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The possibility of synthesizing water-soluble, biocompatible and shape persistent
nanoparticles has been recently in the focus of both academia and industry.
Aklylalkoxysilanes are able to form monolayers in 2D at the air/water interface. This
study aims to expand this chemistry to 3D using the Oil-in-Water (O/W) microemulsion
as a template that contains polymerizable surfactant headgroups available for
polymerization at the oil/water interface. The goal is to synthesize the system that would
be able to sequester the toxic drug in case of overdose or clinical mistreatment.
The synthetic part of the project showed that it is possible to obtain stable
crosslinkable microemulsion droplets using the aklyalkoxysilanes. The silica shell was
built around these droplets to further improve the stability of the system. The control over
the size was demonstrated for both the oil core templates and the silica shell thickness.
The modification of the nanocapsules surface led to particles of superior properties.

xviii

Hemolysis and Thromboelastography (TEG) were the two simple tests used to
assess the biomedical profile of the nanocapsules and relate these data to the particle
surface structure. It was found that the polymer modified particles are more stable and
biocompatible. Studies of the uptake potential showed the importance of surface
characteristics as well.
The detoxification potential was clearly demonstrated in cardiac muscle cells plated
on the Microelectrode arrays (MEAs). A glimpse of the therapeutic effect of ncs in vivo
was shown through experiments with living animals.
Overall, the study showed the feasibility of the templated microemulsion approach
toward the formation of the functional nano-objects. Considering the results from all of
the characterization experiments, the nanocapsule surface is the key feature that
determines the overall performance of the particle.
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CHAPTER 1
LITERATURE BACKGROUND OF THE PROJECT
Introduction
The motivation for this study was the investigation of possibilities to synthesize oil
core and silica shell nanocapsules (ncs). The physico-chemical and biomedical properties
of these particulates have been thoroughly investigated. The primary goal was to create a
system for drug detoxification therapy in cases of accidental or intentional drug overdose.
Template Synthesis
A beginning of the synthesis of materials with properties predefined by presence of
a specific adsorbent (i.e. “template”) was in the late 1940’s by Dickey,1 who used organic
dyes as templates for formation of porous silica gels. A template can be defined as a
central structure around which a network is formed, if the template is subsequently
removed, a cavity that resembles morphologically the template is formed.2 During the last
couple of decades a variety of organic and inorganic materials were synthesized in this
fashion. The most representative examples include carbon, silica and gold nanotubes,3-5
nanostructures and nanoparticles.6 Based on interactions involved in the procedure, the
template synthesis can be divided in two groups: a) covalent and b) non-covalent (ionic,
π-π interaction, hydrogen bonding) synthesis.7 The former is further described in Chapter
2.
Oil-In-Water Microemulsion as a Template
Oil-in-water (O/W) microemulsions are transparent, optically isotropic solutions,
which are thermodynamically stable with oil droplet diameters less than 250nm,

