrate. The other parts of an optical
sensor such as detection are well developed and will not be discussed here. Generally, the
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immobilization method should be simple, fast, and nonspecific. The immobilized dye
molecules should be well retained and chemically or biochemically active. In certain
cases, immobilization can easily be obtained but the molecules may be in an unfavorable
environment leading to an inactive sensing layer. Chemical reactions during the
immobilization step may lead to complete degeneration of the dye molecules. Most
importantly, the immobilized dye molecules must be sterically accessible by the analyte
molecules for the sensor to be active. Some of the widely used immobilization methods
are: 1). Adsorption of the dye molecules onto a solid substrate, 2). Covalent binding of
the dye molecules to the substrate 3). Physical encapsulation or entrapment of the dye
molecules in a matrix.
In these respects, a sol-gel provides an ideal substrate/matrix combined with
optical clarity for immobilization. In a way, all three above strategies can be applied with
sol-gel as the matrix. Some dye molecules such as Texas red that are positively charged
can be easily adsorbed to silica surfaces. Covalent binding of dye molecules to sol-gels
can be achieved using silanes containing organic groups. The sensors produced with
covalently attached dye molecules suffered problems such as low sensitivity and slow
response times [51]. However, with sol-gel matrices, it is most convenient to immobilize
dye molecules in microcavities. In many cases, this allows the dye molecules to be
conformationally free and available to react with the analyte essentially under the same
conditions as in solution. As explained in Section 1.5 most entrapped molecules in sol-gel
matrices retain the desirable properties. Therefore, physical entrapment in sol-gel
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matrices is widely used in optical sensor applications. Some of the currently researched
applications of sol-gel based optical sensors are discussed below.
pH sensors
The combination of pH sensitive dyes and the fast diffusion of protons through
sol-gel matrices can offer significant advantages over the existing pH electrodes. Higher
signal/noise ratio and high sensitivity are two such advantages [52]. In addition, the
ability of miniaturization allows in situ applications of these sensors [53]. Some of the
common dye molecules used in these sensors and their performance details are provided
in the Table 1.1.
Gas Sensors
Sol-gel based optical sensors are geared towards sensing gases in the conventional
atmospheric samples as well as dissolved in water in important industrial, biological, and
biotechnological applications. In these applications, optical sensors are advantageous
because they are fast, low cost, and not easily poisoned by sample constituents. Most of
the time a change in the electromagnetic field due to physisorption, chemisorption, or a
catalytic reaction of the analyte gas with the surface of the sensing material is used in
these sensors. The higher surface area in sol-gel films allows enhancement of the sensor
response. Using absorbance, fluorescence, luminescence, and quenching of fluorescence,
a variety of gas sensors have been researched for O2 [54], CO [55], CO2 [56], NO [57],
NH3 [58], NO2 [59], H2 [60], H2S [61] and I2 [62]. Some of these are tabulated in Table
1.2.
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Table 1.1. Conventional pH optical sensors based on pH indicators immobilized in
sol-gel films. (Reprinted with permission from reference [53]. Copyright 2007,
Elsevier.).
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Table 1.2. Optical gas sensors based on sol-gel films. (Reprinted with permission
from reference [53]. Copyright 2007, Elsevier.).
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Other applications
Sol-gel based optical sensors have been investigated in the area of ionic sensing.
Metal ion sensors have been developed for Al3+ [63], Bi3+ [64], Cd2+ [65], Cu2+ [63, 66],
Hg2+ [67, 68], Pb2+ [69], and Zn2+ [70]. The silanol groups help preconcentrate the metal
ions in the matrix and enhance the sensing response. A K+ ion sensor has been developed
by Ertekin et al. using a squaraine dye and tetraethylorthosilicate (TEOS) films [71].
Sensors for CrO32- [72] CN- [73] and other halide anions [74] have also been reported.
Sol-gel based optical sensors for water vapor [75], dissolved hydrogen peroxide [76],
variety of organic solvents mixed in water [77, 78], pesticides [79], and explosives [80,
81] have been reported.

1.7 PROBLEMS WITH SILICA SOL-GEL BASED OPTICAL CHEMICAL
SENSORS
One of the main disadvantages of sol-gel materials with entrapped dye molecules
is leaching of the dye molecules into surrounding the solution. The open pores, which
allow the analyte to reach the dye in the sol-gel, also allow the dye molecules to leave the
matrix. In the case of gas phase sensors, this is not a problem. As discussed above,
adjusting the processing conditions can make pore sizes smaller to avert this problem to a
certain extent, but this also affect the access of the analyte and thus the responsivity of
the sensor. Experimental evidence shows that there is still a measurable amount of dye
remaining in a porous sol-gel even after the leaching reaches an apparent steady state (i.e.
dye loss become immeasurable). However, these dye molecules that remain trapped in
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the pores may be inaccessible to solvent thus not contribute to the functioning of the
sensor.
Silica matrices generally absorb light at wavelengths below 325 nm. This limits
the use of dyes that absorb in the UV region as the sensing molecules. Some of the
fluorescence based sensors encounter scattering from the matrices. These scattering
backgrounds can be minimized by sol-gel processing or by using fluorophores with larger
Stokes shifts.
These shortcomings are far outweighed by the advantages of the sol-gel as a
matrix and therefore sol-gels are heavily investigated in sensor material development.
The following two chapters discuss the use of a supramolecular moiety (dye modified
PAMAM dendrimer): to 1.) eliminate leaching problem from the sol-gel matrices and 2.)
preconcentrate organic analytes from aqueous solutions.
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CHAPTER 2: PREVENTION OF DYE LEACHING FROM SOL-GEL BASED
SENSOR MATRICES BY WAY OF ATTACHING THE INDICATOR
MOLECULES TO A PAMAM DENDRIMER
2.1 INTRODUCTION
Rapid diffusion of an analyte into a sol–gel and reaction with an entrapped
indicator is essential for a sol-gel based sensor device to respond rapidly. However, just
as the analyte can enter the gel, a low molecular weight indicator (MW < 1000) that is
soluble in the liquid that fills the pores can also leach from the gel. The focus of this
chapter is to evaluate the use of a dendrimer (a virtually globular macromolecular carrier)
as an anchoring molecule to entrap the indicator molecules in the sol-gel matrix. In the
model system, commercially available PAMAM dendrimer was modified with the dye
erythrosine and entrapped in sol-gel matrices. The leaching of the dye was monitored
using UV-Visible spectroscopy.

2.1.1 Modification of peripheral amine groups of PAMAM with dye molecules
In these experiments amine terminated PAMAM molecules were selected as the
macromolecular carrier due to the availability and variety of easy modification methods
for amine groups [82]. Most of the commercially available probes are acylating agents.
When they react with amines, carboxamines, sulfonamides, or thioureas are produced.
Other than the concentration of the reactants, the kinetics of the acylation reaction
generally depend on the reactivity of the acylating reagent and the pH of the medium.
With primary amines, the availability of free amine is very low below pH 8 and therefore
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the rate of reaction is low. Buffers of pH 8.5 – 9.5 are usually used in these reactions but
amine containing buffers (e.g. TRIS, glycine) are generally avoided. Modification of
aromatic amines requires highly reactive reagents such as isocyanates, isothiocyanate,
sulfonyl chlorides, or acid halides. Following are some examples of amine labeling
methods, which were considered in the experiments discussed in this dissertation. Most
of these methods have been developed to modify or label amine containing biological
molecules such as proteins.
Isothiocyanate
These are moderately reactive, stable in water and most other solvents. The
product thiourea is also reasonably stable.

Active esters and carboxylic acids - succinimidyl esters, tetrafluorophenyl (TFP) esters
The product, carboxamide, is as stable as a peptide bond. TFP esters resist
hydrolysis better but the succinimidyl esters are more reactive with amines.

Sulfonyl Chlorides
These reagents are unstable in water, especially at the higher pH required for
amine modification reactions but they are highly reactive. The final product is
sulfonamide.

47

The peripheral amine groups of PAMAM dendrimers have been modified with
dyes and/or other small molecules in different types of applications. Zhang et al. reports
modification of generation 0 PAMAM molecules with 1,8-naphthalimide. The hybrid
molecules undergo photoinduced electron transfer (PET) which was used in sensing Cu2+
and protons [83, 84]. Roy, Page and others reported the synthesis and characterization of
mannosylated PAMAM [85-87]. The binding properties of these as ligands to
phytohemagglutinins from concanavalin A have been determined using enzyme-linked
lectin assay (ELLA) and turbidimetric measurements. They also showed that these
glycoldendrimers could be used to isolate carbohydrate binding proteins. In a different
study, Kim et al. reported multi-functionalized PAMAM as a sensing medium in an
electrochemical affinity biosensor [88]. In this case, PAMAM was covalently tethered to
a self assembled monolayer of mercaptododecanoic acid and mercaptoundecanol (1:4
molar ratio) on a Au substrate using an amide bond. Additionally, the PAMAM
molecules were partially modified with ferrocenyl groups (the reporter molecules). In a
different study, this was extended to create alternating multilayers of ferrocenylated
dendrimers and enzymes in an effort to create reagentless enzyme electrodes [89-92].
Amine terminated dendrimers are an attractive choice in these types of studies due to the
reliability of the above discussed modification methods.
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2.1.2 Entrapment of PAMAM and modified PAMAM in sol-gel matrices
Applications of PAMAM and other dendrimers doped into sol-gels are limited in
the literature. Tris–terminated PAMAM has been used as receptor for aromatic acids.
These molecules entrapped in sol-gel matrices have been used as molecular recognition
agents for the drug ibuprofen via complexation [93]. In another application, generation 3
PAMAM (with 32 peripheral amine groups) has been used with tetraethoxysilane in the
presence of a coupling agent, 3-glycidoxypropyltrimethoxysilane, to synthesize
PAMAM/sol-gel hybrid materials [94]. These materials have been characterized using
TEM, UV absorbance, and TGA, showing formation of PAMAM doped sol-gel
structures while retaining the transparency. As expected the thermal stability of PAMAM
molecules increased in this case. In other studies, rupture strength measurements showed
that generation 0 PAMAM strengthens the structure of the sol-gel matrix compared to
generation 4 PAMAM [95]. On the other hand, the generation 4 PAMAM doped sol-gel
materials have 4 times greater anion exchange capacity than silica alone [96]. These
studies were extended to formation and characterization of cobalt hexacyanoferrate in
PAMAM doped sol-gel materials [97-99].
Dendrimer encapsulated nanoparticles entrapped in sol-gel matrices have been
evaluated as catalytic materials [100]. Even though significant degradation of the
dendrimer has been observed, the advantages such as the ability to control the loading of
catalytic material while retaining activity similar to metallic catalysts and the degrading
dendrimers not poisoning the catalyst (even with a relatively dirty surface) make these
very interesting materials. Novel mesoporous materials [101], novel dendrimer titania
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composite materials [102], dendriatic silica hydrogels [94, 103], are some other studies
highlighting PAMAM dendrimer/sol-gel composite materials. Sol-gel films prepared
with multi-functionalized PAMAM molecules as a model system to demonstrate
mediated electron transfer between an electrode and molecules co-entrapped in a sol-gel
has been performed in the Saavedra lab [104].

2.1.3 Comparison of methods of preventing dye leaching from Sol-gels
A variety of methods as discussed in the following sections has been studied to
prevent or minimize the problem of dopant molecules leaching from porous sol-gels.

2.1.3.1 Organically Modified Silicates (ORMOSIL)
ORMOSILs are synthesized by blending inorganic silane precursors with
organosilane precursors [33, 51, 105-107]. The functional material created by this method
has the dye (or the functional molecule, R) tethered to the silica matrix via a covalent
bond. The organosilane molecule can carry 4 – n (n is the number of R molecules
tethered per silane group) R groups or anchors for R groups. Following is the structure of
an organosilane molecule containing one such group. Examples of commonly used R
groups are CH3, C2H5, C6H5, (CH2)nNH2 and (CH2)nSH [33].

These materials are useful for chemical sensing in liquid media due to the obvious
advantage of leak free sensing. When the correct formulation is determined, ORMOSILs
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can be prepared with the necessary transparency, photochemical and electrochemical
stability. In a review article Collinson [33] discusses some of the ORMOSILs shown in
Figure 2.1 used to prepare leak free sensors.

Figure 2.1. Some examples of ORMOSILs discussed in Collinson (Reprinted with
permission from reference [33]. Copyright 1998, Springer.)

51
Avnir and coworkers synthesized a methyl red TMOS derivative (Figure 2.1 A)
and copolymerized it with TMOS to demonstrate the ability of this method to produce a
potential leak free pH sensor. In this case, the pKa value of methyl red shifted to 3.0 from
5.2 due to the carboxylic group being removed from the structure. This is one inherent
disadvantage of ORMOSILs containing functional materials. The activity of the
functional molecule could be altered after the covalent attachment of the molecule to the
silica backbone. Kimura and coworkers similarly synthesized a leak free ion sensing
membrane using TEOS and molecules B and C molecules in Figure 2.1. Membrane
properties were adjusted using TEOS in combination with diiethoxydimethylsilane
(DEDMS) to improve the selectivity towards sodium. This illustrates another complexity
of these materials: retaining the desired activity of R in an ORMOSIL may not be a
simple synthesis. It may require additional knowledge and research to fine-tune the
activity of the composite material. Apart from the disadvantages mentioned, another
limitation of this method is that the required ORMOSILs precursor molecules may not be
commercially available. It could be a simple, well-developed reaction such as formation
of an amide bond (D in Figure 2.1) using commercially available silanes (3aminopropyltrimethoxy silane) or it could be a multi-step, complicated synthetic routine.

2.1.3.2 Sol-gel fabrication
The leaching of the entrapped molecules can be eliminated or minimized during
the fabrication of the sol-gel matrix itself. There are few strategies found in literature. In
the case of dye doped sol-gel nanoparticles, adding an additional layer of sol-gel to the
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outer surface of the particles is successful one strategy [108-112]. The increased
photostability of the entrapped dyes suggest that the diffusion of the molecular oxygen
has been reduced or eliminated. In the case of a chemical sensor, limiting the access of
the analyte by adding a layer at the surface of the sensor surface is not a practical solution
for dye leaching.
Precursor molecules, R ratio (silane to water ratio), pre-polymerization time,
amount of catalyst added in the hydrolysis step, drying time and drying temperature are
some of the properties that have been varied to minimize or eliminate the leaching of the
dye molecules from sol-gel based optical sensors [113, 114]. Varying these conditions
also may introduce additional obstacles while improving the retention of the dye. For
example, addition of an alkyl group (methyl, ethyl, e.g. methyltriethylorthosilicate
(MTES)) containing silanes could have adverse effects. While decreasing the polarity of
the sol-gel, thus improving the retention of a hydrophilic dye, it may enlarge the pore
sizes due to the presence of the non-hydrolysable alkyl groups. In this case, the response
times of the sensor could also increase due to the added hydrophobicity [114].
Severin-Vantilt et al. found that having a higher concentration of acid catalyst
hampers the incorporation of Rhodamine in sol-gel matrices [113]. They concluded that a
water to TEOS ratio of four, a TEOS/Rhodamine ratio higher than 20, and a HCl
concentration on the order of 1N in the aqueous phase during the hydrolysis are the best
conditions to retain a useful amount of Rhodamine in the sol-gel coatings.
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2.1.3.3 Alternative strategies - Macromolecular carriers, supramolecular structures
An alternative is to increase the size of the indicator by attaching it to an inert,
macromolecular carrier or encapsulation in a supramolecular assembly [115]. Prior
investigations have shown that attachment of water soluble dyes to 70 kDa dextran
reduces, but does not eliminate, the leaching of encapsulated dyes from hydrated TMOS
monoliths [116-118]. However, globular proteins with molecular weights significantly
<70 kDa (e.g. myoglobin) do not undergo leaching [117, 119]. These observations
suggest that attaching a dye to a globular macromolecular carrier having an organized
secondary structure may be effective in preventing dye leaching from a doped sol–gel.

2.1.4 Attachment of dye to PAMAM as a dye leaching prevention method
As discussed earlier the inherently globular structure and the available surface
amine groups of PAMAM dendrimer make it an attractive choice for a carrier. The
following sections will describe modification of the generation 4 (64 primary amine
groups on the periphery) with a commercially available dye, erythrosine – 5 –
isothiocyanate, as a model indicator dye entrapped in sol-gel matrices. Leaching
characteristics of these model dye molecules were then studied under variety of
conditions to investigate the mode of entrapment.
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2.2 MATERIALS AND EXPERIMENTAL OVERVIEW
Materials : Starburst polyamidoamine generation 4 (PAMAM) dendrimer,
Erythrosin-5-isothiocyanate (EITC), TMOS.

2.2.1 Modification of PAMAM with erythrosin-5-isothiocyanate
A solution of PAMAM dissolved in methanol at 24.8% (w/w) was received as a
gift from Prof. R.M. Crooks, Texas A&M University. The PAMAM (0.162 g of methanol
solution) was dissolved in 4 ml of 0.20 M sodium carbonate (Chempure, 99.62%) to
produce a 10 mg/ml solution buffered at pH 9.0. EITC (Molecular Probes) was dissolved
in dimethylformamide (Fisher, 99.9%) at 10 mg/ml. While stirring the PAMAM solution,
0.5 ml of the dye solution was added. The dye:PAMAM molar ratio in the reaction
mixture was 2:1 [120]. The stirring was continued for 3 h at room temperature. Unreacted
EITC was separated from dendrimers by gel filtration on Sephadex G-10–120 using a
mobile phase of 0.020 M phosphate buffer, pH 6.2.

2.2.2 Preparation of doped sol-gels
TMOS (99.4%, Aldrich) gels were prepared in 1 cm path length, disposable
acrylate cuvets as described previously [117]. Briefly, sols were prepared from
volumetric percentages of the following reagents: 33% TMOS, 7% Type 1 reagent grade
water (Barnstead Nanopure, 18.2 MΩ/cm), 0.5% 0.04 M HCl, and 58% 0.020 M
phosphate buffer (pH 6.2). The total volume of the components per cuvet was 3.028 ml
(assuming no change of volume upon mixing and gelation). The TMOS was added to a
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premixed solution of water and HCl. Hydrolysis was allowed to proceed without
mechanical mixing for 30 min at room temperature, which yielded a single-phase sol.
The buffer solution (containing the dissolved dye to be entrapped, either EITC or EITCPAMAM) was then added with mixing. The cuvet was then covered with parafilm and
allowed to gel, which required a few minutes at room temperature. Monoliths were aged
for 24 – 48 h at 4 0C prior to initiating leaching experiments. The amount of added dye
per cuvet was selected to yield an initial (pre-leach) absorbance in the range of 0.15–1.7.
Blank (dye-free) gels were prepared and treated under identical conditions.

2.2.3 Fixed volume leaching experiments
After aging, an initial visible absorbance spectrum of each gel was measured and
then the gel was carefully removed from the cuvet in which it was formed. Fixed volume
leaching experiments were performed by immersing each gel into a 50 ml volume of
leaching solution. Periodically the monolith was withdrawn, placed into a cuvet, and the
visible absorbance spectrum was recorded. The monolith was then returned to the
leaching vessel in order to maintain a constant volume of leaching solution. Blank gels
were subjected to the same conditions. All leaching solutions contained 0.020 M
phosphate. Four types of leaching conditions were investigated, either singly or in
sequential combinations: (i) pH 6.2; (ii) pH 3.0; (iii) pH 1.5; and (iv) pH 6.2 containing
500 mM KCl. The degree of dye leaching was measured using absorbance spectroscopy.
Absorbance spectra were acquired at 1 nm resolution using a Hitachi U-2000
spectrometer. Background spectra were obtained using blank (dye-free) gels. Background
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spectra were found to be drift somewhat during gel aging and the subsequent leaching
trials, which required that the absorbance values measured for dye-doped gels be
corrected. To compare the effect of pH, absorbance spectra of EITC-PAMAM and EITC
dissolved in the various leaching solutions were also measured. All measurements were
performed in triplicate.