1

2
dispersed in a continuous domain of water. 8Self-assembled block copolymers,
surfactants or microemulsion droplets are the most commonly used templates for the
formation of mesostructured and nanostructured silica materials.9 The advantages of
using microemulsion droplets as templates are a) easy preparation by mixing oil, water
and surfactants and b) synthesis of mesoporous materials without further processing.
Furthermore, the size of the template, i.e. microemulsion droplet, can be controlled by
changing the oil/surfactant ratio, leading to templates of desired size. A detailed
description of this process is in Chapter 2.
Microemulsion Technology
Microemulsions (ME) are thermodynamically stable homogeneous mixtures of two
immiscible liquids (e.g., “water” and “oil”), stabilized by a surfactant or a mixture of
surfactants (surfactant and co-surfactants). The role of surfactant is to lower the
interfacial tension between oil and water to ultra-low values, allowing the dispersion of
two liquids that normally do not mix. Microemulsions (ME) can be oil-in-water ME
(O/W) when water is a continuous phase or water-in-oil ME (W/O), when oil is a
continuous phase. At low surfactant concentrations ME phase can be in equilibrium with
a pure continuous phase. Such phases have been characterized by the Windsor
nomenclature: a) O/W ME with oil phase (Windsor I), W/O ME with water phase
(Windsor II) and O/W and W/O ME separated by water/oil (3 phases) Windsor III.10 An
isotropic solution that will be described in this work is often referred to as a Winsor IV
system, i.e. only spherical droplets of the dispersed phase exist.11 Depending on the
relative concentrations of surfactants, oil and water, various morphologies other than
spherical droplets can also be obtained (Figure 1-1).12
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Figure 1-1. Example of possible phases in water, oil and surfactant ternary system, from
right normal micelle, hexagonal phase, bilayer, inverted hexagonal phase and
inverted micelle (image taken from
http://www.nonequilibrium.com/complexfluids.htm)
Many applications of microemulsions stem from the fact that two immiscible
liquids form a homogeneous mixture, with discrete nanometer sized domains of dispersed
liquid. Historically, one of the first large-scale uses of MEs was enchanced oil recovery,13
the idea was to “mobilize” the oil droplets trapped in the rock pores by injection of
solution that has ultra-low interfacial tension toward oil, thus inducing the solubilization
of oil. The oil droplets are collected from an oil bank and oil can be easily recovered.
Another important industrial process is a liquid-liquid extraction of metals from ores with
low metal content. Briefly, the ore is solubilized in extremely acidic or basic aqueous
solutions, metal ions are then extracted with water-insoluble organic molecules by
complexation and the organic material is then solubilized in the oil (i.e., lipophilic)
domains of ME,14 while metal ions remain in the water phase. There are also a number of
other applications of ME that are variants of these two major processes, such as
washing,15 contaminated soil extraction16 and lubrication.17 Moreover, other applications
relevant for this study include the usage of ME in cosmetics, medicine, separation science
and catalysis.
The interests of personal care industry in the application of ME (droplet size
<250nm) technology are due to the following reasons:18
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1.

small droplet size reduces gravity forces, no creaming (i.e. instability),
sedimentation and flocculation will occur

2.

penetration through skin is eased due to small size, leading to enhanced delivery of
active compounds

3.

transparency and fluidity provide a pleasant aesthetic character and skin feel

4.

potential usage as delivery vehicle for fragrances and for alcohol free formulations
MEs are also used for the delivery of drugs that are poorly soluble (i.e.

“lipophilic”) in water. The ME droplets can solubilize the drug in their lipophilic interior,
and due to their size transport it throughout the organism.19Good thermodynamic
stability, ease of preparation and previously mentioned enhanced transdermal penetration
make MEs among the most important vehicles in the drug delivery industry today.20
Another important feature of ME droplets in the drug delivery field is that they can serve
as templates for synthesis of Solid-Lipid-Nanoparticles (“SLN’s”),21 Poly
(alkylcyanoacrylate)22 nanoparticles and the formation of MEs bearing genetic material
(i.e. “genetic vaccines”).23, 24 The genetic vaccines are considered safer for the patient
since just a part of a virus is injected in the body, whereas classical methods include
injection of whole-killed organisms.
Recently, interesting applications of ME in analytical techniques such as High
Performance Liquid Chromatography (HPLC) and Capillary Electrophoresis (CE) have
been reported.25 The basis for the development of such techniques is that ME are nano
dispersed chromatographic objects where partitioning occurs based on the solubility of
the analyte in the oil or water. Ionic surfactants are usually used in ME based
Electrokinetic Capillary Chromatography (MEEKC), a superior separation technique
combining the aforementioned features of microemulsions with the fact that the oil/water
interface is charged. The separation is two fold: a) neutral molecules are captured into oil
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reservoirs based on their hydrophobicity and b) charged molecules will be collected on
the charged interface based on electrostatic interaction with the interface.26
Finally, MEs are used to facilitate chemical reactions where certain components are
immiscible with one another. The advantage of ME systems over classical ones,
including e.g. mixture of two immiscible solvents or phase transfer catalysts, is the
exceptionally large interfacial area, i.e. the contact area between the dispersed phase and
the medium.27 For example, an elegant study by Erlington and Menger28 who showed that
the substitution or oxidation of 2-chloroethyl ethyl sulfide (”half-mustard”) is accelerated
two orders of magnitude when done in oil-in-water ME compared to two phase or phase
transfer agent system. The water-insoluble reagent was dispersed in the ME droplets, thus
becoming more available for the reaction with water-soluble reagent.
Surfactants and Surface Thermodynamics
Surfactants (or “amphiphiles”) are molecules that have both, polar (“head”) and
non-polar (“tail”) parts. Their primary role is to dramatically decrease the surface tension
of the dispersed medium. Surface tension arises from the fact that resulting
intermolecular forces are different for molecules in the bulk and on the surface. Consider
water molecules in Figure 1-2, each molecule in the bulk can form up to four hydrogen
bonds, while surface molecules have fewer neighbors and hence a fewer number of
hydrogen bonds. Consequently, water tries to minimize the surface to compensate for the
loss of hydrogen bonding, which is a manifestation of surface tension (γ). A more general
picture of surface tension is given in Figure 1-2. Surfactant can adsorb on the interface by
placing the non-polar part in the non-polar phase (e.g., oil or air) and polar part in polar
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phase (e.g. water). Thus it lowers the surface tension, because now all of the water
molecules are energetically equal. The decrease in surface tension is given by:
π = γ0 - γ

Equation (1-1)

where π is the surface pressure, γ0 is the surface tension of pure water, and γ is the
surface tension in the presence of the surfactant.
Surfactant Monolayer

Figure 1-2. The origin of surface tension in liquids: a) a molecule in the bulk, b) a
molecule on the surface and c) surfactant film on the surface.
Thus a surfactant film is formed on the interface, one molecule thick, called a
Langmuir monolayer. The most important consequence of thin film formation at the
interface is that the surface tension is greatly reduced, since all of the molecules in each
phase are essentially the same, i.e., in the bulk. Depending on the nature of the polar
head, surfactants are divided into 3 groups: a) anionic, b) cationic and c) nonionic
surfactants. Some common examples of all three groups are given in Figure 1-3.
Once the film is formed, any excess of surfactant molecules is organized into
ordered structures called micelles, and the threshold concentration at which micelles are
formed is called the critical micelle concentration (cmc).
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Figure 1-3. Structures of common surfactants, nonionic (left), anionic (middle) and
anionic (right). Numbered compounds were used in this work.
Formation of micelles is a phase equilibrium rather than chemical reaction
equilibrium. The properties of surfactant solutions above and below the cmc are
drastically different as can be measured by various techniques like surface tension
measurements, solution conductivity, turbidity and osmotic pressure measurements
(Figure 1-4.). Micelles can be viewed as spheres in which polar headroups are at the
surface and hydrophobic tails are buried deep in the interior of the micelle. Although the
most common representation of surfactant self-assembly, micelles are not the only
structure formed in surfactant solution. Depending on molecular structure, concentrations
and other parameters such as temperature, surfactants can be organized into spherical or
cylindrical micelles, flexible bilayers, vesicles, planar bilayers, inverted micelles and a
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variety of other mesophases (some are shown on Figure 1-5) which are beyond the scope
of this study.

Figure 1-4. Various solution properties below and above cmc.
The shape is a function of structure parameters that include headgroup area (ah),
hydrophobic chain length (lc) and volume of the tail (vt), all of which are related by semiempirical equation
ϑ = vt / (ah*lc)

Equation (1-2)

by Israelachvili,29 where ϑ is critical packing parameter (cpp) (Figure 1-5).
This study focuses on aqueous surfactant solutions, especially in regimes where
spherical assemblies are expected, therefore this paragraph describes in detail the
behavior of surfactant molecules in water. Organized surfactant structures are very
dynamic in nature, the exchange of surfactant molecules from the micelle and the bulk is