2.3 RESULTS AND DISCUSSION
The major objective of this study was to determine if attaching a dendrimer to a
water-soluble, organic dye could inhibit leaching of the dye from a hydrated TMOS
monolith. EITC was selected as the test dye for several reasons: it is water-soluble;
preliminary studies showed that it leaches readily into water from a doped sol–gel; and it
is easily conjugated to the primary amine groups of PAMAM.
Modification of PAMAM with EITC slightly red shifted the absorbance spectrum
of the EITC. Figure 2.2 shows the UV-Visible spectra of EITC and PAMAM-EITC in
phosphate buffer solutions. Figure 2.3 shows the spectra of those EITC doped TMOS
monoliths. The UV-Visible absorbance profile showed a slight change after entrapping in
the TMOS sol-gel monoliths.
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Figure 2.2. UV-Visible spectra of EITC and EITC-PAMAM in pH 6.2, 0.020 M
phosphate buffer.
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Figure 2.3. UV-Visible spectra of EITC and EITC-PAMAM doped sol-gel (TMOS)
monoliths.
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2.3.1. Fixed volume leaching of EITC and EITC-PAMAM
The TMOS monoliths containing EITC and EITC-PAMAM were prepared, aged,
and then soaked in pH 6.2 buffer. The absorbance of the gels measured as a function of
soaking time is plotted in Figure 2.4. An exponential loss of EITC, due to leaching from
the gel into the buffer, was observed. After 8000 min of soaking, only ca. 8% of the EITC
originally present in the gels after aging was retained. In contrast, no loss of EITCPAMAM was observed over the same time period.
It is clear that covalent attachment of EITC to PAMAM quantitatively eliminates
dye leaching. The small increase in absorbance during the initial stage of the experiment
is due to differences in the molar absorptivity of EITC dissolved in water and methanol.
Upon immersion of the gel into buffer, the methanol produced from TMOS hydrolysis is
replaced by water in the pores of the gel. The retention of EITC-PAMAM in a hydrated
TMOS monolith evident in Figure 2.4 contrasts sharply with results obtained previously
for other dye-macromolecule conjugates entrapped in sol–gels. Skrdla et al. [117]
reported that attaching fluorescein to a dextran carrier significantly decreased the extent
of dye leaching in comparison to monoliths doped with unmodified fluorescein.
However, even conjugation to a 70,000 MW dextran was not sufficient to prevent
leaching; in that case, 34% of the fluorescein leached from the gel after soaking for 7560
min. Note that the conditions used to prepare monoliths in this study were identical to
those employed by Skrdla et al. [117]; thus, the respective microstructures are expected
to be very similar.
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Figure 2.4. Leaching of EITC (filled circles) and EITC-PAMAM (filled squares)
from hydrated TMOS monoliths into 0.020M phosphate buffer, pH 6.2. The
absorbance of the doped sol–gels was measured, as a function of soaking time, at the
λmax for EITC (529 nm) and EITC-PAMAM (537 nm). The error bars represent the
standard deviation of triplicate measurements. For the EITC-PAMAM data, the
error bars were smaller than the symbols. The solid lines connecting the symbols
were added merely to aid the viewer in visually linking the data points.
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The difference in the retention of sol–gel encapsulated dyes attached to dextran
and PAMAM is likely due to structural differences between the polymers. The PAMAM
dendrimer is an inherently globular macromolecule [3, 121], whereas dextrans are
primarily linear, conformationally flexible polymers [122]. The lack of an organized
secondary structure in water appears to permit sufficient diffusion of a polymeric dextran
within the pores of a TMOS gel to cause substantial loss via leaching.

2.3.2 Role of electrostatic interactions in EITC-PAMAM retention
Conjecture regarding the mechanism of PAMAM retention in a TMOS monolith
prompted further experimentation. The pKa for silanol groups at a silica–water interface
is reported to be in the range of 4–7 [123, 124]. The reported pKa values for the primary
and tertiary amine groups in PAMAM are 6.85 and 3.86, respectively [3]. It was therefore
hypothesized that electrostatic interactions between PAMAM and the pore walls of the
gel contributed significantly to the degree of dendrimer retention when the external
solution was buffered at pH 6.2. To test this possibility, leaching studies were performed
at pH 1.5, at which the silanol groups in the gel should be fully protonated.
The experiment was conducted as follows: after aging, sol–gel monoliths
containing EITC and EITC-PAMAM were soaked in pH 6.2 buffer for 24 h, then soaked
in pH 1.5 buffer for the subsequent 24 h. Finally, the gels were soaked again in pH 6.2
buffer for another 24 h. Absorbance spectra were recorded at 0, 24, 48, and 72 h. Spectra
for gels doped with EITC and EITC-PAMAM and subjected to this leaching regimen are
shown in Figure 2.5. No decrease in EITC-PAMAM absorbance occurred over the initial
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24 h, consistent with the data plotted in Figure 2.4. After soaking in pH 1.5 buffer for 24
h, the absorbance declined approximately 40%. This decline is due to the drop in molar
absorptivity that accompanies protonation of EITC (as shown in Figure 2.6). After
soaking the gel for another 24 h in pH 6.2 buffer, the absorbance quantitatively recovered
to its original (post-age) value. Parallel experiments were performed on EITC-doped gels.
An exponential loss of dye was observed; after the 72 h, only ca. 9% of the dye originally
present in the gels after aging was retained.
Employing an ion exchange reaction to remove EITC-PAMAM from sol–gels
was also investigated. After aging, sol–gels containing EITC-PAMAM were soaked for 4
h in pH 6.2 phosphate buffer, having an ionic strength of 0.0233 M. The gels were then
soaked for 97 h in pH 6.2 phosphate buffer containing 0.50 M KCl, which raised the
ionic strength to 0.523 M. Based on measurements of absorbance performed periodically
over the duration of the experiment (Figure 3.7), leaching of EITC-PAMAM from the
gels was undetectable.
The results of the leaching experiments performed at pH 1.5 and in the presence
of 0.50 M KCl showed that neither protonation of the silanols in a TMOS monolith nor a
22-fold increase in the ionic strength of the leaching solution, both of which should
decrease the electrostatic attraction between PAMAM and the pore walls, is sufficient to
cause detectable loss of encapsulated EITC-PAMAM. These results provide strong
evidence that the quantitative retention of PAMAM entrapped in a sol–gel is attributable
to steric confinement of the molecules to the pores. In other words, electrostatic
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adsorption to surface silanol groups is not a significant factor in the retention of EITCPAMAM evident in Figure 2.4.
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Figure 2.5. EITC and EITC-PAMAM doped sol-gel monoliths before soaking (__)
and after: (i) soaking in pH 6.2 buffer solutions for 24 hrs (---); (ii) soaking in pH 1.5
buffer for the next 24 hrs (…); (iii) and soaking in pH 6.2 buffer solutions again for
24 hrs (-.-).
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merely to aid the viewer in visually linking the data points.
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Figure 2.7. Absorbance at the λmax for EITC-PAMAM doped sol-gel (TMOS)
monoliths after soaking in 0.020 M phosphate buffer solutions (0.0233 M ionic
strength, first 240 min) and 0.020 M phosphate buffer solution containing 0.5 M
(ionic strength 0.523 M, > 240 min). The box indicates the time where the ionic
strength was increased.
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2.4. CONCLUSION & FUTURE DIRECTIONS
Leaching of a water-soluble dye of low molecular weight from a hydrated TMOS
monolith can be arrested by covalent attachment of the dye to a macromolecular carrier.
However, to quantitatively eliminate leaching, the carrier should be a macromolecule that
possesses an organized, stable secondary structure. An inherently globular molecule, such
as a generation 4 PAMAM dendrimer, meets these requirements. It is important to note
that these results also apply to dried gels. Due to inherent shrinkage upon drying, the pore
size distribution in dried sol–gel (i.e. a xerogel) is inherently smaller than in a gel that has
been maintained in a hydrated state [125]. Thus, if conjugation to PAMAM prevents dye
leaching from a hydrated TMOS monolith, the same strategy will also prevent leaching
from a xerogel.
A small globular protein (e.g. myoglobin) may also be useful as a macromolecular
carrier to prevent dye leaching from a doped sol–gel. However, exposure to denaturing
conditions can cause a protein to unfold, producing a random coil conformation.
Analogous to the behavior observed with polymeric dextrans, a polypeptide in a random
coil conformation may be susceptible to leaching from a sol–gel. Since the globular
conformation of a PAMAM dendrimer is stable to many conditions that cause protein
denaturation, it is therefore a better choice as a macromolecular carrier for dye
encapsulation.
In generation 4 PAMAM, there are 64 primary amine groups on the periphery.
Theoretically, all those 64 groups can be modified with functional groups. As discussed
in Sections 2.1.1 and 2.1.2, multi-functionalized PAMAM have been reported in the
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literature. One of the applications of a dye-functionalized PAMAM dendrimer is to use
the rest of the amine groups as a pre-concentrating medium for the analyte by modifying
them with other types of functional groups. This concept was tested and the results are
reported in the next chapter.
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CHAPTER 3: DETECTION OF LOW CONCENTRATIONS OF HYDROPHOBIC
ANALYTES IN AQUEOUS MEDIA BY MODIFYING THE
MICROENVIRONMENTS OF A FLUORESCENT DYE MOLECULE
It is a very important and challenging task to determine organic chemicals
dissolved at trace levels in aqueous media. With the industrial growth, the discharge of
organic chemicals into the environment has become abundant. Especially, the trace levels
of toxic chemicals in ground water supplies and other water bodies have become major
environmental and health risks. The leading sources of organic pollutants include the
agriculture and farming industries, manufacturing industries, and even certain natural
events. In recent times, global terrorism has presented new challenges in the detection of
trace organics as well.
This chapter describes a series of experiments devised to investigate the ability of
alkylated PAMAM supramolecular assemblies to improve the detection limits of trace
organics in aqueous media. A PAMAM dendrimer with 1 – 2 dye molecules attached
provides additional peripheral groups to attach alkyl chains. This creates an environment
similar to that in a reverse phase high performance liquid chromatography (rp-HPLC)
stationary phase that contains a dye molecule. Preconcentration of the analyte from the
aqueous phase into the hydration shell of the dye occurs, thus improving the limit of
detection (i.e. sensitivity). Figure 3.1 summarizes this concept. In the next few sections,
the selection and design of the sensing dye molecules, analyte molecules and the method
of evaluation is introduced in detail. The experiments were designed to prove the concept
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that the principles of rp-HPLC can be used to preconcentrate an analyte to improve the
detectability of low levels of hydrophobic analytes in aqueous solutions.

Figure 3.1. The concept of preconcentration, using hydrophobic interactions as the
driving force.

3.1 INTRODUCTION
3.1.1 Theoretical considerations in the design of the sensor molecule/s
Using molecular modifications to preconcentrate analytes has been a common
method in the field of analytical chemistry, especially in separation methods [126]. This
study is focused on hydrophobic analytes dissolved in water. The solubility of
hydrophobic analytes in water is generally low. Therefore, highly sensitive methods are
necessary to detect these molecules. Improving the detectability of a molecule is a
problem that can be approached from many different angles. Many modern instruments
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have very low detection limits. Research is focused on developing the instruments to
reach even lower limits of detection. In the development of an optical sensor using
fluorescence spectroscopy as the method of choice, improving the sensor layer response
can also increase the detectability.
In this case, the difference in hydrophobicity between the solvent and the solute
can be used as the driving force to preconcentrate low levels of analyte. The simplest way
to achieve this is to design the sensing layer with hydrophobic character. The behavior of
the alkyl chains in rp-HPLC materials in contact with aqueous media has been well
studied and the knowledge can be used in the design of new sensor materials [127-129].
According to the current theories of rp-HPLC, the hydrophobicity of the
stationary phase does not entirely explain the retention behavior of molecules [127]. Even
though this was one of the first theories presented to explain retention behavior
(Solvophobic Theory), the main disagreement was the implication of the temperature
dependent solubility arising from the term hydrophobicity. A different theory of retention
proposes two driving forces involving the entropic energy gain arising from the release of
the surrounding solvent molecules by the solute and the interaction of solute with alkyl
chains [127]. This theory suggests that for a solute to partition into the stationary phase, a
cavity must be created in the stationary phase, making the process entropically
unfavorable (reordering of the stationary phase is needed).
The density of silanol groups on chromatographic grade silica is about 8 ± 1
µmol/m2. Due to steric hindrance, a C18 alkyl bonded phase has about 4.5 µmol/m2 of
ligands bonded to the surface. In a Raman spectroscopy study, Ho et al. [128] used
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stationary phases with a surface coverage less than 2 µmol/m2. At this submonolayer
coverage, the C18 chains are in a highly disordered state. The authors showed that this
disordered phase was essentially equivalent to the neat liquid of C18 alkane. Both small
angle neutron scattering experiments (SANS) [127, 130] and theoretical calculations
[131] have shown that the average thickness for a monomeric C18 phase is 17 Å, thinner
than the fully extended length of octadecane, which is 23 Å. This provides further
evidence for the disordered state. The retention of hydrophobic moieties increases rapidly
from the shortest chain length (C1) up to about 8 - 10 carbon atoms in the alkyl bonded
chain and becomes constant at > C10 [129]. Additionally, SANS experiments [130] and
theoretical calculations [131] have shown that the length of C8 bonded phases is around
the expected 10 Å suggesting the shorter chains may be in the fully extended
conformation, at the surface coverage tested.
There are some important differences between chromatographic stationary phase
materials and a PAMAM molecule modified with alkyl chains. Using simple
calculations, these differences can be elaborated. The particle size of chromatographic
materials is generally in the micrometer [127-129] range and the generation 4 PAMAM
dendrimer is about 36 - 45 Å in diameter [3, 132]. Using simple calculations, the surface
area available at the periphery and at the base for alkyl chains in each case can be
determined. This allows comparison of the packing density and the structure of the
solvation sphere of the alkyl chains in each case. Assuming that the pores in the silica
material are perfect cylinders and using the surface coverage and size information, the
area per bonded molecule can be calculated. On the other hand, the surface curvature
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effects are different in these two situations and thus the area at the bonding point (base) is
different from that at the periphery. In the case of PAMAM, the alkyl chains are
connected to a sphere (assumed) and the cone occupied by an alkyl chain expands from
the base towards the periphery. (Figure 3.2).

Figure 3.2. The cone area occupied by an alkyl chain attached to a PAMAM
molecule (a = area occupied by the base, A = area occupied by the periphery).
The concave surface of a pore in chromatographic silica will give rise to the
reverse situation (Figure 3.3). Because of this, the above assumption of similar surface
coverage is probably invalid.

Figure 3.3. The cone area occupied by an alkyl chain attached to a HPLC stationary
phase material (a = area occupied by the base, A = area occupied by the periphery).
The calculated surface area of a generation 4 PAMAM molecule is 5027 Å2
(assuming the diameter is 40 Å [3, 133]). According to Ren and Harris [129] typical
chromatographic materials consist of 5 µm particles with pores of mean diameter of 60
Å. In their case, the C8 surface coverage was 3.08 µmol/m2, which is less than half the
maximum possible coverage stated above. A length of 27 Å in a pore will have an
equivalent surface area of a PAMAM molecule. The above numbers suggests that this
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area will be occupied by approximately 94 C8 chains. Even when all the amine groups on
a PAMAM molecule are modified, the maximum possible number of C8 chains per
molecule is only 64. For these two situations, it can be shown that the above A/a ratio
(A=area per chain at the periphery and a=area per chain at the base) is about 0.67 in the
case of the chromatographic material and is about 2.25 in the case of PAMAM
molecules. Therefore, a C8 alkyl chains will have more conformational freedom when
they are attached to PAMAM molecules.
Another important molecular property affecting the design of this probe is the
alkyl chain length. The function of the sensor depends on the molecular assembly
forming a hydrophobic shell around the dye molecule. Therefore, alkyl chain length in
aqueous environment relative to the molecular dimensions of the Nile red is very
important. It is assumed that the chain length of alkyl chains in the modified PAMAM
would be similar to those of in chromatographic phases in aqueous medium. Fully
extended C18, C8 and C4 chains have lengths of 23 Å (actually 17 Å due to disorder), 10
Å and 5 Å respectively. The Nile red molecule is about 11 Å across the long axis of the
plane [134]. In the case of the Nile red carboxylic acid (Scheme 3.1), another 6-carbon
chain is attached to the end increasing the length by at least another 8 Å. Attachment
through the alkyl chain should also increase the conformational freedom of Nile red when
linked to PAMAM, unlike in the case of direct attachment of the molecule (for details,
see Section 3.2.1 below). It should be noted that the spectral characteristics of the Nile
red in these different systems is dependent on the combination of the molecular
dimensions and the conformational freedom in each system.
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All the above calculations assumed that the PAMAM molecules are perfectly
rigid spheres, which is probably incorrect; thus, the numbers have to be considered with
caution.

3.1.2 Selection of a fluorescent dye molecule
The derivatized PAMAM was designed to preconcentrate hydrophobic analyte
molecules in a hydrophobic environment from an aqueous surrounding medium.
Therefore, a solvatochromic dye was chosen as the fluorescent moiety. In the time period
between excitation and emission, solvent relaxation around a dye can lead to
solvatochromic behavior particularly in the case of dyes that contain a permanent dipole
[135]. Use of solvatochromic dyes in the field of biology and biochemistry has been
frequent mainly due to their use in the characterization of protein structures [136].
In addition, fluorescent dyes are widely used to prepare bioconjugates for
immunochemistry, fluorescence in situ hybridization, cell tracing, receptor labeling and
fluorescent analog cytochemistry [82]. Due to their stronger bonding capabilities
compared to other bioprobes such as thio reactive dyes, the amine reactive dye molecules
are abundant and popular in those applications [82]. One of the dye molecules used in
this study, NBD, is commercially available in amine reactive form. The other dye used in
these studies (Nile red) has also been used in modification of amino acids [137]. The
larger Stokes shift of Nile red causes its emission to be better resolved from scattering
and fluorescence interferences of biological molecules, which is an added benefit. A brief
discussion of available methods for amine-dye coupling was considered in Chapter 2. In

75
this study, NBD [138, 139] was used in preliminary studies due to the ease of synthesis.
Subsequently Nile red was selected due to its superior solvatochromic properties and
because it undergoes analyte specific spectral changes [140-153].

3.1.3 Model Analytes – Isopropyl alcohol (IPA), Methoxychlor, and 2, 4dinitrotoluene (2, 4-DNT)
This research is designed to have the polarity sensitive dye molecule in a
hydrophobic environment. Therefore, when the analyte molecules are concentrated in the
solvation sphere of the dye molecule, they should produce a change in the polarity of the
environment. With this in mind, model analyte molecules with some industrial relevance
were selected to test the concept.
Isopropyl alcohol is used in the electronics industry as a solvent or as an active
ingredient in domestic cleaning products (shower cleaners). In medical applications, it is
used as rubbing alcohol to clean wounds [154]. From these applications, IPA is
discharged into wastewater at relatively low concentrations. It is completely soluble in
water. The low dielectric constant (DE) of IPA compared to the structurally similar
molecules is a characteristic, which makes IPA usable as an analyte in this study (Table
3.1).
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Table 3.1. Dielectric constants of relevant molecules for these experiments.

Assuming that the lower DEs of butanol, octanol, and octadecanol, relative to npropanol, is due to their longer alkyl chains, it can be presumed that the solvation shell of
a Nile red molecule attached to alkylated PAMAM will be in a relatively hydrophobic
environment. It is also assumed that IPA molecules would be attracted to a hydrophobic
environment from an aqueous environment due to the large difference in DE of water vs.
IPA. If the preconcentration occurs, it should create an increase in the DE in the solvation
sphere of the dye molecule, which should lead to a change in the emission signal.
Methoxychlor (345.64 g/mol) was selected as the second model analyte based on
a study by Hassoon et al. [142, 143]. Methoxychlor is an organochlorine pesticide used as
a replacement for DDT in the recent past. According to the Environmental Protection
Agency (EPA), acute or chronic conditions in humans due to the exposure to
Methoxychlor have not been established but the agency has set the maximum
contaminant level at 40 ppb (~1.2 x 10-7 M) [155]. Hassoon et al. showed that Nile red
could be used as a fluorescent probe for Methoxychlor dissolved in water. They have
shown that between Methoxychlor concentrations of 4 and 20 µM, a new emission peak
for Nile red appears at 605 nm. In addition, there is polarization enhancement of the
original Nile red peak at 663 nm. They suggest that this is due to a selective
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complexation reaction but have very little experimental evidence and suggest further
studies. The water solubility of Methoxychlor is about 3 x 10-7 M and if alkyl-modified
PAMAM can preconcentrate it, it may be possible to detect this analyte at near the EPA
regulated levels.
The Walt group [147, 148] has published several articles on the detection of 2,4dinitrotoluene (2,4-DNT) and other nitro-aromatic compounds in the vapor phase
resulting from the plastic explosive TNT. Specially, for detection of landmines, recent
studies have shown that 2,4-DNT is the best signature. Studies [156] also suggest that
over time, explosive components such as 2,4-DNT from landmines migrate and partition
through soil. They can easily leach into ground water as well. Using modified PAMAM,
2,4-DNT may be concentrated in the solvation sphere of Nile red to be detected at low
levels.
Sebok-Nagy et al. [152] used 2-hydroxyl-substituted Nile red with nitrogen
containing organic compounds with hydrogen bonding ability (such as amines and
heterocyclic nitrogen containing molecules) and observed the quenching of fluorescence.
They suggest that a hydrogen bond forms between the hydroxyl group and the organic
nitrogen, which causes the quenching. Hassoon et al. [142] have also observed similar
quenching of Nile red fluorescence by pentachloronitrobenzene during their interference
studies.
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3.1.4 Theory of fluorescence quenching
Fluorescence quenching was used in the analysis of 2,4-DNT using PAMAM
modified with Nile red carboxylic acid and C8 alkyl chains (Section 3.3.2 below). In this
section, a brief discussion of the theory of fluorescence quenching is provided [157].
In general, fluorescence quenching refers to any process that decreases the
quantum yield of a fluorophore. These processes are broadly divided into two main
categories, which are static quenching and dynamic quenching. Excited state reactions,
molecular rearrangements, energy transfer reactions, and ground state complex
formations result in static quenching. Dynamic quenching occurs via collisions between
the excited fluor and a quencher. Collisional quenching of fluorescence is described by
the Stern-Volmer equation.

Fo
= 1 + kqτ 0[Q ] = 1 + KD[Q ]
F
Here, F0 and F are the fluorescence intensities in the absence and in the presence
of the quencher respectively, kq is the bimolecular quenching constant and

τ0

is the

lifetime of the excited state in the absence of the quencher. [Q] is the concentration of the
quencher in the solution and KD is the Stern-Volmer constant. Generally, the results are
plotted as F0/F versus [Q] and the relationship is linear assuming that all fluors are
completely accessible to the quencher. Linearity alone is not sufficient evidence for
collisional quenching. Therefore, the temperature dependence of the slope of the SternVolmer plot has to be studied to determine the type of quenching occurring. Figure 3.4
shows typical plots from such an experiment. In the case of collisional quenching, with
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increasing temperature (faster diffusion), the probability of collisions increases and thus
the slope increases. Conversely, loosely bound complexes dissociate easily at higher
temperatures, leading to a decreased slope in the case of static quenching.

Collisional Q uenching

Static Q uenching

Slope = K

F 0/F

F 0/F

Higher
Temperature

H igher
T emperature

Slope = k q τ0=K D

0.0

0.0
0.0

[Q]

0.0

[Q ]

Figure 3.4. Typical Stern-Volmer plots of collisional and static quenching.

3.2 MATERIALS AND EXPERIMENTAL OVERVIEW
3.2.1 Synthesis and characterization of sensor molecules
3.2.1.1 The synthesis of the amine reactive Nile red acid derivative
The reactions in the Schemes 3.1 and 3.2 were carried out by Dr. Gemma
D’Ambruoso. The synthesis of the Nile Red acid derivative (7) followed the published
procedures of Martin–Bowen et al. [151] and Briggs et al. [137] with a few adjustments
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(Scheme

3.1).

The

nitroso

intermediate

(2)

was

synthesized

using

m-

dimethylaminophenol (1) following the literature procedure of Martin–Bowen et al. The
intermediate (2) was then coupled with 1, 6-dihydroxynapthalene (3) in DMF to produce
Nile red phenol (4). A Williamson-ether coupling of the phenol (4) with benzyl 6bromohexaonate (5) provided the Nile red benzyl ester (6). The benzyl 6bromohexaonate (5) was synthesized by the esterification of 6-bromohexaonyl chloride
(8) with benzyl alcohol (9) (Scheme 3.2). Finally, catalytic hydrogenation conditions
were used to provide the desired Nile red acid derivative (7) quickly and in good yield.
Except for the synthesis of 5 and 7, all the other compounds were synthesized using the
experimental procedures published in literature [137, 151].

3.2.1.2 The synthesis of Benzyl 6-bromohexanoate (5)
To a cold (0 oC) solution of benzyl alcohol (0.5 g, 5 mmol) and triethylamine (0.6
g, 6 mmol) in anhydrous diethyl ether (4 ml) was slowly added 8 (1.0 g, 5.0 mmol) in
diethyl ether (4 ml) in an additional funnel. After 16 h, the mixture was quenched with
H2O (15 ml) and extracted with diethyl ether (15 ml x 3). The organic fraction was
washed with H2O, sat. NH4Cl, and sat. NaCl (15 ml each), dried (MgSO4) and
concentrated to a yellow oil. Purification by column chromatography (9:1 Hex/EtOAc)
afforded 5 (1.2 g, 92 %) as a colorless oil: 1H NMR (500 MHz, CDCl3) δ 7.31 – 7.36 (m,
5 H), 5.11 (s, 2 H), 3.38 (t, J = 7.0 Hz, 2 H), 2.37 (t, J = 7.0 Hz, 2 H), 1.86 (pentet, J = 7.0
Hz, 2H), 1.67 (pentet, J = 7.5 Hz, 2 H), 1.45 – 1.49 (m, 2 H).
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3.2.1.3 The synthesis of 6-(9-diethylamino-5-oxo-5H-benzo[a]phenoxazin-2yloxy)hexanoic acid (7)
A mixture of 6 (156 mg, 0.289 mmol) and 5 % Pd/C (153 mg) was capped with a
hydrogen balloon and stirred vigorously for 2 h. The mixture was then filtered through
Celite and washed with ethyl acetate and copious amounts of methanol. The filtrate was
concentrated and purified by column chromatography (4:1 CH2Cl2/methanol) to yield 7
(75 mg, 58 %) as a purple solid: 1H NMR (500 MHz, DMSO-d6) δ 11.98 (br s, 1 H), 8.03
(d, J = 8.5 Hz, 1 H), 7.93 (d, J = 3.0 Hz, 1 H), 7.63 (d, J = 9.0, 1 H), 7.24 (dd, J = 8.5, 2.5
Hz, 1 H), 6.81 (dd, J = 9.0, 3.0 Hz, 1 H), 6.65 (d, J = 2.5 Hz, 1 H), 6.18 (s, 1 H), 4.15 (t, J
= 6.5 Hz, 2 H), 3. 49 (q, & = 7.0 Hz, 4 H), 2.24 (t, J = 7.0 Hz, 2 H), 1.79 (pentet, J = 7.0
Hz, 2 H), 1.59 (pentet, J = 7.5 Hz, 2 H), 1.45 – 1.49 (m, 2 H), 1.16 (t, J = 7.0 Hz, 6 H);
MS (FAB) m/z 449.5 ([M+H]+, C26H29N2O5 requires 449).
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Scheme 3.1. Synthesis of the Nile red acid (7) derivative.

Scheme 3.2. Synthesis of benzyl-6-bromohexanoate (5).

3.2.1.4 Synthesis and separation of PAMAM and Nile red conjugates
A 10 mg/ml solution of Nile red carboxylic acid (7) was prepared in 1:1
CH2Cl2/methanol. To this solution 1.24 g of PAMAM in methanol (as purchased, 10%
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solution) was added. Another 1 ml of CH2Cl2 was added to keep the final compositions of
the solvent mixture approximately 1:1 CH2Cl2/methanol. While stirring, 9 mg of 1,3dicyclohexylcarbodiimide (DCC) was added and the solution was stirred for 16 hrs. To
separate the products from the mixture, all the solvents were evaporated and 5 ml of pH
7, 20 mM phosphate buffer was added. The vial was placed in a bath sonicator for 2
minutes. The solution was separated using a packed Sephadex column (G–10-120, 30 x
300 mm). The labeled fraction was passed through an ultrafiltration cell using a YM-3
filter (Amicon) to further purify and concentrate. The product, denoted PAMAM-NR2,
was washed with pH 7, 20 mM phosphate buffer 3 times, and concentrated to a total
volume of 6.3 ml. The reaction is shown in Scheme 3.3.

Scheme 3.3. Synthesis of PAMAM-NR2 derivative.

The PAMAM molecule was also labeled with Nile Red directly via an imine bond
following a modified procedure from Weingarten et al. [158] Briefly, 39 mg of Nile red
and 1 ml of PAMAM in methanol (as purchased, 10% solution) was mixed in 30 ml of
distilled diethyl ether. While refluxing under vacuum, a solution of TiCl4 (6.7 µl) in 20
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ml of pentane was added to the solution. Refluxing was continued for 1.5 hrs and then the
mixture was left standing at room temperature overnight. Then the reaction mixture was
evaporated using a N2 stream to dryness and 5 ml of pH 6.2, 20 mM phosphate buffer
was added and mixed. The solution was filtered and then was separated using a packed
Sephadex column as before. The product, PAMAM-NR1 dissolved in the phosphate
buffer, was separated and the separated fraction was used as the stock solution in further
experiments. Scheme 3.4 shows the basic reaction.

Scheme 3.4. Synthesis reaction for PAMAM-NR1 via imine bond formation.

3.2.1.5 Synthesis and separation of PAMAM and NBD conjugates
NBD-X (Figure 3.5, X = Cl or succinimidyl ester) was dissolved in DMF (10
mg/ml). 0.014215 g of PAMAM (10% solution in methanol) was dissolved 2 ml of
sodium bicarbonate buffer. NBD-X solution (100 µl) and 2 drops of 1 M NaOH were
added to the PAMAM solution and stirred in a 60 0C water bath for 2 hrs. The product
was separated using a packed Sephadex column as before. The product, PAMAM-NBD
dissolved in the phosphate buffer, was separated and the separated fraction was used as
the stock solution in further experiments.
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Figure 3.5. Structure of NBD.

3.2.1.6 Synthesis and separation of PAMAM-(dye)-alkyl conjugates
n-Butylisothiocyanate (50 mg in 0.5 ml), n-octylisothiocyanate (80 mg in 0.5 ml),
and n-octadecylisothiocyanate (107 mg in 1 ml) solutions were prepared in DMF. To
each solution, 1 ml of pH 9, 0.2 M NaCO3 buffer and 1 ml of the above PAMAM-DYE
stock solution (the PAMAM:alkyl chain ratio was kept at about 1:1500) were added and
stirred overnight. To separate the C4–modified PAMAM mixture, first a C8 solid phase
extraction (SPE) column was washed with 2 ml of methanol and 2 ml of nanopure water.
Next, a 0.5 ml of the aliquot of the reaction mixture was passed through. This allowed the
product to adsorb to the column material. Adsorbed material was washed with 2 ml of
nanopure water. Then the column was washed with methanol to elute the product from
the column. The process was repeated on the remainder of the reaction mixture. The
methanol was evaporated and the dried product was dissolved in 1 ml of methanol to
prepare the stock solution. In the case of C8 and C18 products, above procedure was
repeated using a C18 SPE column.
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3.2.1.7 Characterization of the molecules
MALDI-TOF mass spectrometry was used to determine the labeling ratio of
modified PAMAM molecules. UV-Visible spectroscopy was used to determine the
concentrations of the dye modified PAMAM molecules. The absorbance was also used to
estimate the recovery of the alkylated products from the SPE columns.
For compounds 4 through 7, NMR spectra are provided (Appendix 2).

3.2.2 Solution phase studies – fluorescence measurements on probe molecules in the
presence of model analytes in aqueous media
Fluorescence

spectroscopy

was

used

to

measure

the

solvatochromic

characteristics of the dye molecules and modified PAMAM molecules. Similar
experiments were carried out to select model analytes. As mentioned earlier, isopropyl
alcohol (IPA), Methoxychlor (a pesticide) and 2,4-DNT were tried as model analytes.

3.2.3 Sol-gel sensor materials – fluorescence measurements on probe molecules
entrapped in sol-gel matrices in the presence of model analytes
After the selection of the analyte molecules and optimizing the condition of the
sensing reactions in solution phase, the PAMAM-dye molecules were entrapped in the
sol-gel matrices. Two types of sol-gel films were prepared. In the first method, the sol
was prepared by mixing 0.200 ml of TMOS, 1.800 ml of TEOS, 0.600 ml of ethanol,
0.596 ml of water and 0.150 ml of 0.04 M HCl. This mixture was stirred for 3 hrs, then
0.100 ml of sol was mixed with 0.050 ml of pH 7.0, 20 mM phosphate buffer, and 0.100
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ml of C8PAMAM-NR2 (from the stock solution) before spin coating at 3000 rpm for 60 s
on previously cleaned glass cover slips. In the case of PAMAM-NR2, 0.050 ml of the
stock solution was used. These films were dried and aged for 2 days at 25 0C before use.
The glass slides and coverslips were cleaned first by sonicating in a mild soap
solution for 10 minutes, then rinsed thoroughly with nanopure water and sonicated in
nanopure water for another 10 minutes. The water was removed and a freshly prepared
Piranha solution (70% H2SO4 and 30% H2O2 (30% solution)) was added and allowed to
stand for 15 minutes. Then slides were rinsed with copious amount of water, and
sonicated in water for 10 minutes. The glass slides were dried with a stream of N2 before
coating with sol-gel.
In the second method, the sol-gel films were prepared in disposable
polymethylmethacrylate Petri dishes of 35 mm diameter as follows. TMOS, TEOS,
water, ethanol, and HCl were mixed and stirred for 18 hrs in the molar ratio of
1:6:30:7.5:0.004. Then the sol and the dopant (C8PAMAM-NR2 in ethanol) were mixed
with pH 7, 20 mM phosphate buffer in the volumetric ratio of 3:3:2 and allowed to gel in
the Petri dishes. The gels were aged at 40C for 12 hrs and then equilibrated in water
before using in the analysis. Dye entrapped sol-gel films were evaluated using a home
built spectrometer, where an inverted microscope is coupled to a PMT and a photon
counter via a monochromator. The schematic of the signal collection is shown in Figure
3.6.
The light from the a Hg arc lamp was filtered through a 535DF 40 excitation filter
and focused onto a FX 34 dichroic filter. The reflected excitation light was focused to the
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sample using 20 X microscope objective. The fluorescence signal was collected back
through the objective, the dichroic filter and an emission filter (580 LP). The
fluorescence signal was then collimated and focused to the front entrance slit of the
monochromator (Acton Research Corp, SpectraPro 275) with a Thorn EMI PMT
mounted at the exit slit. The PMT was used in combination with an A/D converter,
SR400 photon counter and a computer for the data collection. A SR445A amplifier was
used whenever necessary to enhance the signal.

Figure 3.6. A schematic of the optical setup used to measure the emission signal
from the sol-gel films.
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3.3 RESULTS AND DISCUSSION
In this section, the results are discussed for each of the dye molecule including the
synthesis, characterization, and evaluation of the sensing response. The abbreviation
CnPAMAM-DYE is used for the alkyl modified PAMAM-dye molecules. In this case, n
denotes the number of carbons in the alkyl chain (4, 8, or 18) and dye refers to NR1,
NR2, or NBD.

3.3.1 PAMAM, Nile red derivative number 1 (PAMAM-NR1)
PAMAM-NR1 is prepared via a Schiff base reaction; a nucleophilic addition of a
primary amine group of PAMAM to the carbonyl group of the Nile red produces a
hemiaminal, which in turn produce an imine bond through a dehydration reaction. The
use of titanium tetrachloride as a catalyst leads to a solid co-product, titanium dioxide,
making it easier to remove. In this case, the solubility of the PAMAM in water was used
to separate the PAMAM-NR1 from unreacted Nile red, which is sparingly soluble in
water. Prior to the reaction, the solvents had to be dried, as TiCl4 is very hygroscopic in
nature. The reaction though successful produced the primary product in low yields,
rendering entrapment in sol-gel matrices unachievable.
UV-Visible spectroscopy was used to characterize the molecules. Using the peak
intensity at 550 nm for Nile red, PAMAM-NR1, and its alkyl derivatives, the
concentration of each molecule was determined. In this case, it was assumed that the
molar absorptivity does not change upon derivatization. All the molecules were soluble in
ethanol, which was used as a solvent for these measurements. Figure 3.7 shows the
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spectra for PAMAM-NR1, Nile Red, PAMAM, and C8PAMAM-NR1 derivative for
comparison.
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Figure 3.7. UV-visible absorbance spectra of PAMAM (solid line), Nile red (---),
PAMAM-NR1 (….) and C8PAMAM-NR1 (-.-.-) in ethanol.
As explained earlier, Nile red is a solvatochromic dye that has been extensively
studied. It is important that the dye molecule retain its solvatochromic properties after
conjugation to PAMAM. Therefore, the fluorescence spectra in different solvents were
recorded to compare to the known values of peak maxima. Table 3.2 lists the observed
fluorescence maxima in different solvents in comparison with the values reported in
literature [150]. The corresponding spectra are shown in Figures 3.8 – 3.10.
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Table 3.2. Observed emission peak values of Nile red, PAMAM-NR1 and
C8PAMAM-NR1 in water, methanol, ethanol, and 2-propanola.

a

Excitation at 550 nm for all the cases, breported values for Nile red is in parenthesis
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Figure 3.8. Emission spectra of PAMAM-NR1 in water (solid line), methanol (---),
ethanol (….), and 2-propanol (-.-.-), with excitation at 550 nm.
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Figure 3.9. Emission spectra of Nile red in water (solid line), methanol (---), ethanol
(….), and 2-propanol (-.-.-), with excitation at 550 nm.
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Figure 3.10. Emission spectra of C8PAMAM-NR1 in water (solid line), methanol (--), ethanol (….), and 2-propanol (-.-.-), with excitation at 550 nm.
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As expected for Nile red, the spectra showed a hypsochromic shift as the polarity
of the solvent decreased. According to the values presented in Tables 3.1 and 3.2, this
decrease in emission maxima was correlated with decreasing DE. After attachment to
PAMAM, the fluorescence maxima for Nile red change minimally and the spectra are
similar in the solvents tested. This retention of the solvatochromic properties is an
important property for this study. Contrary to expectations, there is no shift in the peak
maxima even though a part of the solvation sphere of the Nile red may be occupied by
the interior portions of the PAMAM molecule as shown in the Figure 3.11.