9
in the nanosecond range, whereas the lifetime of a micelle is in the order of
10-4 to 10-1s.30-32 Furthermore, the structure of organized surfactant molecules and the
position of equilibrium are functions of solution temperature, ionic strength and pH. All
of these variables are changing the structural parameters described in Equation 1-2. For
example, increasing the salt concentration leads to increased ion binding at the surface of
the micelle, which expels water molecules thus making the headgroup area of the ionic
surfactant essentially smaller.
Surfactant structure

CPP

Critical packing shape

Structure formed

<1/3
Spherical micelle

1/3-1/2
Cylindrical micelle

1/2-1
Flexible bilayers/vesicles

~1
Planar bilayers

>1
Inverted (reverse) micelles

Figure 1-5. Packing parameter and its relation to shapes of aggregates (most of the
surfactants used in this study had cpp<1/3, derived from Equation 1-2).
Furthermore, the addition of salt tends to amplify the difference between the polar
and non-polar part of the surfactant leading to a decrease in cmc. However, the influence
of temperature on non-ionic surfactant behavior in water was extensively used in this
study for the formulation of ME. The driving force for micellization is a tendency of
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surfactant non-polar “tails” to minimize the contact with water. As temperature increases,
hydrogen bonding between surfactant polar “heads” and water becomes less energetically
favorable (water-water hydrogen bonding more preferable), and consequently, decreases
the water solubility of surfactant. At a certain temperature, which is called Cloud Point
(c.p.), surfactant becomes essentially insoluble in water.33 In the case of a three
component system, water, surfactant and oil, at the c.p. a phase inversion occurs, where
an o/w ME, becomes a w/o ME in equilibrium with excess water. Furthermore, the
solubility of oil in the surfactant phase increases profoundly34 at c.p. temperature, which
will be widely used in this work for the formation of o/w ME.
Sol-Gel Chemistry
Initially, sol-gel or inorganic polymerization reactions were used for synthesis of
ceramic materials and glasses at low temperatures. Recently, organics were employed in
combination with sol-gel networks to produce hybrid materials with superior properties.
There are numerous possible applications of such materials: a) electrical and NLO
materials, b) reinforcements of plastics, c) catalysts and porous supports, d) chemical and
biochemical sensors, and others.35 In this work, sol-gel chemistry will be employed to
build the shell around the microemulsion templates, and therefore to impart the stability
of the former ones. The size (“thickness”) of this sol-gel shell is mainly a function of
concentration of sol-gel precursors, as described in Chapter 2.
Host Guest Chemistry
The controlled and specific interaction between a large molecular assembly (i.e.
“host”) and a small molecule (i.e. “guest”) became a powerful tool in modern chemistry,
mainly because the resulting structures possess unique properties compared to starting
materials. The interaction can be achieved through hydrogen bonding,36, 37 ionic,38, 39
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π-π40 and hydrophobic interactions.41 A part of this study (Chapter 3.) will focus on the
interactions of nanocapsules (ncs) with small target molecules (i.e. toxic drugs), and ways
to improve this interaction through modification of size, architecture and surface of the
ncs.
Encapsulation of Guest Molecules
A broad definition of “encapsulation” is the situation where the guest molecule is
partially or totally surrounded by the host. Recently, molecular assemblies like molecular
capsules42 and various supramolecular structures43 have shown great potential for the
encapsulation of guest molecules. Nanometer-sized capsules present one elegant strategy
to confront the drug toxicity issue. The oil filled interior of these capsules provides an
ideal environment for the encapsulated hydrophobic drug molecules. Interactions at the
molecular level between ncs and guest drug molecules, along with factors influencing the
efficiency of this interaction in media of different complexity (from normal saline to
whole blood) will be described in detail in Chapter. 3.
Nano vs Micro
The first and the most obvious difference between micro and nano sized objects is
the area exposed to the environment. The fraction of the particulate material exposed to
the environment increases with the decrease in particle diameter.44 The most important
consequence of such relationship is that the contact area with the environment is larger
for smaller (i.e. “nano”) than for larger (i.e. “micro”) particles. Morey et.al.45 showed that
nanoparticles were much more efficient toward drug detoxification than their micro
counterparts, due to the increase in the contact area between the drug and nanoparticles.
Furthermore, particles of smaller size have a different biodistribution within the body.46
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Our intention is to use nanocapsules as the drug scavengers in the bloodstream, since they
are much smaller than the diameter of the smallest (~5μm) capillaries in the body.47
Nano-sized Objects
Due to their small size and high surface-to volume ratio, materials with nano
dimensions find application in many areas: electronics,48-50 medicine,51-53 cosmetics, and
catalysis54 are among the most striking areas where miniaturization led to significant
advances and breakthroughs.
Metal nanoparticles have unique electrical, optical and photophysical features due
to their size. The quantum size effect happens when the dimension of nanoparticles is
similar as de Broglie wavelength of valence electrons. As a consequence, there is a gap
between the conduction and valence band in nanoparticles, similar to semiconductors and
unlike bulk metals.55 Single electron transitions can be observed if the
Ee = e2 /2C >kT