Figure 3.11. Structure of PAMAM-NR1, where NR1 is attached to a primary amine
group at the periphery of PAMAM. The periphery of PAMAM is defined by the arc.
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When the PAMAM-NR1 molecules are further modified with C8 alkyl chains, the
emission maxima shows a large hypsochromic shift in water (Table 3.2). In the case of
methanol, ethanol, and isopropyl alcohol, the emission maxima are similar to those
obtained for Nile red and PAMAM-NR1. It appears that the alcoholic solvents fully
solvate the alkyl chains surrounding the attached Nile red, thus creating an environment
with polarity similar to those of neat solvents. Therefore, the emission maxima of
C8PAMAM-NR1 are not changed. In the case of water, the hypsochromic shift of the
emission maximum suggests that the Nile red molecules are in a hydrophobic
environment. The peak of 622 nm is similar to that of Nile red emission in isopropyl
alcohol (the DE of isopropyl alcohol is 18).
Similar fluorescence characterization was performed for the C4 and C18
derivatives of PAMAM-NR1 (denoted as C4PAMAM-NR1 and C18PAMAM-NR1,
respectively). As expected, the emission spectra for the three alcoholic solvents tested
were similar to those of Nile red, PAMAM-NR and C8PAMAM-NR in the same solvents.
The emission maxima in water are listed in Table 3.3 and the corresponding spectra are
shown in Figure 3.12.
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Table 3.3. Observed emission peak values of Nile red, PAMAM-NR1 and all alkyl
derivatives of PAMAM-NR1 in watera.

a

Excitation at 550 nm
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Figure 3.12. Emission spectra of Nile red (solid line), PAMAM-NR1 (---),
C4PAMAM-NR1 (…), C8PAMAM-NR1 (-.-.), and C18PAMAM-NR1 (-..-..) in water,
with excitation at 550 nm.
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Both C4PAMAM-NR1 and C18PAMAM-NR1 did not show large hypsochromic
shifts as in the case of C8PAMAM-NR1 emission in water (slight shifts < 10 nm were
observed). C18PAMAM-NR1 showed a comparatively broader spectrum suggesting that
there could be a broad distribution of environments.
These differences in the emission spectra in water can be explained based on the
discussion in the Section 3.1.1 and Figure 3.2. The circular area of the cone at the base
(a) for a PAMAM molecule is 78.5 Å2 (radius of 5.0 Å). Even at its most extended
conformation, a C4 chain is about 5 Å in length and thus is not long enough to reach the
base of the adjacent primary amine group. This is not sufficient to create a hydrophobic
shell around an adjacent amine group with a Nile red attached. On the other hand, the C4
chains also could be laying flat or folding inside the PAMAM molecules, leaving the Nile
red molecule completely exposed to the aqueous environment.
Using a similar argument, C18 should actually produce a complete hydrophobic
shell. Assuming that the chains are fully extended thus the length is 23 Å, at a 450 tilt
angle, the long axis of the alkyl chain should reach 16.3 Å towards the adjacent primary
amine group. Figure 3.13 shows a cartoon to elaborate the above points where three
adjacent primary amine groups with alkyl chains and a Nile red molecule are attached to
PAMAM. In this case, the surface curvature effects were eliminated for the ease of
drawing.
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Figure 3.13. A schematic showing three adjacent primary amine groups (small
circles) with the center amine attached to a Nile red molecule (dark vertical bar)
and the adjacent groups attached to a fully extended alkyl chain (C4, C8 or C18). The
large ellipse denotes the area available for each primary amine group. The surface
was assumed to be flat.
According to the spectrum, Nile red is not in a hydrophobic environment in the
case of C18 alkyl groups. As discussed in Section 3.1.1, at submonolayer coverage C18
chains on rp-HPLC stationary phases are in a highly disordered state and even if all 64
amine groups are modified, the surface coverage does not reach the level of
chromatographic surfaces. Therefore, the C18 alkyl chains could be collapsing to form a
disordered state, as has been observed for chromatographic surfaces [128, 129], thus
exposing the Nile red molecules mostly to the aqueous environment. The Nile red
molecules could be occupying the cavities created by the collapsing of the alkyl chains
[159]. This could also lead to a distribution of environments creating a broader peak.
Additionally, the structural flexibility of PAMAM molecules compared to the silica
backbones in chromatographic surfaces may be assisting this separation of Nile red
moieties and C18 chains. A

13

C CP/MAS NMR study revealed that the mobility of the

carbons closer to the point of attachment is less than the carbons near the chain ends
[160]. This study also concluded that the carbons at a distance greater than eight carbons
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from the surface showed little difference in mobility. Therefore, even with some gauche
defects, the C8 chains attached to PAMAM may be creating the expected hydrophobic
shell around the Nile red moieties in the aqueous media due to the limited mobility of
carbons. The solubility of alkylated PAMAM-NR1 derivatives in water is generally low,
thus there could some peak broadening due to the scattering effects from aggregated
C18PAMAM-NR1. Estimated concentrations were kept very low (micro molar range) to
potentially avoid this aggregation.
In the next set of experiments Nile red, PAMAM-NR1 and the alkyl derivatives
were evaluated for the sensor response with the analyte IPA in water. A known amount of
each type of molecule was exposed to different concentrations of IPA (10-6 M – 0.1 M).
A difference in the fluorescence response (peak shift, intensity change) is expected if IPA
preconcentrates in the hydration sphere of the Nile red molecule. Figure 3.14 shows the
change in the intensity of the emission peak at 659 nm with the increasing concentration
of isopropyl alcohol for those compounds. At the lower concentrations tested, no shifting
of the peak was observed for Nile red, PAMAM-NR1, C4PAMAM-NR1 and
C18PAMAM-NR1. For comparison purposes, the fluorescence intensity at 0.5 M IPA, the
highest concentration tested, was normalized to 1. As shown in the figure, intensity at
659 nm does not increase for Nile red until the concentration of IPA is above 0.1 M. In
contrast, for PAMAM-NR1, C4PAMAM-NR1 and C18PAMAM-NR1 the intensity of the
peak at 659 nm starts to increase slightly for IPA concentrations above 0.005 M. The
interiors of PAMAM may be preconcentrating isopropyl alcohol leading to the increased
emission. As shown in Figure 3.12 the addition of the C4 and C18 alkyl chains did not
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show any hypsochromic shift in aqueous environments suggesting that there was no
formation of a hydrophobic environment around the Nile red moiety. Therefore, addition
of these chains to PAMAM did not increase the preconcentration of IPA.
C8PAMAM-NR1 did not show any regular pattern in the intensity increase up to
an IPA concentration of 0.1 M. Above 0.1 M, the emission intensity increased and the
peak maximum showed a bathochromic shift. These spectra are shown in Figure 3.15. As
the concentration of IPA increases, the C8 chains get solvated allowing more water
molecules into the hydration shell and shifting the emission towards 659 nm (observed
Nile red emission maximum in water). As shown in Figure 3.12, the hydrophobic shell
around Nile red created by the C8 chains (622 nm) and Nile red in neat IPA (624 nm)
have similar emission maxima. Taking the emission wavelength in these two cases as a
measure of hydrophobic nature, the C8 chains may not be providing enough driving force
for preconcentration. Upon increasing the IPA concentration, the alkyl chains get
solvated and allow surrounding solvent molecules to enter the solvation shell of Nile red
moieties. The final emission wavelength depends on the combined properties of the
solvation shell. At 0.1 M IPA, the ratio of IPA:water is 1:550, thus result in a
bathochromic shift.
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Figure 3.14. Normalized fluorescence intensity of the emission intensity at 659 nm of
PAMAM-NR1 (□), Nile red (○), C4PAMAM-NR1 (∆) and C18PAMAM-NR1 ( ) at
different concentration of IPA in water (in log scale), with excitation at 550 nm.
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Figure 3.15. Emission spectra of C8PAMAM-NR1 in water 0 M (solid line), 0.1 M (--) and 0.5 M, IPA concentration, with excitation at 550 nm (these solutions were
standing for a long time after Ultrasonication during the experiment and molecules
aggregated creating scattering backgrounds, thus spectra looks different from that
in Figure 3.12).
Even though the above results were encouraging, modification with alkyl chains
did not produce large spectral changes in the presence of IPA. Therefore as discussed
earlier, Methoxychlor was next investigated as a model analyte. Spectra of Nile red and
all the PAMAM derivatives in the presence of Methoxychlor were measured (data not
shown). In agreement with the literature [142], the emission spectrum for Nile red shifted
to blue wavelengths and increased in intensity drastically above 10-5 M Methoxychlor
concentrations in water. However, both PAMAM-NR1 and C4PAMAM-NR1 did not
show any peak shifting or intensity changes upon addition of Methoxychlor to the
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aqueous solutions. Attaching Nile red to the peripheral primary amine groups on
PAMAM may block its interaction with Methoxychlor, preventing the changes in the
emission spectrum.
As the yield of the PAMAM-NR1 synthesis reaction was very low, it was not
very economical to use this Nile red derivative in sol-gel studies. Because of this reason,
the Nile red carboxylic acid and PAMAM-NR2 derivatives were synthesized.

3.3.2. PAMAM, Nile red derivative number 2 (PAMAM-NR2): Solution studies
As described in the section 3.2.1.4, DCC coupling of carboxylic acid to a primary
amine group was used in this synthesis. The DCC coupling reaction has some advantages
over the other amide-linkage formation methods. According to Sheehan et al. [161] This
reaction is not sensitive to moisture, thus it can be carried out in aqueous conditions at
room temperature. The reaction is also very specific and there is no need to protect the
OH groups. There is no racemization during the reaction and the co-product N, N’dicylohexylurea is not very soluble in most organic solvents and in water. DCC coupling
reactions are used in peptide bond formations in protein synthesis. Appendix 2 provides
NMR spectra and ESI-MS data for the Nile red carboxylic acid and its synthetic
intermediates.
After the synthesis and separation of the PAMAM-NR2, MALDI-TOF MS,
absorbance and emission spectroscopy were used to characterize and evaluate the
physical properties of all the derivatives. The MALDI-TOF MS data were used to
determine the labeling ratio of the dye and the alkyl chains per PAMAM. Figures 3.16 –

103
3.19 show the MALDI-TOF MS spectra of PAMAM, PAMAM-NR2, C4PAMAM-NR2,
and C8PAMAM-NR2.

Figure 3.16. MALDI-TOF
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Figure 3.17. MALDI-TOF mass spectrum of PAMAM-NR2 in sinapinic acid.

Figure 3.18. MALDI-TOF mass spectrum of C4PAMAM-NR2 in sinapinic acid.
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Figure 3.19. MALDI-TOF mass spectrum of C8PAMAM-NR2 in sinapinic acid.

Using the average shift relative to the unmodified PAMAM of the broad modified
PAMAM peak [118, 162, 163], the labeling ratio was estimated. In the case of PAMAMNR2, there is an average of 1.7 Nile red molecules per PAMAM molecule. There are 44
C4 chains and 40 C8 chains on each of the alkyl modified PAMAM-NR2 derivatives.
C18PAMAM-NR2 did not produce any results in the MALDI-TOF MS but it was
assumed that the labeling ratio would be around 40 C18 chains per PAMAM based on
similar reaction conditions.
As discussed above in Section 3.3.1, the concentration of the PAMAM bound dye
molecules was estimated using UV-Visible spectroscopy. In all cases, it was assumed that
the molar absorptivity of the dye does not change after derivertization. PAMAM-NR2
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was not soluble in alcohol, therefore absorbance spectra for Nile red carboxylic acid and
PAMAM-NR2 were recorded in pH 7, 20 mM phosphate buffer for comparison. In
addition, they were compared to the spectrum of Nile red in the same buffer solution. For
alkylated versions of PAMAM-NR2, absorbance spectra were recorded using methanol
as the solvent and compared to Nile red carboxylic acid dissolved in methanol. The
spectra are shown in Figures 3.20 and 3.21. The absorbance maxima, molar absorptivity
values, and estimated concentration values are shown in Tables 3.4 – 3.5.
Nile red shows two absorbance maxima centered around 525 nm and 575 nm
(small shoulder) in pH 7 phosphate buffer. In the case of Nile red carboxylic acid and
PAMAM-NR2, the maxima are at 570 nm and 560 nm, respectively. Using the
absorbance at 570 nm for Nile red carboxylic acid, the concentration of the PAMAMNR2 was estimated. For alkylated versions, absorbance at 550 nm in methanol was used
to estimate the concentrations.
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Figure 3.20. UV-Visible absorbance spectra of Nile red (solid line), Nile red
carboxylic acid derivative (---) and PAMAM-NR2 (….) in pH 7, 20 mM phosphate
buffer.

Table 3.4. Summary of results estimated using the UV-Visible spectra of PAMAMNR2 in phosphate buffer
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Figure 3.21. UV-Visible absorbance spectra of Nile red carboxylic acid derivative
(solid line, λmax= 545 nm), C4PAMAM-NR2 (---,λmax= 547 nm), C8PAMAM-NR2
(…,λmax= 550 nm), C18PAMAM-NR2 (-.-.,λmax= 542 nm) in methanol.
In methanol, the Nile red absorbance maximum occurred at 545 nm (spectrum not
shown) which is the same as for Nile red carboxylic acid. As stated earlier for calculation
purposes, the absorbance at 550 nm was used.
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Table 3.5. Summary of the results estimated for the alkyl derivatives of PAMAMNR2 in methanol.

As the amount of PAMAM-NR2 added to the alkylation mixture is known, the
recovery of the alkylated product from the SPE columns can be calculated using the
above estimated concentrations (assuming that the molar absorptivity is same for all
forms of PAMAM-NR2 and alkylation reaction goes to completion). The recovery of
alkylated products is estimated to be 21 – 27 %.
Emission spectroscopy was used to study Nile red carboxylic acid in some
common solvents to compare its solvatochromic properties. Figure 3.22 shows the
spectra. A comparison of emission maxima values with Nile red is shown below in Table
3.6.
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Figure 3.22. Emission spectra of Nile red carboxylic acid derivative in water (solid
line), methanol (---), ethanol (….) and 2-propanol (-.-.), with excitation at 550 nm.

Table 3.6. Observed emission maxima of Nile red and Nile red carboxylic acid when
excited at 550 nm.

As shown in the table there is virtually no difference in the solvatochromic
properties of Nile red carboxylic acid. As the polarity of the solvent decreases, the
emission maxima show the characteristic hypsochromic shift. In the next step, the
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spectral properties of alkyl derivatives were compared in water. The spectra are shown in
Figure 3.23.
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Figure 3.23. Emission spectra of C4PAMAM-NR2 (solid line), C8PAMAM-NR2 (---),
and C18PAMAM-NR2 (….) in water with excitation at 550 nm.
Both C4PAMAM-NR2 and C18PAMAM-NR2 showed a single peak (at 659 nm),
similar to Nile red in water, and C8PAMAM-NR2 showed a peak at 624 nm. Unlike in
the case of C18PAMAM-NR1, here the Nile red moiety seems to be in a less
heterogeneous environment. All three compounds showed some evidence of aggregation
in water as seen by the scattering background around 570 nm in Figure 3.23.
The main difference in the two PAMAM-NR structures is that in the case of
PAMAM-NR2 there is a 6-carbon linker binding the Nile red molecule to the peripheral
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amine group on the PAMAM molecule (Figure 3.24). As shown in Figure 3.11, in
PAMAM-NR1 the Nile red moiety was directly connected to the primary amine group
via a double bond. Therefore, the Nile red molecule in PAMAM-NR2 has more structural
flexibility.

Figure 3.24. Structure of the PAMAM-NR2, the periphery of PAMAM is defined by
the arc.
When the 6-carbon linker is in a fully extended (all trans) conformation, the long
axis of the Nile red molecule cannot align with the alkyl chains as the phenol linkage to
the 6-carbon linker is in sp3 hybridization. Therefore, the Nile red moiety should be at an
angle of 1090 to the long axis of the linker alkyl chain. The alkyl linker itself should be
about 700 – 800 degrees tilted to the surface normal of the PAMAM exterior. Assuming
that the 6-carbon linker is 8 Å, a distance of >12 Å between the Nile red moiety and the
periphery is calculated. These changes in the structure compared to the PAMAM-NR2,
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minimally affected the emission spectra of PAMAM-NR2 and its alkyl derivatives in
water. Considering three adjacent primary amine groups on the periphery of the PAMAM
molecule, to which the Nile red carboxylic acid and two alkyl chains are attached, Figure
3.25 can be used to explain these observations.

Figure 3.25. A schematic showing three adjacent primary amine groups (small
circles). A Nile red carboxylic acid molecule (dark angled bar with light 6-carbon
linker chain) is attached to the center amine. To the other two amines are attached
fully extended alkyl chains of varying lengths (C4, C8, and C18). The large ellipses
denote the area available for each primary amine group. It was assumed that the
surface is flat and the 6-carbon linker is normal to the surface.
In the case of C4PAMAM-NR2, the 6-carbon linker arm moves the Nile red
moiety further away from C4 chains. Therefore, as expected the emission spectrum shows
spectral behavior similar to that in aqueous environments. As explained earlier in Section
3.3.1, in water, the C18 chains are not in a fully extended conformation, and the addition
of the 6- carbon linker arm (assumed to be in the fully extended conformation) moves the
Nile red molecule away from the disordered C18 chains. Similarly, the Nile red moieties
may be occupying the cavities formed in the alkyl phase due to disordered chains. Unlike
in the PAMAM-NR1 case, this allows the Nile red moiety to be in a more homogeneous
(aqueous) environment, thus, there is only one peak. Due to the tilted linker arm and the
angular nature of the bond between the linker arm and the Nile red moiety, it will be at an
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estimated distance of 10 Å – 16 Å depending of the orientation. Therefore, the C8 chains
could still provide a hydrophobic nature to the solvation shell similar to PAMAM-NR1.
This leads to the increased intensity and the hypsochromic shift.
PAMAM-NR2 and IPA
Next, fluorescence spectra of these alkyl derivatives were measured with different
concentrations of IPA in water. The emission peak at 659 nm for PAMAM-NR2 slightly
increased in intensity as the concentration of the IPA was increased. These data are
shown in Figure 3.26. Even at 1.3 M IPA concentrations, there was no significant change
in the case of both C4PAMAM-NR2 and C18PAMAM-NR2. This response was
noticeably lower as compared to the PAMAM-NR1.
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Figure 3.26. Plot of normalized fluorescence intensity vs. concentration of 2propanol (in log scale) for PAMAM-NR2 (dark squares), C4PAMAM-NR2 (open
circles), C18PAMAM-NR2 (open triangles). Excitation at 550 nm.
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Attaching the Nile red moiety to a PAMAM molecule seems to be still enough to
create an enhanced response to IPA, as seen for PAMAM-NR2 in Figure 3.26. The linker
arm moves the Nile red moiety further away from the periphery of the PAMAM
molecule. This could be the reason for the reduced response of PAMAM-NR2 as
compared to PAMAM-NR1. C4 and C18 chains do not help in preconcentration of IPA as
in the case of PAMAM-NR1, thus no response is observed even at 1.3 M IPA
concentration.
In the case of C8PAMAM-NR2, the emission spectra red shifted from 624 nm as
was seen for C8PAMAM-NR1. Emission spectra are shown in Figure 3.27. At lower IPA
concentrations, there is a slight increase in the intensity at the peak at 624 nm. This could
be evidence of C8 chains preconcentrating IPA. As the concentration of IPA approached
0.05 M, a shoulder starts to appear around 650 nm. As was case in the PAMAM-NR1, the
hydrophobic hydration shell created by the C8 chains may not be providing a sufficient
driving force for preconcentrate IPA at lower concentrations. At 1.3 M IPA, the peak
appears at 655 nm. IPA is completely soluble in water and as the concentration increases,
the alkyl chains become solubilized. This allows water to interact with the Nile red group
and create the signal corresponding to water. At 1.3 M IPA, the molar ratio of water: IPA
is about 43:1. The emission maximum results from the combination of water and IPA
molecules in the solvation shell of the Nile red moiety thus around 655 nm. This
solubilizing of alkyl chains by IPA made it impossible to observe the preconcentration of
the IPA.
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Figure 3.27. Emission spectra of C8PAMAM-NR2 in 0.0 M (solid line), 0.01 M (---),
0.05 M (…), 0.5 M (-.-) and 1.3 M (-..-) concentrations of IPA in water, with
excitation at 550 nm.

PAMAM-NR2 and Cetyltrimethylammonium Bromide (CTAB)
Alkylated versions of both PAMAM-NR conjugates were insoluble in water and
the water soluble organic analyte molecules solvate the attached alkyl chains. Assuming
that solubilized, alkylated PAMAM-NR2 molecules would better demonstrate the
principle of preconcentration (especially in the case of C18PAMAM-NR2), an ionic
surfactant CTAB was added to the solutions of alkylated PAMAM-NR2 molecules.
Addition of ionic surfactants is one of the techniques employed in rp-HPLC to improve
the simultaneous separation of ionic and nonionic species [164]. Upon addition of CTAB
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(in methanol) aliquots to each of the PAMAM-NR2 derivatives dissolved in water, the
emission peak was shifted to a final value of 635 nm at 1.5 mM of CTAB (critical micelle
concentration of CTAB is between 0.7 mM – 1.0 mM [165]). The increase in intensity at
635 nm as a function of CTAB concentration for PAMAM-NR2, C4PAMAM-NR2, and
C18PAMAM-NR2 is shown in Figure 3.28. The spectra for C8PAMAM-NR2 are shown
in Figure 3.29.
In the case of PAMAM-NR2, C4PAMAM-NR2, and C18PAMAM-NR2, the
emission peak showed a hypsochromic shift from 659 nm, while for C8PAMAM-NR2 the
emission peak showed a bathochromic shift from 624 nm. Considering the wavelength
shifts, it is evident that for PAMAM-NR2, C4PAMAM-NR2, and C18PAMAM-NR2 the
Nile red moiety assumes a hydrophobic environment while in the case of C8PAMAMNR2 it assumes a more hydrophilic environment. Therefore, the alkyl chains of CTAB
are associating with the Nile red moiety. As the final peak position for all the dye
molecules is at 635 nm, it is believed that the micelles of CTAB are encapsulating the
PAMAM-dye conjugates. Even though the estimated dye concentrations were the same in
each case, the final emission intensity did not increase equally indicating that there are
differences in the microenvironments of the dye in 1.5 mM CTAB.
In the case of the alkyl modified conjugates, the changes in the emission signal
seem to result from the combination of both the alkyl chains attached to PAMAM and the
alkyl chains on CTAB. CTAB seems to solvate the alkyl chains attached to the PAMAM
molecules (as evident by the reduced scattering background around 570 nm in Figure
3.29) and at the same time the alkyl chains of CTAB associate with Nile red moiety. The
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C8PAMAM-NR2 spectra showing a bathochromic shift provide further proof of this
solvation and association. The signal increase of the PAMAM-NR2 is exclusively from
the interaction of CTAB with the Nile red and provides the highest intensity after the
peak shift is complete.
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Figure 3.28. The plot of the intensity at 635 nm vs. the concentration of CTAB in
water for PAMAM-NR2 (black squares), C18PAMAM-NR2 (open triangles) and
C4PAMAM-NR2 (open circles), with excitation at 550 nm.
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Figure 3.29. Emission spectra for C8PAMAM-NR2 showing a bathochromic shift
with increasing concentrations of CTAB in water, 0.0 M (solid line), 0.5 mM (---),
1.25 mM (…), 2.0 mM (-.-), 2.5 mM (-..-), with excitation at 550 nm.