Equation (1-3)

where Ee is the electric field, e is the electron charge, C is the nanoparticle capacitance
(very small due to the size of nanoparticle surface) and kT represents the thermal energy.
This property of nanoparticles is of great interest in electronics technology.56
The application of nps in catalysis stems from their high surface to volume ratio
where they were used either as free57, 58 or supported particles.59, 60 Briefly, the keys for
successful usage of nps in catalysis are the electronic and geometric effects. The former
are responsible for enhanced availability of valence electrons for surface bond formation
by drop in work function with increasing surface curvature61 and contraction of lattice
constants which shifts d-electrons to higher energies.55 The latter is responsible for
features like average coordination number of the surface atoms, abundance of defects and
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the concentration of active sites.62 One example of nps catalysis with high expectations in
the future is the application in fuel cells.63 The nps most often used in fuel cells are
comprised from precious metals. Therefore technology that offers low content (i.e.
nanoparticles), yet efficient catalysts is important due to economic reasons.
The aforementioned breakthroughs in nanotechnology may have a great impact on
wastewater and air purification technology. One strategy for waste water treatment with
nano-objects involves the conversion of toxic compounds present in environment by the
catalytic action of nanoparticles per se.64, 65 The other way is to encapsulate the reactive
species that can transform the toxicants inside the nanoobjects.66 The third possible
strategy, conceptually more similar to this work (Chapter 3) is the encapsulation of the
hydrophobic compounds in the hydrophobic interior of nanoparticles (i.e. “extraction
dots”).67
Nanotechnology and Medicine
Nanotechnology represents study, creation and manipulation of objects with
dimensions smaller than 100nm.68 Besides the uniqueness of physical properties
described earlier, such small objects are advantageous from a biological prospective as
well. The scientific crossover between nanotechnology and medicine attracted great
attention, due to advances former provided for improvement of health care.69
Miniaturization provides cost effective and more rapidly functioning chemical and
biological components. Moreover, some nanometer-sized objects also possess remarkable
self-ordering and assembly patterns70 that make them the ideal systems for biosensors,
drug delivery carriers, biorecognition entities, cell adhesion promoters and diagnostic
tools. These unique behaviors are what make the application of nanotechnology in
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medicine possible, and better understanding of these processes, will increase the quality
of human life.
Biosensors
Nanoparticles (nps) are emerging platforms for the development of biosensors
since their surface can be modified with desired biosensing molecules.71-73 Commonly, a
fluroscent dye (“marker”) is embedded inside the nps, and a chemical recognition agent is
attached to the surface,74, 75,76 Consequently, sensing events are detected by tracking the
changes in optical, magnetic and fluorescent properties of nps. Nanoparticles prepared in
this way can be used for the detection and analysis of DNA, enzyme catalyzed
transformations and imaging of cancer cells. An interesting method for DNA detection is
so-called molecular beacon assembly. A single strand of DNA bears a nanoparticle on
one end, a dye on other end and fluorescence is quenched by base pairing. Once the np
and a dye are spatially separated by hybridization with analyte DNA strand, the
fluorescence is generated.77 The semiconductor core-shell nps (core CdSe, shell ZnS)
were used to follow the dynamics of DNA replication and telomerization of cancer cells.
Dye molecules were incorporated into newly formed DNA replica or telomers, to act as
energy acceptors for fluorescence resonance energy transfer (FRET). The dynamics is
monitored by UV-VIS spectra of nps that is a function of what process (replication or