PAMAM-NR2, CTAB with IPA
Next, different concentrations of IPA solutions were mixed with the PAMAMNR2 derivatives in the presence of 1.72 mM CTAB. There was no change in the emission
intensities or the peak maxima (data not shown). As compared to C8PAMAM-NR2,
PAMAM-NR2 conjugates have the Nile red moieties in a hydrophobic solvation shell,
thus show no preconcentration of IPA upon increasing IPA concentration.
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PAMAM-NR2 and 2,4-DNT
Next, 2,4-dinitrotoluene (2,4-DNT) was tried as an analyte with PAMAM-NR2
conjugates. The emission signal of Nile red was quenched upon addition of 2,4-DNT,
when the Nile red moiety is in a hydrophobic environment. Therefore, C8PAMAM-NR2
in the presence of 2,4-DNT, in aqueous solutions was studied in detail. Stern-Volmer
plots were created using the emission quenching data. Figure 3.30 shows the SternVolmer plots for PAMAM-NR2 at 25 0C and C8PAMAM-NR2 at 25 0C and 40 0C.
This experiment was carried out at two different temperatures to test the type of
quenching occurring (collisional or static). For C8PAMAM-NR2, as the temperature
increases from 250C to 400C, there is a slight increase in the Stern Volmer slope. This is
an indication of collisional quenching. The linearity of the plots indicates the presence of
a single population of fluorophores with equal access to the quencher. Conversely,
PAMAM-NR does not show any quenching of the signal upon addition of 2,4-DNT.
According to the earlier observations, the Nile red moiety of C8PAMAM-NR2 is in a
hydrophobic environment compared to the Nile red moiety in PAMAM-NR. Therefore,
this quenching occurs as the 2,4-DNT molecules preconcentrate (thus increase the
possibility of collisions) in the hydrophobic environment surrounding the Nile red moiety
in C8PAMAM-NR2 molecules.
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Figure 3.30. Stern-Volmer plots for C8PAMAM-NR2 at 25 0C (dark boxes), 40 0C
(open circles) and PAMAM-NR2 at 25 0C (open triangle), upon addition of 2,4-DNT,
with excitation at 550 nm.
As seen in Figure 3.30, the increase in the degree of quenching is very small with
the increased temperature. As the temperature increases, the solubility of 2,4-DNT in
water increases [156]. This leads to a shift of the equilibrium between the 2,4-DNT in the
aqueous phase and the hydrophobic phase towards the aqueous phase. Therefore, the
number of molecules available to quench is decreased in the solvation shell of the Nile
red. Even though the remaining 2,4-DNT molecules have higher kinetic energy (due to
higher temperature), the degree of quenching likely results from the balance between the
two factors. If the static quenching was taking place, the dissociation followed by
increased solubility should have substantially decreased the degree of quenching when
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the temperature was increased, producing a markedly different plot at the higher
temperature.
The two Stern-Volmer plots produce straight lines with equations of Y=1281.54
(±67.70) X + 1.03 (±0.02) at 25 0C and Y=1288.51 (±49.14) X + 1.04 (±0.03) at 40 0C.
Using the error of the intercept the calculated minimum detectable concentrations of 2,4DNT are 47 µM and 70 µM at 25 0C and 40 0C, respectively. Even though this is about
two orders of magnitude higher than the limit of detection reported by the Walt
group[147, 148] (in the vapor phase), these results show that C8PAMAM-NR2 allows the
detection of 2,4-DNT in water using steady state fluorescence spectroscopy.
Both C4PAMAM-NR2 and C18PAMAM-NR2 were quenched slightly (but a
statistically insignificant amount; data not shown). Therefore, the combination of
C8PAMAM-NR2 in an aqueous environment with 2,4-DNT as the analyte was selected
as the dye and analyte pair to be entrapped in sol-gels to develop sensing materials.
For comparison, PAMAM-NR2, and C18PAMAM-NR2 were each mixed with
2,4-DNT in the presence of CTAB and the fluorescence quenching was studied. Upon
addition of 2,4-DNT the emission peak at 635 nm started to diminish. In single trial
experiments, both PAMAM-NR2 and C18PAMAM-NR2 were quenched to the same
exact extent and produced same exact Stern-Volmer slopes (data not shown).
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3.3.3 PAMAM, Nile red derivative number 2: Sol-gel studies
The objective here is to attempt to duplicate the solution phase response of
C8PAMAM-NR2 to 2,4-DNT within the sol-gel matrices. Therefore, the C8PAMAMNR2 was entrapped in sol-gel matrices. It was important to maintain the hydrophilic
nature of the sol-gel matrix. Sol-gel films were prepared, and data were collected using
the home built spectrometer described in Section 3.2.3.
The data were collected in two different ways. When recording a spectrum the
monochromator was scanned from 590 nm to 750 nm with 0.25 s integration time. The
quenching of fluorescence response was measured by setting the monochromator at 622
nm and setting the integration time to 1 s. Each quenching data point (for each of the
concentration of 2,4-DNT) was recorded 5 times (1s x 5) and averaged to minimize any
effects from lamp intensity fluctuations. To compare the results from day to day, a
reference solution of Nile red was used to normalize the data and counting was done in
the same manner as the quenching experiments. All the data collected were normalized
against the average of the reference solution.
The fluorescence signal of the sol-gel thin films prepared by the first method
(Section 3.2.3) was recorded as explained above, before and after incubation with 2,4DNT. The spectrum of C8PAMAM-NR2 in a sol-gel film shows the fluorescence peak
around 615 nm when incubated in water (Figure 3.31). The peak is slightly blue shifted
compared to the C8PAMAM-NR2 in water. The instrumental differences could be the
main factor contributing to this slight blue shift.

124

320000
300000
280000

Fluorescence Intensity

260000
240000
220000
200000
180000
160000
140000
120000
100000
80000
60000
40000
600

620

640

660

680

700

720

740

Wavelength (nm)

Figure 3.31. Emission spectrum of C8PAMAM-NR2 in a sol-gel film (excitation via
535 nm filter).
The decrease of intensity of this peak at 622 nm upon incubation with different
concentrations of 2,4-DNT was monitored. Using the peak values, a Stern-Volmer plot
was created; it is shown in Figure 3.32. In a single trial experiment, a sol-gel film
prepared by the first method (Section 3.2.3) produced a Stern – Volmer slope of 505
Lmol-1, which is about a factor of 2.5 lower than the results obtained in the solution phase
experiments. The reason for this lowering of the degree of quenching could be mainly
due to the retardation of 2,4-DNT reaching C8PAMAM-NR2 molecules. Unlike in
aqueous solutions, C8PAMAM-NR2 molecules are entrapped in a solid matrix.
Therefore, free mixing of the analyte and the probe is not possible. Additionally,
unhydrolysed ethoxy groups of TEOS may retain the hydrophobic 2,4-DNT and some of
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the entrapped C8PAMAM-NR2 may be in pores, which are unreachable by water. In an
attempt to improve the mixing of the analyte and the probe by enlarging pore sizes, a
small amount of METS was introduced to the sol-gel matrix. This also increased the
hydrophobic nature of the matrix and completely eliminated 2,4-DNT interaction with
C8PAMAM-NR2 as was evident by unchanged spectra (data not shown).
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Figure 3.32. Stern-Volmer plots for thin films of sol-gel on a glass substrates, with
entrapped C8PAMAM-NR2 (dark boxes) and PAMAM-NR2 (open circles).
The same range of concentration of 2,4-DNT tested for aqueous solutions (Figure
3.30) was tried with the sol-gel films but at 1.25 x 10-3 mol/L, the fluorescence intensity
increased due to the scattering from the 2,4-DNT solution above the film. These thin
films were slightly cloudy and therefore a new series of C8PAMAM-NR2 doped sol-gels
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were prepared using the second method discussed in Section 3.2.3. The results for those
films are discussed below.
These sol-gel films were prepared in Petri dishes as stated earlier and they are
easier to make and optically clear. As in the previous experiment, these sol-gel films were
incubated with different concentrations of 2,4-DNT in water and the data were collected
as explained previously. Using the quenching data, a Stern-Volmer plot was created. The
response time of the sol-gels was studied. It was also attempted to study the reusability of
the sol-gels. These data are shown in Figures 3.33 – 3.35.
The emission peak appears around 610 nm and is quite broad (Figure 3.33, solid
line), which could be due to the scattering effects from the thicker probing area of the solgel film (estimated 0.2 mm) as compared to thin films prepared by the first method.
Scattering could be occurring from both the sol-gel backbone as well as from the
aggregates of C8PAMAM-NR2 molecules as they are confined in smaller pores with a
hydrophilic environment around them. The peak position is blue shifted compared to
aqueous solutions and the thin films. As stated earlier, this blue shift could be a
combination of differences of the spectrometers and scattering backgrounds.
Figure 3.33 also shows two spectra of the same film after incubating for 15 min
each with 50% ethanol and water respectively. It clearly shows that C8PAMAM-NR2
groups are responsive to the differences in solvent composition. In this case, the addition
of ethanol allows the solvation of the molecules in the water thus shifting the peak
towards 659 nm (emission peak for Nile red in water). One disadvantage of using 50 %
ethanol was the loss of the dye to the solution via leaching. The leaching was apparent by
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the slight pink color in the 50% ethanol solution above the film after 15 minutes but the
pink color was not visible after equilibration with water. It was also noted that the
intensity of the peak stayed unchanged upon continued incubation with water showing
that there is no visible leaching of the dye molecule in water. Therefore, leaching could
be a result of the structural deformations due to the solvation of C8 chains and PAMAM
in the presence of ethanol.
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Figure 3.33. Emission spectra of C8PAMAM-NR2 in a sol-gel film incubated in
water for 15 min (solid line), in 50% ethanol for 15 min (---) and then in water again
for 15 min (….). Excitation was performed through a 535 nm filter.
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Figure 3.34. Stern-Volmer plot for C8PAMAM-NR2 in sol-gel films prepared in
Petri dishes upon incubating with 2,4-DNT.
The Stern Volmer plot created using the quenching data upon incubating with 2,4DNT is shown in Figure 3.34. The slope of the plot is 563 ± 19.8 L/mol, which is in the
same range as slope produced in the thin film sol-gel and still about 2.3 times smaller
than that in aqueous solutions. As explained earlier, retardation of 2,4-DNT molecules by
the sol-gel matrix could be the reason for the lowered response. The estimated limit of
detection is about 612 µM, which is about 13 times higher than that in the solution phase.
Next, with a different sol-gel film, the time dependence quenching response of a
7.5 x 10-4 M 2,4-DNT solution was recorded and the data are shown in Figure 3.35. Each
plotted data point is the mean of three data points (1 s integration each).
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Figure 3.35. Time dependent quenching response of the emission signal at 622 nm,
for a sol-gel film doped with C8PAMAM-NR2, upon incubating with a solution of
7.5 x 10-4 M 2,4-DNT.
According to Figure 3.35, there is rapid quenching when 2,4-DNT is introduced,
then the response slows. The rapid quenching is due to the easily accessible C8PAMAMNR2 molecules in the film. As time progressed, access to C8PAMAM-NR2 molecules is
retarded thus the rate of quenching slows. All the prior quenching data were collected
after a minimum of 15 minutes incubating time. The above result clearly shows the
selected incubation time is sufficient to achieve > 80% of the total quenching.
Next, to study the reusability of the sensing material, a sol-gel film was incubated
for 15 minutes with a 7.5 x 10-4 M 2,4-DNT solution and it was treated as follows. After
removing the 2,4-DNT solution, the film was first incubated with 50% ethanol for 15
minutes and then with water for 15 minutes. Prior incubating with water, the film was

130
washed with an aliquot of water. Ethanol was used to increase the solubility of 2,4-DNT
to facilitate the removal from the sol-gel matrix. As expected after incubating with 50%
ethanol, the emission peak shifted to the red and the intensity increased. After incubating
with water, the emission peak blue shifted and the intensity decreased to the level of the
sol-gel before incubating with 2,4-DNT (data not shown). As stated earlier, incubating
with 50% ethanol results in the leaching of C8PAMAM-NR2 and results in intensity
increase. These two reasons made it difficult to reach a conclusion about reusability of
the sensor material.

3.3.4 PAMAM, NBD derivative (PAMAM-NBD)
As stated earlier, PAMAM was also labeled with NBD using an amine acylation
reaction under basic conditions (Section 3.2.1.5). In the case of NBD-Cl, the chloride
group acts as the leaving group. Similar to the PAMAM-NR derivatives, MALDI-TOF
MS, absorbance and fluorescence spectroscopy were used to characterize the PAMAMNBD conjugates. According to MALDI-TOF, on average 5 NBD molecules, 35 - C4
chains, 42 - C8 chains were attached to PAMAM. PAMAM-NBD did not change its
spectral properties in the presence of isopropyl alcohol (the only analyte tried, results not
shown). Therefore, this study was only used for method development, leading to the
subsequent studies with Nile red discussed above.
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3.4 CONCLUSIONS AND FUTURE DIRECTIONS
C8 modified PAMAM-NR molecules created the expected hydrophobic solvation
shell around the Nile red moiety in aqueous solutions, as was evident by the blue shifted
emission maximum. On the contrary, C18 chains were not able to create such a
hydrophobic shell. As the surface coverage of C18 chains on C18PAMAM-dye are lower
compared to rp-HPLC stationary phases, it could be concluded that similar disordered
phases are formed and Nile red moieties occupy the voids created due to disorder in the
C18 phase. Thus, C18 chains do not provide the expected hydrophobic solvation shell. The
lowered mobility of C8 chains may be the reason for the formation of the hydrophobic
environment in the case of C8PAMAM-NR. As discussed earlier, C4 chains are
dimensionally insufficient to create such an environment.
Both IPA and 2,4-DNT analytes showed preconcentration in the C8 modified
PAMAM-NR molecules. It was possible to preconcentrate 2,4-DNT from much lower
concentration (10-4 M range) as compared to IPA (10-2 M range). This may be due to the
solubility and hydrophobicity differences as evident by octanol/water partition
coefficients of the two analytes (IPA pow = 0.05, 2,4-DNT pow = 1.98).
Using Nile red as the dye molecule provided far superior polarity sensitivity
compared to NBD. Additionally, the photostability of Nile red compared to NBD is well
documented in literature. As was seen in Chapter 2, PAMAM molecules provided the
necessary anchoring to the dye molecules in aqueous solutions. About 2/3 of the amine
groups on PAMAM were easily modified with alkyl chains. As stated before, even if all
the amine groups are modified with alkyl chains, the surface coverage of alkyl chains is
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still lower than most of the commonly used rp-HPLC stationary phases. In future, it may
be interesting to use a higher generation PAMAM to achieve such surface coverage.
However, both steric effects and hydrophobic effects may still lead to lower surface
coverage. Even though fluorescence dye molecules have been extensively utilized to
study rp-HPLC stationary phases, silanol reactive Nile red molecule could also be used
with uncapped stationary phases. If synthesized, such material in combinations with rpHPLC stationary phases or SPE columns can be utilized as on column detector modules
or sensor materials.
The few attempts to make sol-gel matrices with a small percentage of MTES (to
improve equilibration of 2,4-DNT to sol-gel matrices by enlarging the pore sizes)
completely retarded the mixing of 2,4-DNT and Nile red moieties due to the hydrophobic
effect of the matrix. The knowledge acquired here could be used in designing a sensor on
a planar substrate (glass, Au, Ag) coated with amine groups to attach Nile red carboxylic
acid. The C8 chains may be attached using the same method or a temporary hydrophobic
environment could be created using ionic surfactants. Similar temporary hydrophobic
environments has been tried by Avnir group [166] within sol-gel matrices. The ease of
reusability is the main advantage of such a planar sensor with a temporary hydrophobic
environment.
Using modified PAMAM supramolecular structures to improve the performance
of existing sensor material is a viable option. The cost of PAMAM molecules could be
one of the main concerns. Most importantly, the use of principles of rp-HPLC to
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preconcentrate sparingly soluble, hydrophobic analytes in water to improve the limit of
detection is a promising concept.
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CHAPTER 4: INTRODUCTION TO PART II - SILICA NANOPARTICLES
WITH SELF-ORGANIZED LIPID SUPRAMOLECULAR ASSEMBLIES FOR
BIOLABELING APPLICATIONS
4.1 GENERAL PERSPECTIVE
Even though there is no precise standard, a broad definition of nanomaterials
include synthetic materials with the size 1 nm < x < 100 nm. Typically, these materials
contain few hundreds of atoms to few thousands of atoms. Nanoparticles and
nanocrystals, nanowires, nanofibers, and nanotubes are some of the examples of different
types of nanomaterials. There are scientific (potential applications, quantum effects thus
different properties from the bulk) and economical (increased funding for research and
increased commercial interest) reasons for the increased scientific attention to the field of
nanotechnology in recent times. For example, a recent article suggests that the projected
demand for carbon nanotubes will grow by about 200 times by the year 2014 [167],
which shows the potential and the projected growth of nanomaterials for applications.
The potential applications of nanomaterials are being intensely investigated. Some
of the currently suggested applications include new clean energy sources, pollution
control systems, catalysts or catalyst supports, and nanoscale sensors [168]. Additionally,
there are a variety of biological applications being investigated. Nanomaterials have been
used to enhance contrast in magnetic resonance imaging, in tissue repair, immunoassays,
and detoxification of biological fluids, as hyperthermia agents (self heating nanoparticles
for destroying tumor cells), in drug delivery, cell separations, biosensors, and as
biolabeling agents [83, 109-112, 168-176].
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Larger surface area (surface to volume ratio), high surface energy and the size of
nanomaterials lead to unique physical and chemical properties. These combined with the
comparable size to larger biomolecules may be the reason for the increased attention to
nanoparticles in the field of biological research. Nanoparticles, nanowires and nanotubes
are extensively used in biosensor research [168].
Physical methods such as laser ablation, pulse combustion, flame pyrolysis, and
plasma synthesis are some common techniques used in the preparation of nanoparticles
but these material prepared tend to agglomerate due to high surface energy [168, 169].
Therefore, these nanomaterials are typically functionalized to prevent this agglomeration.
In biological applications, the surface functionalization has to be compatible with the
biological system [169]. Homogeneous size distribution is another requirement for most
applications[112]. Due to these reasons, wet chemical methods with much more
controlled synthesis have attracted attention[177]. Development of wet chemical
synthetic methods and successful surface modification techniques are still very active
areas of research for nanoparticles targeted for biological applications.
Chapter 5 describes a series of experiments designed to demonstrate the use of
dye-doped silica nanoparticles coated with a polymerized lipid supramolecular
assemblies in labeling biological cells. The following sections provide the use of
common types of nanoparticles in biolabeling and other biological applications and
background information about the lipid supramolecular assemblies and their uses.
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4.2 BIOLOGICAL APPLICATIONS OF NANOPARTICLES
Nanoparticles have been used in a variety of biological applications as stated
earlier. This section focuses on different types of nanoparticles used in biological
applications with special references to biolabeling.
4.2.1 Types of nanoparticles
Quantum dots (QDs)
QDs are made of inorganic semiconductor materials such as CdS, CdTe, and
CdSe. Typically, the core is coated with a higher bandgap material such as ZnS to
passivate the surface. These core-shell nanocrystals are highly fluorescent and show
extraordinary photostability. The emission wavelength can be tuned by changing the
particle size. The emission bands are typically narrow (FWHM = 30 nm). Due to their
interesting properties, these particles are being extensively studied as substitute for
organic fluorescent dyes which suffer from significant drawbacks (discussed later) in
applications such as biolabeling. Qualities that make QDs desirable for biological
labeling applications include broad excitation spectra, precise tunability of the emission
peak, long fluorescence lifetimes, and negligible photobleaching.
On the other hand, QDs suffer significant drawbacks such as low quantum yields
(as low as organic dyes) and intermittent emission [112]. Their use in biological systems
is somewhat limited by the difficulties of surface modification with biologically
significant ligands and toxicity of the materials involved in the synthesis of QDs [178,
179]. Some of the applications of QDs are discussed in Chapter 5.
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Metal nanoparticles
Colloidal gold and silver are two of the most commonly used noble metal
nanoparticles due to their bright colors. These particles have strong size dependent
optical absorption in the UV-Visible spectrum. Therefore, particles of different sizes have
different colors. Even though QDs are smaller, metal nanoparticals are nontoxic, easy to
synthesize, and easier to surface-modify. They have been used in biosensing (DNA
detection and glucose sensing) systems and phototheraputic applications.[112, 180-182]

Dye-doped nanoparticles
Most of the dye-doped nanoparticles use silica or organic polymers such as
methacrylates as the backbone material. Both organic and inorganic dye molecules have
been entrapped in these particles. Dye-doped silica nanoparticles and their applications
are discussed in Chapter 5.

4.2.2 Surface modification requirements and techniques
For biolabeling applications, the necessity for surface modification of
nanoparticles arises mainly from the need for attachment of biological ligands. In
addition, the surface modification of particles is done to prevent nonspecific adsorption
of/to proteins and to prevent toxic material leaching into the biological environment.
Most of the times these are synthetic organic coatings, which are biologically compatible.
Some of the synthetic coatings used to prevent nonspecific adsorption of/to proteins are
discussed in Chapter 5.
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In the case of dye-doped silica particles, bioconjugation of ligands was achieved
either via covalent binding or noncovalent (electrostatic, hydrophobic) interactions. The
Tan group [112] has developed some of the methods shown in Figure 4.1. Covalent
bonding is achieved mainly by thiol coupling and amine coupling.

Figure 4.1. Methods of linking bioligands to silica nanoparticles (Reprinted with
permission from reference [112]. Copyright 2003, Taylor & Francis).
Summary of surface modification methods to solubilize and attach bioligands for
QDs are provided in Figure 4.2.
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Figure 4.2. Summary of surface modification techniques for QDs (Reprinted with
permission from reference [183]. Copyright 2008, Nature Publishing group).
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Similar to silica nanoparticles, QDs use covalent and noncovalent attachment of
bioligands as seen in Figure 4.2. Thiol and silane reactions are common in the case of
covalent binding. Thiol modification is a common method in the case of gold and silver
particles due to the enhanced reactivity of the noble metal surfaces and thiol groups.

4.3 LIPID SUPRAMOLECULAR STRUCTURES
Lipids are one of the major components of biological membranes along with
membrane proteins. Lipid molecules are amphiphilic in nature containing a polar head
group and a non-polar tail (Figure 4.3). Lipids form electrically insulating,
semipermeable membranes separating cellular components from the outer environment
and support the activity of the membrane proteins. In water, when the concentration is
above the critical micelle concentration (CMC – generally for lipids around 10-9 M[184]),
the hydrophobic interactions of the tail groups and the hydrophilic interactions of the
head groups with water cause lipids to aggregate and self organize into variety of
supramolecular structures (mesophases). The nature and the shape of the structures
depend on conditions such as the concentration of lipids, temperature, pressure, and
solvent composition. The existence of a variety of mesophases is called polymorphism.
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Figure 4.3. Schematic of a lipid molecule reproduced with permission from
reference [185], illustrated by Jenny Wang.
Generally, each mesophase is formed based on minimization of the free energy of
the system. The two major constituents that contribute to the free energy of the system
are intermolecular interactions that occur at water/hydrophobic interfaces and the
interactions between the hydrophobic alkyl chains. The free energy water/hydrophobic
interactions depend on the packing of the lipids and their molecular dimensions. The
relative area of the hydrophobic and hydrophilic portions of the molecule determines the
contribution to the free energy. For the interactions of tail groups, the length of
hydrophobic alkyl chains determines the free energy contributions [186, 187].
Some examples of various mesophases are shown in Figure 4.4. The phase,
important for discussion in this dissertation, is lamellar phase (lipid bilayers). In solutions
lamellar structure stay as closed vesicles (liposomes). The most striking feature of
lamellar phases is that they can be assembled on solid supports to create supported lipid
membranes for applications.
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Figure 4.4. Examples of lipid mesopahses reproduced with permission from
reference [185], illustrated by Jenny Wang.

Supported lipid membranes
Supported lipid membranes allow biofunctionalization of solid materials. In
addition, the lipid layers allow immobilization of membrane proteins in the natural
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environment and in a well-defined orientation on materials. Under some conditions, the
membranes produce ultrathin, high electric resistance layers on conducting materials.
These properties make supported lipid membranes attractive in the design of biosensors
and other biological functional materials. Solid supported lipid membranes are commonly
made on planar supports such as silica or quartz. The methods of formation are well
developed. Two of the commonly used methods are the Langmuir – Blodgett technique
and vesicle spreading. The continuity of the supported membrane depends on the
smoothness of the substrate [188]. It is believed that there is a thin (~ 10 Å) water layer
present between the substrate and the lower leaflet of the bilayer [188]. These structures
are stable under water but fall apart as they cross the water – air interface.
The Saavedra group research has produced polymerized supported lipid layers on
planar substrates successfully [189, 190]. It has been shown that these structures survive
the passage through water – air interface as well as survive harsh chemical environments.
It has also been shown that these bilayers retain the ability to resist nonspecific protein
adsorption even after drying and rehydrating [191]. Depending on the method of
polymerization this reduction varies from 60 % (UV initiated polymerization) to 90 %
(redox initiated polymerization) compared to a fused silica surface. Chapter 5 discusses
the attempts to use the same ploymerizable lipid molecules on nonplanar silica
nanoparticle surfaces.
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CHALLENGES

OF

WORKING
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NANOMATERIALS
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BIOLOGICAL SYSTEMS
A major concern with nanomaterials is their potential toxicity to biological
system. In the case of QDs this arises from the semiconductor components [178, 192] but
as described earlier surface modifications are being developed to reduce the toxicity of
QDs. Toxicity could also be a problem when dopant/nanoparticle material leach into the
surrounding environment. An outer coating of a nontoxic material can be is added to
prevent the leaching of materials. However, those coatings could also lead to cytotoxicity
problems [193, 194]. For example, surface charge of the coating materials play a role in
toxicity with cationic surfaces being more toxic than anionic and neutral surfaces being
biocompatible [195]. Cytotoxic response does not always cause cell death. In certain
studies, although no cell damage or cell death has been apparent, changes in the cellular
function has been observed after exposing to nanoparticles [174, 178]. Most of the time
cytotoxic responses are observed via membrane damage, metabolic irregularities, or
inflammatory responses. These may not completely account for the sub- lethal cellular
changes [194].
In biological labeling applications, nanoparticle labels are a better choice due to
their advantages compared to organic dye molecules. The biggest advantage of
nanoparticle labels is the enhanced intensity compared to dye molecules [173, 174, 176,
196]. Photostability of the nanoparticles shown to be superior compared to dye
molecules. The following chapter discusses the use of dye-doped silica nanoparticle with
coated polymerized lipid layer/s in a cell labeling application. As already discussed in
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this dissertation, silica provides nontoxic, inter matrix. The leaching of the dye has been
eliminated by adding an additional layer of silica during synthesis. The poly(lipid) layer
provides a stable, biocompatible layer to minimize the nonspecific adsorption of/to
proteins and to carry the binding ligands.
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CHAPTER 5: DYE DOPED SILICA NANOPARTICLES COATED WITH A
STABILIZED SINGLE LIPID BILAYER - OVERCOMING NON-SPECIFIC
PROTEIN ADSORPTION PROBLEMS OF HIGHLY SENSITIVE
BIOMARKERS
5.1 INTRODUCTION
The growing need for highly stable, biocompatible optical imaging agents with
large sensitivity enhancements has fostered development of a wide variety of luminescent
labels, e.g., fluorescent particles, fluorescent proteins, and novel fluorophores. Among
the most promising are highly luminescent inorganic nanoparticles [175, 196, 197] that
allow imaging of low number density receptors and physiological processes in vitro and
in vivo. Semiconductor nanoparticles (quantum dots) range in size from 2 to 10 nm,
exhibit high photochemical stability, and emit bright fluorescence (equivalent to ~ 40
rhodamine 6G molecules) [173, 174, 176, 198]. They have been used for a variety of
fluorescence imaging applications, including in vivo experiments to monitor deep brain
tissues [175, 179, 197] and blood flow [196]. However, the long-term effects of
nanoparticle degradation, e.g., the slow accumulation of heavy metal ions from slow
dissolution or biodegradation, have not been thoroughly explored and may substantially
limit the applications of these probes [174, 178]. Additionally, semiconductor
nanoparticles are inherently insoluble in aqueous solutions and require a capping layer to
impart solubility [174]. Degradation of the capping layer may lead to increased
nonspecific adsorptive interactions, and loss of the capping layer may lead to aggregation
of the particles into large inorganic architectures, which could prove toxic.
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Minimization of these undesirable properties, coupled with further luminescence
enhancement, could improve the sensitivity and utility of luminescent nanoparticles for
bioimaging applications. Recently, Tan and co-workers [110, 111, 172, 199] reported that
fluorophores (e.g., rhodamine 6G) can be entrapped at high concentrations (ca. 10% w/w)
in silica nanoparticles synthesized using a reverse microemulsion method. The watersoluble fluorophores are localized in the polar interior of the inverse micelles in which
the particles form, leading to their incorporation into the porous sol-gel network of the
particle. The addition of a second, sol-gel-derived capping layer prevents leaching of the
dye during subsequent washing, dilution, etc. of the silica nanoparticles. The capping
layer also increases the photostability of the entrapped dye, likely by decreasing the
diffusion of O2 into the particle interior, virtually eliminating photobleaching relative to
fluors entrapped in uncapped nanoparticles and in free solution [110, 111, 199].

5.1.1 Fluor – doped silica nanoparticles
Silica is chemically inert and stable. This makes it a very attractive choice in
eliminating some of the above-mentioned undesirable properties of semiconductor
nanoparticles. Development of sol-gel chemistry has enabled entrapment of many
inorganic and organic fluorescent dye molecules in silica nanoparticles. The material
itself is optically transparent. Addition of the capping layer virtually eliminates dye
leakage and reduces the potential of toxic materials emission from these particles. In a
biological buffer (pH ~ 7.4), the surface charges of silica particles minimize aggregation
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due to the electrical repulsions. Aggregation and swelling have been major problems in
the case of some of the polymeric luminescent particles [112].
Making fluor doped silica particles has presented challenges in certain cases, e.g.
Shibata et al. [200] has shown that the concentration of water-soluble dye used during the
Stöber method [201] affected the particle size. The Stöber method has been utilized in
other attempts to modify the surface of the particles with dye molecules such as
fluorescein [202, 203]. Halas group [204] and Ye et al. [205, 206] have used two very
different approaches to synthesize lanthanide doped silica particles. In the first case,
lanthanum chloride doped silica particles were synthesized using acetic acid as the
catalyst in the hydrolysis of TEOS. The second approach used the water in oil inverse
micelle approach (similar to experiments described here) to entrap a terbium chelate as
the fluorescent moiety. Apart from this, adsorption from solution to hollow nanospheres
have also been used in the preparation of fluor-doped silica nanoparticles [207].
The reverse micelle method has provided an easy synthetic method to synthesize
fluor-doped silica nanoparticles, and these nanoparticles are extremely luminescent.
When 70 nm silica nanoparticles doped with tris(2,2-bipyridyl)-dichlororuthenium(II)
hexahydrate (Ru(bpy)32+) were compared to dissolved Ru(bpy)32+, dissolved Texas Red,
and quantum dot QD605, it was found that the emission intensity of a Ru(bpy)32+- doped
silica nanoparticle is equivalent to that of 39 QD605 particles, 1290 Texas Red
molecules, and 7.2 x 104 Ru(bpy)32+ molecules [199]. Thus receptor-ligand binding
events should be more easily visualized using Ru(bpy)32+-doped silica nanoparticles [110,
111, 199].

149
5.1.2 Coating nanoparticles with a lipid bilayer
Nonspecific adsorption of biological molecules, especially proteins, is highly
favored on silica and glass surfaces [191, 208, 209], suggesting that poor specificity
might be observed when using silica nanoparticles in biological milieu. A potential
solution to this problem is the application of an inert coating that minimizes nonspecific
adsorption on the nanoparticle surface. Additionally, it is desirable for the coating to
serve as a platform for functionalization of the nanoparticle surface with traditional
targeting agents, e.g., antibodies and streptavidin, as well as novel targeting agents, such
as transmembrane protein receptors.
Supported lipid bilayers (SLBs) have been prepared and studied extensively
during the past 20 years, primarily as structural models in biophysical studies of cell
membranes [188, 210], and more recently as coatings for biosensor transducers [211,
212] and biocompatible coatings for synthetic materials [189-191, 213, 214]. A large
body of work has demonstrated that the phosphorylcholine group is inherently resistant to
nonspecific protein adsorption and platelet adhesion [191, 215, 216]. Bayerl and Bloom
demonstrated that vesicle fusion can be used to coat the surface of a spherical silica
particle, several microns in diameter, with a unilamellar fluid SLB [217], the structure of
which is similar to SLBs formed on planar SiO2 substrates. Fusion of lipid coatings on
silica particles with diameters ranging from tens of nanometers to a few micrometers,
including porous, sol-gel-derived particles, has also been reported [218-223].
Furthermore, several types of liposome-based, fluorescent sensors have been developed,
including some intended for cellular measurements [224-226]. Fluid lipid bilayers
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composed of natural lipids are, however, dynamic and inherently unstable structures
[190, 227], which may pose a significant obstacle to their use as stable, reproducible
coatings and encapsulants for probes intended for in vivo and in vitro imaging
applications.
Polymerization of lipid monomers to form a robust poly(lipid) membrane is a
logical solution to the stability problem [228, 229]. Polymerizable lipids have been
synthesized using a variety of functional groups, including acryloyl, diacetylenic, sorbyl,
and dienoyl; these can be positioned in either the head group, the hydrophobic tails, or
both [228-238]. In some cases, >95% polymerization efficiency within a lipid bilayer has
been achieved [229, 238]. A variety of polymerization methods, including UV irradiation
and radical initiation, has been used to create highly cross-linked and chemically
stabilized liposomes and SLBs [190, 191, 229, 232, 236, 238-242]. These poly(lipid)
architectures are biocompatible, e.g., the degree of nonspecific protein adsorption on
poly(SLBs) is equivalent to fluid (unpolymerized) SLBs [191, 242]. In addition,
poly(SLB) coatings provide a platform for surface modification/functionalization via
doping with lipids bearing functional or chemically reactive headgroups (e.g., biotin,
nitrilotriacetic acid [243]) or reconstitution of transmembrane protein receptors [244].
Recently it has been shown the ability to form stable, cross-linked SLBs have been
formed on curved surfaces with internal diameters as small as 5 µm, which suggests the
feasibility of coating SLBs on particles [243, 245]. This chapter presents the fabrication,
characterization, and utilization of poly(lipid)-coated, highly luminescent silica
nanoparticles for biological imaging applications.
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5.1.3 Other strategies to reduce nonspecific protein adsorption in biological sensors
A variety of polymeric coatings has been tried as nonspecific protein adsorption
blockers in biosensor applications. Most of these polymers are hydrophilic materials
designed to prevent electrostatic attractions and hydrophobic interactions between
proteins and the substrate. Frazier et al. [246] have used synthetic thiolated dextrans to
coat Ag surfaces in surface plasmon resonance (SPR) based sensors. Similarly, Beeskov
et al. [247] modified nylon microfiltration membranes with bisoxirane and formaldehyde
at terminal amino groups and amide groups respectively, to attach dextrans.
Poly(ethylene glycol) has been another commonly used polymer coating to prevent
nonspecific binding of proteins to silica surfaces [248-250]. All these synthetic polymers
could lead to toxicity problems and other unknown incompatibility problems.
In some biological applications, an adsorbed coating of bovine serum albumin
(BSA) has been used to prevent nonspecific adsorption of/to proteins [112, 172, 199].
This approach could also lead to biological incompatibility problems. As BSA is
nonspecifically adsorbed, during applications the coating could slowly be removed from
the surfaces due to instability. The approach used here to coat a lipid layer provides
biologically compatible phosphorylcholine head groups on the surface of silica particles
to minimize any incompatibility problems.
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5.2 MATERIALS AND EXPERIMENTAL OVERVIEW
5.2.1 Materials
Triton X-100 (TX-100), 1-hexanol, TEOS, NH4OH solution (28–30%),
Ru(bpy)32+, acetone, uranyl acetate dihydrate, dimethylformamide (DMF), tetramethyl
rhodamine isothiocyanate (TRITC), biotin-N-hydroxysuccinimide ester (biotin-NHS),
glycine, rhodamine-labeled bovine serum albumin (rhodamine-BSA), sodium carbonate,
and sodium bicarbonate were from Sigma-Aldrich (St.Louis, MO). Cyclohexane, and
mono and dibasic sodium phosphate were obtained from Fisher Scientific (Denver, CO).
Fluorescein-biotin, streptavidin, fluorescein-streptavidin, and rhodamine-streptavidin
were obtained from Leinco (St. Louis, MO). FM 1-43 was obtained from Invitrogen
(Carlsbad,

CA).

1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine

rhodamine B sulfonyl) ammonium salt (rhodamine-DOPE), 1,2-dioleoyl-sn-glycero3phosphocholine

(DOPC),

and

the

sodium

salt

of

1,2-dioleoyl-sn-glycero-

3phosphoethanolamine-N-(cap biotinyl) (biotin-DOPE) were obtained from Avanti Polar
Lipids (Alabaster, AL). All reagents were used without further purification.
Bissorbylphosphatidylcholine (bis-SorbPC) was synthesized according to previously
described protocols [251, 252]. All aqueous solutions were prepared using H2O obtained
from a Barnstead Nanopure system with a resistivity of 18 MΩ/cm.
Some experiments were performed using commercially available silica particles,
lacking entrapped dyes, with diameters ranging from 100 nm to 1 Lm. These were
obtained from Polysciences Inc. (Warrington, PA) and Duke Scientific Corp. (Fremont,
CA).
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5.2.2 Methods
5.2.2.1 Method of silica nanoparticle preparation
Silica nanoparticles were synthesized using a reverse microemulsion method, as
described by Tan and co-workers [110, 111] by mixing 1.77 mL of TX-100, 7.50 mL of
cyclohexane, 1.80 mL of n-hexanol, 0.546 mL of H2O (with or without dye), 0.100 mL of
TEOS and 0.060 mL of NH4OH. The dye concentration in the H2O portion of the mixture
was 25 mM for Ru(bpy)32+. The mixture was allowed to stir for 12-24 h at room
temperature followed by addition of 8 mL acetone to disrupt the inverse micelles.
Particles were recovered by centrifugation (> 10,000 g for 10 minutes) and washed
thoroughly three times with ethanol and three times with water. Ultrasonication was used
to remove loosely bound dye and adsorbed surfactant molecules, as well as to improve
homogeneity of the suspension.
In some cases, the washing procedure described above caused an unacceptably
high leaching of dye from the particles. To minimize the loss of dye, uncapped silica
nanoparticles were washed only once with water following the initial recovery, then
capped with another TEOS layer. Capping was performed by suspending the oncewashed nanoparticles in 0.546 mL H2O and adding this suspension to the inverse micelle
mixture described above. After stirring for 12-24 h, the capped silica nanoparticles were
separated and washed with ethanol and water, as described above, then resuspended in 2
mL H2O and used as a stock solution in further experiments.
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5.2.2.2 Preparation of lipid-coated silica nanoparticles
DOPC in chloroform or bis-SorbPC in benzene was dried under Ar flow in a
clean glass vial, followed by vacuum drying for 4 h. Dried lipids were resuspended in
H2O, then ultrasonicated to clarity, at 20 0C for DOPC or 32–35 0C for bis-SorbPC, to
produce liposome solutions. Lipid-coated silica nanoparticles were prepared by addition
of 2 µL of nanoparticle stock solution to 3 mL of the liposome solution ([lipid] = 1 x 10-4
M). The mixture was ultrasonicated for 2 min and maintained at the temperatures stated
above for 30 min to allow lipid fusion to occur. Nanoparticles coated with bis-SorbPC
were then polymerized via irradiation with a UV pen lamp [253] (Fischer Scientific,
Denver, CO) while stirring at 35° C for 30 min. These poly(lipid)-coated nanoparticle
solutions, hereafter referred to as dilute, were used for all experiments described below
except those in which HeLa cells were labeled with NHS-biotin and streptavidin. For the
HeLa cell labeling experiments (also described below), the same procedure was followed
with two minor adjustments to produce more concentrated nanoparticle solutions: 100 µL
of the nanoparticle stock solution was mixed with 500 µl of liposome solution containing
2.4 x 10-3 M lipid.
To evaluate specific binding, poly(bis-SorbPC)-coated nanoparticles were
functionalized with biotin-DOPE. To prepare particles for the HeLa cell labeling
experiments, biotin-DOPE was mixed with bis-SorbPC at a 1:9 (mol/mol) ratio prior to
lipid drying and rehydration. For experiments involving protein-nanoparticle binding in
suspension, 3 mL of dilute poly(bisSorbPC)-coated particles were incubated with 10 µL
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of methanol containing 10 mg/mL biotin-DOPE (5 mol% relative to bis-SorbPC) for 30
min at 40° C, then used immediately.

5.2.2.3 Fluorescence spectroscopy
Fluorescence spectra were obtained using a SPEX Fluorolog 3 (JY Horiba,
Edison, NJ). Nonspecific adsorption of proteins to nanoparticles was investigated by
equilibrating nanoparticles with 10-7 M rhodamine-BSA. Specific protein binding was
investigated using 10-7 M fluorescein-streptavidin that was equilibrated with
nanoparticles coated with poly(bis-SorbPC)/biotin-DOPE. In both types of experiments,
the decrease in the fluorescence signal of the dissolved protein was measured after
centrifugation, which was used to separate dissolved protein from nanoparticles and
bound protein.

5.2.2.4 Fluorescence microscopy
Bright field and epifluorescence images were obtained using an inverted
microscope (Nikon TE-300, Melville, NY) equipped with a 40×/1.30 N.A. oil immersion
objective and a front-illuminated CCD camera (Cascade 650, Roper Scientific, Tucson,
AZ). Ru(bpy)32+ fluorescence was excited using a 100 W mercury lamp through a 480/30
nm band pass filter, reflected by a 505 nm dichroic mirror, collected through a 600 nm
long pass filter. In the case of fluorescein and rhodamine, standard filter cubes were used.
Exposure times were 500 ms. Images were collected using MetaMorph software and
pixel intensities were adjusted to generate matching gray scales using Adobe Photoshop.
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5.2.2.5 HeLa cell culture and labeling
HeLa cells were obtained from ATCC and were cultured according to ATCC
protocols (Manassas, VA). HeLa cells were plated on clean glass cover slips and cultured
in Minimum Essential Medium with penicillin, streptomycin, NaHCO3, sodium pyruvate
and 10% fetal bovine serum at 37 0C under 5% CO2. HeLa cells were prepared for
labeling as follows: Culture medium was removed from the HeLa cell plate, which was
then washed a minimum of three times with 3 mL of Krebs Ringer Buffer (KRB) solution
containing 3 mM glucose and 2 mM Ca2+, after which 1 mL of KRB was added to cover
the cells.
To evaluate specific binding of poly(lipid)-coated nanoparticles to cells, live
HeLa cells were covalently modified via addition of 10 µL of 10 mg/mL biotin-NHS in
DMSO. After 15 min, the cells were washed with KRB supplemented with 10 mM
glycine to quench the reaction, followed by multiple KRB washes. The biotin-conjugated
cells were then labeled with streptavidin by incubation with KRB containing 0.05 mg/mL
streptavidin for 15 min, and then washed thoroughly with KRB. Some samples were
incubated with fluorescein-streptavidin to confirm that biotin conjugation was effective,
and some samples were incubated with fluorescein-biotin to confirm that streptavidin
labeling was effective. Controls were also performed on cells that were not treated with
biotin-NHS.
To label HeLa cells with nanoparticles coated with poly(bis-Sorb)/biotin-DOPE,
100 µL of concentrated nanoparticle solution was added to 500 µL of KRB covering the
streptavidin labeled cells, incubated for 30 min, then washed with KRB before imaging.
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Nonspecific adsorption of nanoparticles was also evaluated. A 50 µL aliquot of dilute
poly(bis-SorbPC) coated nanoparticles was added to 1 mL KRB covering the
streptavidin-labeled cells. After a one hour equilibration period followed by 5 washing
steps with KRB, the culture plate was imaged. The same experiment was performed with
silica nanoparticles that were not coated with poly(lipid).
KRB was prepared by mixing 3.43 g of sodium chloride, 0.221 g of potassium
chloride, 0.081 g of potassium dihydrogen phosphate, 0.1464 g of magnesium sulfate
heptahydrate and 2.38 g of HEPES buffer in 500 ml of H2O. Final pH was adjusted to
7.4.

5.2.2.6 Nanoparticle sizing
Transmission electron microscopy (TEM) was used to compare the morphology
and the size distribution of bare and dye-doped silica nanoparticles before and after
capping, and before and after lipid coating. Images were recorded using a JEM-100CX II
(JEOL) electron microscope operated at 80 kV. Particles were negatively stained with 2%
uranyl acetate (UO2(CH3COO)2) for contrast enhancement. Sizing was also performed by
quasi-elastic light scattering (QELS) using a Brookhaven Instruments 8000autocorrelator and accompanying software.
The mean volume of silica nanoparticles was calculated from TEM images. The
number density of nanoparticle suspensions was estimated by drying a known volume of
the suspension under vacuum and measuring the residual dry mass, which was assumed
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to be composed only of nanoparticles. The density of silica nanoparticles was assumed to
be 1.96 g/cm3 [110, 196].

5.3 RESULTS AND DISCUSSION
A schematic of the lipid-coated, silica nanoparticle geometry is shown in Figure
5.1. Briefly, a polymerizable lipid bilayer is assembled around an extremely bright
fluorescent core composed of a dye-doped nanoparticle. The size of the silica core (65100 nm) allows encapsulation of up to several thousand dye molecules per probe,
allowing detection at extremely low number densities [199]. The poly(lipid) coating
imparts biocompatibility, reducing nonspecific adsorption of/to the probe and providing a
protective environment from/to the biological specimen. Stabilization of the lipid coating
is obtained via cross-linking polymerization, thereby enhancing the environmental and
chemical stability of the probe compared to a coating composed of a fluid lipid
membrane.
The number of dye molecules entrapped can be estimated assuming all the dye
molecules added to the synthesis mixture are retained in particles and the size of the
particles is same as the size of the aqueous compartments. The estimated number in this
case is ca. 2300 dye molecules per particle (0.025 M dye concentration and 33 nm
particle radius are assumed). The following sections discuss the particle preparation
method, lipid coating methods and biolabeling steps in detail.
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5 nm

65-100 nm

Figure 5.1. Schematic of a lipid-coated silica nanoparticle prepared in this study. A
high intensity fluorescent core is prepared by doping the silica core with a dye. The
fluorescent nanoparticle is then coated with a cross-linked phospholipid bilayer,
generating a stable membrane coating.

5.3.1 Preparation and characterization of nanoparticles
Successful implementation of dye-loaded silica nanoparticles in biological
imaging applications requires synthesis of nanoparticles of uniform size. The reverse
microemulsion method is a well established synthetic method [177, 254-257] in which
silica nanoparticles are formed in a suspension of inverted micelles. The aqueous cores of
the micelles are of similar size, which generates a narrow size distribution of
nanoparticles while minimizing aggregation (because the particles are insoluble in
organic solvents). The process can be repeated to add a capping layer of silica, which
prevents leakage of dye molecules entrapped during the first stage. The final particle size
is dependent on the capping reaction time.
Figure 5.2 shows a series of TEM images of uncapped (2A and 2C) and capped
(2B and 2D) silica nanoparticles prepared using reverse microemulsion synthesis. The
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size distributions are quite narrow (± 5-9% of mean diameter), consistent with published
data[110], with little aggregation.

Figure 5.2. TEM images of silica nanoparticles. A) Uncapped, bare nanoparticles
(65 nm ± 6 nm); B) Capped, bare nanoparticles (75 nm ± 4 nm); C) Uncapped,
Ru(bpy)32+-doped nanoparticles (64 nm ± 4 nm); and D) Capped, Ru(bpy)32+-doped
nanoparticles (95 nm ± 7 nm). Scale bars of 60 nm are labeled in each image. The
difference in mean diameters in B and D is due to a difference in the time period of
the capping reaction.
The aqueous core of the inverted micelles provides a suitable environment for
solubilizing hydrophilic fluorescent dyes that subsequently become entrapped in the
pores of the silica nanoparticles. While a range of indicator dyes can potentially be
entrapped, some practical considerations are important: i) The dye must be sufficiently
stable in the basic environment (pH ~ 11) in which catalysis of the sol-gel reaction
occurs. ii) Many low molecular weight dyes, particularly anionic molecules, rapidly leach
from porous sol-gel materials [32, 117], although this can be minimized by conjugation
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to larger molecular weight carriers (e.g. dextrans, proteins, etc.). Alternatively, capping
the nanoparticles with an additional sol-gel layer markedly reduces leaching and
improves the photostability of entrapped dyes [110, 111].
Here silica nanoparticles were prepared with entrapped cationic Ru(bpy)32+. As
seen in Figure 5.2, entrapping Ru(bpy)32+ did not significantly affect the size dispersion
or degree of aggregation of both uncapped and capped nanoparticle preparations.
Leaching of entrapped Ru(bpy)32+ was minimal. In contrast, encapsulation of several
different rhodamine derivatives and fluorescein was attempted but the degree of leaching
was unacceptably high.
The emission spectra of silica nanoparticles containing encapsulated Ru(bpy)32+
was slightly blue shifted (about 3 nm) relative to the emission spectra of the dissolved
dye (Figure 5.3). These small changes in λmax suggest that there are minimal changes in
the physical properties of the entrapped dye molecules. Thus, detection of dye-doped
silica nanoparticles can be performed under the same conditions as the dissolved dye.
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Figure 5.3. Emission spectra of Ru(bpy)32+ (solid line) and Ru(bpy)32+ doped silica
nanoparticles (dashed line) in water (excitation 450 nm).

5.3.1.1 Coating particles with lipids and characterization
Uncoated silica nanoparticles suffer from a number of disadvantages for
biological imaging applications, most importantly nonspecific adsorption of/to proteins.
Nonspecific protein adsorption to silica surfaces is well documented [191, 208, 209] and
a number of approaches have been developed to address this problem for both planar and
spherical substrates [172, 250, 258, 259]. Fusion of a phosphorylcholine-capped lipid
bilayer was the strategy employed here. To impart stability to the coating, synthetic
polymerizable lipids were used. On planar substrates, this strategy has proven to be
highly effective [191].
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Lipid bilayer vesicles with diameters less than 50 nm are thermodynamically
unstable due to differences in lipid packing between the inner and outer leaflets [260,
261], whereas at a diameter of ca. 100 nm, a vesicle is somewhat stable [262, 263]. For
this reason, the silica nanoparticles prepared here had a diameter of ca. 100 nm, a size
that represents a compromise between ease of preparation, structural stability, and the
need for sufficiently small probes for imaging of cultured cell and tissue samples.
Small unilamellar lipid vesicles (SUVs) were prepared via sonication of bisSorbPC, and silica nanoparticles were added to the SUV suspension to allow vesicle
fusion to occur. UV photopolymerization was then performed to create a cross-linked
lipid coating, and the progress of the reaction was monitored by UV-Vis absorbance
spectroscopy. The monomer absorbance at 255 nm declined as the illumination time
increased, and was typically attenuated >95% within 5 min (Figure 5.4). Previous studies
have shown that this spectral change is characteristic of bis-SorbPC polymerization [253,
264].
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Figure 5.4. Monitoring the UV initiated polymerization of bis-SorbPC in water with
UV-Visible spectroscopy; 0 min (solid line), 0.5 min (---), 1 min (…), 10 min (-.-) and
30 min (-..-). The decline of the peak at 255 nm is characteristic of the
polymerization of bis-SorbPC.
QELS was used to measure the increase in nanoparticle diameter after vesicle
fusion. In this experiment, 6.1 x 1010 commercially purchased silica nanoparticles were
mixed with incremental concentrations of lipid (SUV) solution (1 ml total volume). Data
are shown in Figure 5.5. The average diameter reaches a steady state around 2 x 10-5 M
lipid concentration in the sample. Assuming 65 Å2 surface area for a lipid head group, the
calculations show that 2 x 10-5 M is the concentration needed to create a single lipid
bilayer around each nanoparticle present in the sample. Upon further addition of lipids
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the diameter increases by ~20 nm. When the lipid to nanoparticle ratio was increased
beyond this stage, the QELS data indicated that secondary populations of supramolecular
structures were formed; the mean diameters of these structures (40 nm and 500 nm) were
very different from that of the nanoparticles. Figure 5.6 shows size distribution of silica
nanoparticles in 0 M, 2 x 10-5 M, and 4 x 10-4 M lipid concentrations. The data clearly
show that the size distribution is kept almost the same at 2 x 10-5 M but the heterogeneity
increases when the concentration increases to 4 x 10-5 M.
When a single lipid bilayer is deposited onto a silica nanoparticle, the overall
diameter of the particle should increase by ca. 12 - 13 nm. Thus, the 20 nm increase
observed by QELS could be interpreted as evidence that lipid multilayers were formed on
silica nanoparticles. However, the resolution in these measurements (4 – 7 nm) [265] is
insufficient to definitively state if the average thickness of the lipid coating is one or two
bilayers.

166

180
175
170

Average diameter (nm)

165
160
155
150
145
140
135
130
0.0

5.0x10-6 1.0x10-5 1.5x10-5 2.0x10 -5 2.5x10-5 3.0x10-5 3.5x10 -5 4.0x10 -5

Concentration of Lipids (mol/L)

Figure 5.5. The average diameter obtained for silica nanoparticles in solutions of
lipid using QELS. The error bar represents the standard deviation of triplicate
measurements. When the concentration reaches 4 x 10-5 M, the heterogeneity of size
distribution increases, thus larger error bars.
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Figure 5.6. QELS size distribution profiles for silica nanoparticles in 0 M (solid), 2 x
10-5 M (dotted), and 4 x 10-4 M (dashed) lipid concentrations.
Fusion of lipids to particles was verified using 1 µm diameter silica particles and
fluorescence microscopy. In these experiments, bis-SorbPC polymerization was
performed, then excess lipids were removed by repeated centrifugation and washing of
particle suspensions. The particles were then incubated with ca. 1 nmol of FM 1–43, a
fluorogenic membrane stain, then further diluted to enable imaging of single particles.
Bright fluorescent spheres were observed (Figure 5.7), whereas prior to FM 1-43
addition, no objects were observable.
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Figure 5.7. Evaluation of poly(lipid) coating on silica particles. Epifluorescence
image of 1 µm diameter poly(lipid)-coated silica particles stained with FM 1-43
(image area is 0.1 mm x 0.1 mm).
Additionally, deposition of a poly(lipid) bilayer on a silica nanoparticle should
change its surface charge. To detect this change, silica nanoparticles were prepared with
and without poly(lipid) coatings and then stained with uranyl acetate. The cationic uranyl
cations were retained at a markedly higher density at the surface of uncoated
nanoparticles as compared to poly(lipid)-coated nanoparticles, leading to enhanced
contrast in the TEM images (Figure 5.8A and 5.8B, respectively). This observation likely
results from a difference in the net surface charge, which is negative for bare silica
nanoparticles at neutral pH due to the surface silanols. Coating the particle with a
zwitterionic lipid screens the negative surface charge and restricts diffusion to and
binding of uranyl ions at the particle surface.
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Figure 5.8. Evaluation of poly(lipid) coating on silica particles. TEM images of A)
uncoated nanoparticles stained with uranyl acetate and B) poly(lipid)-coated
nanoparticles stained with uranyl acetate. Scale bars of 100 nm are labeled in
images A and B.

5.3.1.2 Evaluation of nonspecific adsorption and biospecific binding of proteins to
particles
A key potential advantage of coating a silica nanoparticle with a poly(lipid) is
enhanced resistance to nonspecific protein adsorption. To quantify this enhancement,
nonspecific adsorption of rhodamine-BSA was measured on bare and poly(lipid)-coated
nanoparticles. Initially, a solution of rhodamine-BSA was incubated with a known
amount of bare or poly(lipid)-coated silica nanoparticles. After 60 minutes, both
suspensions were centrifuged to sediment the nanoparticles and the fluorescence emission
intensity of the supernatant from each suspension was measured. The spectra are plotted
in Figure 5.9A. The emission intensity of rhodamine-BSA equilibrated with poly(lipid)-
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coated nanoparticles was ~86% of that measured for a control solution that was not
incubated with nanoparticles (Figure 5.9B). The corresponding value for the bare
nanoparticles was ~51%. The difference in these values is due to a significantly greater
degree of nonspecific protein adsorption to the bare nanoparticles.
The amount of rhodamine-BSA adsorbed to poly(lipid)-coated nanoparticles,
expressed as percentage of that adsorbed to bare nanoparticles, was calculated from the
following equation:

Percent nonspecific adsorption =

IC - IL
× 100
IC - IS

where I is the intensity of the supernatant at 572 nm (excited at 535 nm) of rhodamineBSA solutions equilibrated with: poly(lipid)-coated nanoparticles (IL), bare silica
nanoparticles (IS), or a control solution (IC). Poly(lipid)-coated silica nanoparticles
adsorbed 29 ± 19% of the rhodamine-BSA that was nonspecifically adsorbed to bare
silica nanoparticles. While it is clear that application of a poly(lipid) coating reduces
nonspecific protein adsorption, the measured reduction is somewhat less than a previous
measurement on a planar silica surface coated with UV polymerized bis-SorbPC, on
which BSA adsorption was 12% of that on bare silica. The difference could be due to a
greater density of structural defects in spherical bilayers relative to planar bilayers, due to
packing constraints imposed by the surface curvature of the nanoparticles.
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Figure 5.9. Evaluation of nonspecific adsorption of rhodamine-BSA to bare and
poly(lipid)-coated silica nanoparticles. A) Fluorescence emission spectra of the
supernatant of 10-7 M rhodamine-BSA solutions incubated with bare nanoparticles
(---), poly(lipid)-coated nanoparticles (___), and no nanoparticles (…). B)
Normalized emission intensity of the supernatant solutions at 572 nm: no
nanoparticles (a), poly(lipid)-coated nanoparticles (b), bare silica nanoparticles (c).
The error bars represent the standard deviation of three measurements.

A similar set of experiments was performed to evaluate biospecific binding.
Poly(lipid)-coated nanoparticles were prepared with and without 5% (mol/mol) of biotinDOPE. Fluorescein-streptavidin was added to the suspensions and allowed to equilibrate,
followed by centrifugation and removal of the supernatant. The molar ratio of biotinDOPE to fluorescein-streptavidin was approximately 6:1. (Assuming that the biotinDOPE was equally distributed between both leaflets of the lipid bilayer coating, the
sterically accessible ratio was 3:1). Fluorescence spectra of the supernatant solutions are
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plotted in Figure 5.10A and normalized emission intensities are plotted in Figure 5.10B.
Nonspecific adsorption to nanoparticles lacking biotin decreased the emission intensity
by ca. 20%, similar to the results shown in Figure 5.9. In contrast, binding of fluoresceinstreptavidin to the functionalized nanoparticles caused a significantly greater reduction in
emission intensity, ca. 53%. Particle aggregation due to streptavidin cross-linking was
also evident. The results of these experiments demonstrate that functionalization of
poly(lipid)-coated nanoparticles with a ligand-conjugated lipid creates a probe that can be
used to target dissolved protein receptors.

5.3.2 Poly(lipid)-coated nanoparticles as cell labels

To evaluate whether the results obtained for protein-nanoparticle binding in
suspension could be extended to labeling of live cells, bare and poly(lipid)-coated silica
nanoparticles that were doped with Ru(bpy)32+ were equilibrated with cultured HeLa
cells. Initially, neither type of particle contained a surface functionality designed to
biospecifically bind to the cells; thus only nonspecific interactions were assessed.
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Figure 5.10. Streptavidin binding to biotin functionalized, poly(lipid)-coated silica
nanoparticles in suspension. A) Fluorescence emission spectra of the supernatant of
10-7 M fluorescein-streptavidin solutions incubated with no nanoparticles (---),
poly(lipid)-coated nanoparticles lacking biotin (___), and poly(lipid)-coated
nanoparticles containing biotin (…). B) Normalized emission intensity of the
supernatant solutions at 518 nm: no nanoparticles (a), nanoparticles lacking biotin
(b), nanoparticles containing biotin (c). The error bars represent the standard
deviation of three measurements.

Figures 5.11A and 5.11B are bright field and epifluorescence images of culture
plates incubated with bare nanoparticles; they clearly show that a large fraction of bare
particles were localized on and around the HeLa cells. Figures 5.11C and 5.11D are the
corresponding images of culture plates incubated with lipid-coated nanoparticles. No
localization is observed, which demonstrates that nonspecific adsorption to the cellular
membranes and/or extracellular matrix was minimal.
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Figure 5.11. Evaluation of nonspecific adsorption of silica nanoparticles to cultured
HeLa cells. Brightfield (A and C) and epifluorescence (B and D) images of cell plates
after incubation with bare (A and B) and poly(lipid)-coated (C and D) silica
nanoparticles at 4X magnification. Images B and D are normalized to the same gray
scale for comparison. The area of each image is 1 mm x 1 mm.

The enhanced stability poly(bis-SorbPC) bilayers, relative to unpolymerized lipid
bilayers, has been well-documented [191, 266]. Another example of this stability is
shown in Figure 5.12. HeLa cells were incubated with Ru(bpy)32+- doped nanoparticles
coated with either DOPC or poly(bis-SorbPC). In both cases, only low levels of
nonspecific binding were observed. After imaging, Triton X-100 was added to the culture
medium and then the cells were imaged again. Addition of the surfactant dissolved the
DOPC coating, which caused a significant increase in the degree of nonspecific
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adsorption of nanoparticles to the cells. In contrast, only a small increase in nonspecific
adsorption of poly(lipid)-coated nanoparticles was observed, which is attributed to the
resistance of poly(bis-SorbPC) to surfactant dissolution.
Next an evaluation of specific binding to HeLa cells using biotin-functionalized,
poly(lipid)-coated nanoparticles was conducted. Live HeLa cells were treated with biotinNHS [267] to covalently modify primary amines on the cell membrane. The biotinfunctionalized cells were then equilibrated sequentially with streptavidin to introduce
artificial receptors, then with nanoparticles doped with Ru(bpy)32+. Comparative
measurements were made on cells that were treated with biotin-NHS and then incubated
with fluorescein-streptavidin. In control experiments for nonspecific adsorption, cells that
were not treated with biotin-NHS were labeled with both types of probes. Shown in
Figure 5.13 are typical bright field (A, C, E, and G) and epifluorescence (B, D, F, H, I, J)
images of culture plates for these four experimental conditions. Images B, D, F, and H
were normalized to a common gray scale for direct comparison. Images I and J are
duplicates of F and H, respectively, presented on a different gray scale to enhance the
contrast.
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Figure 5.12. Bright-field (A, C, E, G) and epifluorescence (B, D, F, H) images of live
HeLa cells incubated with Ru(bpy)32+-doped nanoparticles coated with either
poly(bis-SorbPC) (A-D) or DOPC (E-H). Images A, B, E, and F were acquired
before adding Triton X-100 to the culture medium; images C, D, G, and H were
acquired after adding Triton-X-100 (final concentration = 1.5 mM). Images B, D, F,
H were normalized to the same gray scale for comparison. The area of each image is
118 µm x 88 µm.
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The emission intensities of cells treated with biotin-NHS and labeled with
nanoparticles vs. fluorescein-streptavidin are compared in Figures 5.13B and 5.13F,
respectively. It is clear that the nanoparticle-labeled cells are significantly brighter than
the fluorescein-labeled cells, despite the large difference in photophysical properties of
fluorescein (quantum yield of ca. 0.9) and Ru(bpy)32+ (quantum yield of ca. 0.05). The
difference is due to the far greater number of Ru(bpy)32+ chromophores bound per biotin
receptor on the cell. In addition, significant photobleaching of fluorescein was observed
during these measurements whereas none was observed for Ru(bpy)32+. Figures 5.13D
and 5.13H compare nonspecific adsorption of the probes, which in both cases was readily
detectable (also see Figure 5.13J and caption). Presenting D and H on the same gray scale
suggests that the degree of nanoparticle adsorption is significantly greater, but this is
simply due to the fact that the nanoparticle emission is much more intense than that of
fluorescein. Bare nanoparticles nonspecifically adsorbed to HeLa cells to a much greater
degree (data not shown), comparable to the level of specific adsorption shown in Figure
5.13B.
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Figure 5.13. Brightfield (A, C, E, G) and epifluorescence (B, D, F, H, I, J) images of
live HeLa cells: Treated with biotin-NHS, labeled with streptavidin, then with
biotin-DOPE functionalized, poly(lipid)-coated nanoparticles doped with Ru(bpy)32+
(A and B); labeled with streptavidin, then with biotin-DOPE functionalized,
poly(lipid)-coated nanoparticles doped with Ru(bpy)32+(C and D); treated with
biotin-NHS, labeled with streptavidin, then with fluorescein-biotin (E and F);
labeled with streptavidin, then with fluorescein-biotin (G and H). Images B, D, F, H
were normalized to the same gray scale for comparison. Images I and J are
duplicates of F and H, respectively, but are presented on a different gray scale to
enhance the contrast. The area of each image is 0.1 mm x 0.1 mm.
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5.4 CONCLUSIONS AND FUTURE DIRECTIONS

Silica nanoparticle probes are extremely bright probes for biolabeling
applications, as demonstrated by Tan’s group. [199]. However, bare silica nanoparticle
probes are prone to a significant degree of nonspecific adsorptive interactions when used
for fluorescent tagging in biological media.
Furthermore, covalent binding of bioactive ligands directly to silica surfaces may
lead to a loss of activity due to harsh reaction conditions and/or unfavorable molecular
orientations. Herein we have described methods to apply a robust poly(lipid) coating to
these nanoparticles. This coating has two major functions: i) to reduce nonspecific
interactions, based on the inherently biocompatible properties of the phosphorylcholine
headgroup; ii) to permit functionalization of the particle, by doping the coating with
lipids bearing chemically reactive or bioactive headgroups. Based on the results of the
experiments described above, both functions have been demonstrated: i) Nonspecific
adsorption of dissolved proteins to bare nanoparticles and of bare nanoparticles to
cultured cells is significantly reduced by application of the poly(lipid) coating. ii)
Functionalization of poly(lipid)-coated nanoparticles with a ligand-conjugated lipid,
biotin-DOPE, creates a probe that can be used to target both dissolved protein receptors
as well as receptors on the membranes of cultured cells.
A wide variety of mild attachment (and in some cases reversible) chemistries have
been developed to link both small molecule ligands and proteins to lipid headgroups.
Thus coating a nanoparticle with a lipid bilayer provides diverse opportunities for their
surface functionalization, and is a key advantage of using these structures as probes for
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biolabeling applications. Furthermore, it has been previously demonstrated that
transmembrane protein receptors can be reconstituted in a polymerized, planar SLB
without measurable loss of activity [244]. This result suggests the possibility of creating
poly(lipid)-coated nanoparticle probes functionalized with transmembrane proteins,
which would further expand their utility as fluorescent tags.
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS

This research is geared towards evaluating the analytical applications of
supramolecular materials in chemical sensor and biochemical sensor materials. The
examples of the supramolecular entities discussed here are PAMAM dendrimers (Chapter
2 and 3), lipid supramolecular structures and silica nanoparticles (Chapter 5), sliver
nanostructures, and metal chelating porphyrazines (Appendix).
PAMAM molecules were successfully used to physically entrap dye molecules in
sol-gel matrices. It was apparent that attaching to inherently globular PAMAM
quantitatively eliminated leaching of the dye from matrix. PAMAM dendrimer was an
easy choice as it can be commercially purchased and well developed modification
reactions for amine groups are available. Since higher generation dendrimers are also
globular in nature, any synthetic dendrimer can be used to attach small molecules, which
tend to leach from sol-gel matrices. Applications of these materials may not necessarily
be restricted to optical chemical sensors but could also be sol-gel based catalyst materials,
electroanalytical devices, and biological sensors. In the case of sol-gel matrices with
larger pore sizes, dendrimers of higher generation can be used as the addition of
generations increase the diameter of the dendrimers.
Leaching of the PAMAM bound dye molecules in organic solvents was not
evaluated here. The molecular deformations in organic solvents could lead to leaching of
the entrapped PAMAM molecules. It could be useful to study whether that is the case. It
is also useful to study the threshold level of organic solvent in a organic-water mixed
solvent system where the leaching starts (if there is any leaching). This knowledge could
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be used in designing chemical sensor materials for water insoluble, hydrophobic analytes.
As this is an alternative approach to retain dye molecules sol-gel matrices, it is important
to compare the response time and sensitivity to a study similar to the one reported by
Lobnik et al. [51]. This will allow the comparison of this alternative approach to retain
dye molecules in terms of material functionality.
In Chapter 3, the possibility of combining the principles of rp-HPLC with
PAMAM molecules was tested by taking advantage of the abundance of the modifiable
peripheral groups. The generation 4 PAMAM has 64 primary amine groups on the
periphery. Theoretically, all those 64 groups can be modified with functional groups. As
was shown in Chapter 3, at least 2/3 of those can be modified with ease. The C8 chains on
C8PAMAM-NR molecules created the expected hydrophobic solvation shell around the
Nile red moiety in aqueous solutions and was able to preconcentrate 2,4-DNT from
aqueous solutions. The creation of the hydrophobic environment is evident by the blue
shifted emission maximum of C8PAMAM-NR in aqueous solutions. The ability to
preconcentrate was evident by the quenching of that emission peak with the increasing
concentration of 2,4-DNT. The creation of hydrophobic environment could be due to the
limited mobility of carbon atoms in C8 chains. Therefore, even with some gauche defects
the chains form a hydrophobic layer. None of the other PAMAM-NR derivatives showed
blue shifting of the emission maxima or quenching upon addition of 2.4-DNT. As
expected, C18 chains (due to disordered chains leading to the creation of larger pockets of
aqueous environments) and C4 chains (due to shorter length) were not able to create the
expected hydrophobic environment.
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It is evident that principles of rp-HPLC can successfully be used to design sensor
materials for hydrophobic analytes dissolved in water. It is not surprising that the
hydrophobicity of the analyte is one of the major driving forces in this case. As
explained, octanol/water partition coefficients can be used as the selection criterion for
analytes. It seems that a larger octanol/water partition coefficient correlates with
preconcentration of the analyte in the C8 chains. This could be tested in future to create a
more rational method of selecting analytes. The only limiting factor in this case is that the
selected analyte should produce a change of the Nile red emission signal. Although this
study is designed to study analytes that produce a signal change when interact with Nile
red, other amine reactive fluors can be used in combination with analytes to study the
correlation octanol/water partition coefficient to preconcentration.
Another factor, which should be studied in detail, is the effect of alkyl chain
length on preconcentration. Although C8 chains provide the best preconcentration out of
the three chain lengths studied, it may not be optimal for preconcentration of analytes in
these systems. Further studies to determine the optimal alkyl chain length are needed.
It would be useful to study the orientation of alkyl chains in all three alkyl
derivatives. This would give insight to why only C8 chains create a hydrophobic
environment around Nile red moiety. Similar techniques used in the studies of rp-HPLC
stationary phases could be used in this case (e.g. FTIR, Raman spectroscopy, NMR, small
angle neutron scattering [268]). These studies may also shine light on whether PAMAM
molecule itself is conformationally deformed after the attaching alkyl chains.
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In the future, it may be interesting to use a higher generation PAMAM to achieve
higher surface coverage of alkyl chains. However, both steric effects and hydrophobic
effects might make it difficult to achieve higher surface coverage. Even though
fluorescence dye molecules have been extensively utilized to study rp-HPLC stationary
phases, silanol reactive Nile red molecule could also be used with uncapped stationary
phases. If synthesized, such material in combinations with rp-HPLC stationary phases or
SPE columns can be utilized as on column detector modules or sensor materials.
The knowledge acquired here could also be used in designing a sensor on a planar
substrate (glass, Au, Ag) coated with amine groups to attach Nile red carboxylic acid.
The C8 chains may be attached using the same method or a temporary hydrophobic
environment could be created using ionic surfactants. The ease of reusability is the main
advantage of such a planar sensor with a hydrophobic environment.
In Chapter 5, supramolecular assemblies of lipid coated, dye-doped silica
nanoparticles as labels for extracellular components was investigated. Silica nanoparticles
are extremely bright probes for biolabeling applications. However, bare silica
nanoparticles are prone to a significant degree of nonspecific adsorptive interactions
when used for fluorescent tagging in biological media.
Furthermore, covalent binding of bioactive ligands directly to silica surfaces may
lead to a loss of activity due to harsh reaction conditions and/or unfavorable molecular
orientations. Chapter 5 described methods to apply a robust poly(lipid) coating to these
nanoparticles. The coating has two major functions: i) to reduce nonspecific interactions,
based on the inherently biocompatible properties of the phosphorylcholine headgroup; ii)
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to permit functionalization of the particle, by doping the coating with lipids bearing
chemically reactive or bioactive headgroups. Based on the results of the experiments
described in Chapter 5, both functions have been demonstrated: i) Nonspecific adsorption
of dissolved proteins to bare nanoparticles and of bare nanoparticles to cultured cells is
significantly reduced by application of the poly(lipid) coating. ii) Functionalization of
poly(lipid)-coated nanoparticles with a ligand-conjugated lipid, biotin-DOPE, creates a
probe that can be used to target both dissolved protein receptors as well as receptors on
the membranes of cultured cells.
A wide variety of mild attachment (and in some cases reversible) chemistries have
been developed to link both small molecule ligands and proteins to lipid headgroups.
Thus coating a nanoparticle with a lipid bilayer provides diverse opportunities for their
surface functionalization, and is a key advantage of using these structures as probes for
biolabeling applications. Furthermore, it has been previously demonstrated that
transmembrane protein receptors can be reconstituted in a polymerized, planar SLB
without measurable loss of activity [244]. This result suggests the possibility of creating
poly(lipid)-coated nanoparticle probes functionalized with transmembrane proteins,
which would further expand their utility as fluorescent tags. Additionally, cytotoxicity of
lipid coated particles could be determined using methods described in Lewinski et al.
[194] to evaluate the biocompatibility of particles.
The use of supramolecular materials to improve chemical and biochemical
sensors was successfully demonstrated in the experiments described in this dissertation.
However, cost of using PAMAM molecules could be a discouraging factor in some
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applications. On the other hand, lipid molecules with a variety of head groups are
commercially available at reasonable prices. Other than the demonstrated avidin – biotin
sandwich type binding, other head groups such as N-(succinyl)phosphoethanolamine
(PE), N-glutaryl-PE and metal chelating head groups are readily available for ligand
attachment. As demonstrated, the advantages of using supramolecular materials in
chemical and biochemical applications are far greater than the cost considerations.
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APPENDIX 1
PART 1: PREPARATION OF SILVER MODIFIED SILICA NANOPARTICLES

Formation of silver particles in sol-gel matrices is a known phenomenon [269271]. During the experiments described in part 2 of this Appendix, the sol-gel matrices
turned dark and later black upon soaking in silver nitrate solutions. Partly due to my
curiosity, the experiments described below were carried out.
Synthesis of silver modified silica nanoparticles
Method 1
Silica nanoparticles were synthesized using a reverse microemulsion method, as
described in Chapter 5, by mixing 1.77 mL of TX-100, 7.50 mL of cyclohexane, 1.80 mL
of n-hexanol, 0.546 mL of H2O, 0.100 mL of TEOS and 0.060 mL of NH4OH. The
mixture was allowed to stir for 24 - 80 h at room temperature followed by addition of 8
mL acetone to disrupt the inverse micelles. Particles were recovered by centrifugation (>
10,000 g for 10 minutes) and washed thoroughly three times with ethanol and three times
with water. Ultrasonication was used to remove adsorbed surfactant molecules, as well as
to improve the homogeneity of the suspension. Finally, the particles were suspended in
10 mL of water.
To modify the particles with silver, 1 mL of the silica nanoparticles was mixed
with 1 mL of ethanol and 2 mL of 0.1 M silver nitrate. The mixture was stirred for 24 hrs
and centrifugation (> 10,000 g for 10 minutes) was used to recover the modified particles.
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Method 2
Here the silica nanoparticles were synthesized as before with one change. 0.546
mL of 0.1 M silver nitrate was added to the reaction mixture instead of water. The
cleaning and recovery of particles were carried out the same way as before. The
advantages of this method are that it is a single step synthesis, which also leads to a
higher concentration of silica particles.

Results
TEM

Figure A1.1. TEM image of silver nanoparticles embedded on silica nanoparticles
synthesized using method 1.
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PART 2: PAMAM BOUND PORPHYRAZINE MOLECULES

Experiments described here involve three different peripherally functionalized
porphyrazine molecules obtained from the collaboration with the Neal R. Armstrong
(University of Arizona) and the Brian M. Hoffman groups (Northwestern University).
Structures of the PzH, PzP and A3B molecules are shown in Figure A1.2 – A1.4. These
molecules are designed for metal ion detection. They are insoluble in water and sparingly
soluble in common alcoholic solvents. Attempts to entrap these molecules in sol-gel
matrices to prepare sensing materials encountered problems due to the insoluble nature.
Therefore, to increase their solubility and to take advantage of the metal ion
preconcentrating ability of PAMAM dendrimers, the porphyrazine molecule (A3B) was
attached to PAMAM.

Figure A1.2. Structure of the PzH molecule.
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Figure A1.3. Structure of the PzP molecule.

Figure A1.4. Structure of the A3B molecule.
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Experimental details and results
First, absorbance spectra PzP and PzH molecules were recorded in ethanol for
comparison and the spectra are shown in Figure A1.5.

1.4

A2B2 (SC4O2H) 4 = PzH
A2B2 (SC4O2Pr) 4 = PzP
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Figure A1.5. Absorbance spectra of PzH (solid line) and PzP (dashed line) molecules
(both 2 x 10-5- M) in ethanol.

Next, PzH was mixed with metal ion (Ag+, Cd2+, and Pb2+) solutions in water, as
it was sparingly soluble. The spectra are shown in Figure A1.6. With the addition of
metal ions slight peak shifting was observed for Cd2+, and Pb2+ and a drastic change for
Ag+ ions. Attempts to entrap these molecules in sol-gel matrices did not produce any
result due to the interferences of high scattering and aggregation of molecules. Therefore,
the A3B molecule with two free carbonyl groups was synthesized and used as follows.
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Figure A1.6. Spectra of PzH after addition of Ag+ (---), Cd2+ (…), and Pb2+ (-.-) ions
in water (solid line).

The modification of PAMAM with A3B was carried out using a DCC coupling
reaction. 7 x 10-7 mol of A3B dissolved in 50:50 CH2Cl2: methanol was mixed with 0.100
g of PAMAM in methanol (as purchased, 10% solution), dissolved in 3 mL of DMSO. To
this 233 µL of 0.01 mg/µL DCC in 50:50 CH2Cl2: methanol was added and stirred
overnight. The reaction mixture was passed through ultrafiltration cell with a YM-3 filter
(Amicon) to separate and concentrate the PAMAM bound A3B.
Absorbance spectra of A3B and PAMAM-A3B are shown in Figure A1.7 and the
change of the absorbance spectrum of PAMAM-A3B upon addition of increments of Hg2+
ions is shown in Figure A1.8. Similarly, the fluorescence spectrum of PAMAM-A3B
upon addition of increments of Hg2+ ions is shown in Figure A1.9.
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Figure A1.7. Absorbance spectra of A3B (in 50:50 CH2Cl2:methanol, solid line) and
PAMAM-A3B (in water, ---).
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Figure A1.8. Change of the absorbance spectrum of PAMAM-A3B upon addition of
increments of Hg2+ ions in water: 0 M (solid line), 40 µM (---), 80 µM (…), 120 µM (.-), 160 µM (-..-).
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Figure A1.9. Change of the emission spectrum of PAMAM-A3B upon addition of
increments of Hg2+ ions in water: 0 M (solid line), 40 µM (---), 80 µM (…), 120 µM (.-), 160 µM (-..-), with excitation at 610 nm.

Upon attaching to PAMAM, the UV-visible spectrum of A3B molecule changed
drastically. Upon addition of Hg2+, the absorbance peak at 650 nm for PAMAM-A3B
shifted to 675 nm at first and the intensity of the peak decreased. Similarly, the emission
peak at 705 nm decreased upon addition of Hg2+.
Due to the drastic change of the absorbance spectrum upon binding to PAMAM
and the minimal changes in the spectrum upon addition of metal ions, no further studies
were carried out.
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APPENDIX 2

Figure A2.1. NMR spectra of Nile red phenol (4) – from Scheme 1.
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.
Figure A2.2. NMR spectra for benzyl 6-bromohexanoate (5) – from Scheme 2.

A2.3a
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A2.3b

A2.3c
Figure A2.3. NMR spectra for Nile red benzyl ester (6) – from Scheme 1, a =
complete δ range, b = δ 6 – 8.5 range and c = δ 1 – 5 range.
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A2.4a

A2.4b
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A2.4c
Figure A2.4. NMR spectra for Nile red acid derivative (7) – from Scheme 1, a =
complete δ range, b = δ 6 – 8.5 range and c = δ 1 – 5 range.

Figure A2.5. ESI- mass spectrum of Nile red acid derivative (7) – from Scheme 1.
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