telomerization) occurred.78
Cell Adhesion
A second important area of nps application in biology is their usage as cell
adhesion promoters. Cell adhesion is an important event in migration, differentiation and
communication of cells. The surface of nps can be functionalized with various
carbohydrates enabling the study of adhesion energetics.79 Furthermore, diagnostically
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relevant studies have been conducted using modified gold nps for adhesion and viability
of cancer cells.80 A potential new strategy for breast cancer treatment was examined
using thiamine-ligand modified gadolinium (Gd) nps. The idea is that cancer cells will
specifically adhere to modified nps by the over expression of the thiamine, and these in
turn, will deliver the drug into cancer cells.81 Significant advances have been made in the
field of artificial tissue engineering with the developments in nanotechnology.82
Polymeric materials, alone or in combination with nps, have excellent properties for cell
adhesion and proliferation (i.e. “multiplying”) that are important steps in the formation of
an artificial tissue. 83-85
Drug Delivery
Drug delivery systems that can target drugs to specific body sites or precisely
control drug release have been a subject of intense interest in both, academia and
industry. According to Langer et. al.,86, 87 three principle advantages of advanced drug
delivery systems compared to conventional pharmaceuticals are: (a) a reduction in the
toxicity of drugs (“drug targeting “), (b) an increase in the absorption of drugs, (c) the
presence of a release profile. This study has exactly the opposite aim, that is, formation of
devices to lower the concentration of the drug already present in the body. However,
these ncs can also be an interesting starting point for drug delivery studies, provided that
the drug is previously dissolved inside the oil template.
Experiments and characterizations of nanocapsules synthesized in this work will be
described in Chapter 3.
Drug Overdose and Clinical Mistreatments
A 2000-query showed, in the United States, more than 300,000 patients/year are
admitted to emergency rooms for drug-related complications. Worldwide, there are more
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than 3 million insecticide poisonings/year resulting in 220,000 deaths.88 Tricyclic
antidepressants are identified as the most frequently ingested substances in self
poisonings together with paracetamol, benzodiazepines and alcohol.89 Moreover, in the
1990’s, antidepressants were second after the analgesics as the drugs most commonly
taken in fatal drug overdose.90, 91 Finally, the rate of fatal drug poisonings is higher for
tricyclic antidepressants than for any other antidepressants.92 The most common drugs
used in suicides are Dothiepin and Amitriptyline (AMI), which are the most toxic
tricyclics.93
Apart from intentional drug overdoses, described above, an important issue is the
clinical mistreatment, especially in the area of anesthesiology. Recent data from the
American Society of Anesthesiology shows that intravenous local anesthetic injections
are major cause of cardiac blocks that had a fatal outcome.94
Drug Toxicity by Antidepressants-Mechanism of Action
The toxicity of tricyclic antidepressants arises from four main pharmacological
properties: 1) inhibition of norepinephrine reuptake at nerve terminals, 2) direct α
adrenergic block, 3) a membrane stabilizing effect on the myocardium and 4)
anticholinergic action. The clinical features of tricyclic overdose are categorized based on
their effects on peripheral autonomic system, the central nervous system and the
cardiovascular system.95 The focus of this work is the investigation of the cardiovascular
system in situations of drug overdose, so these effects will be explained in somewhat
greater detail.
The most commonly observed cardiovascular effect is a sinus tachycardia, which is
attributable to the inhibition of norepinephrine reuptake. However, the most important
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toxic effect of tricyclics is the slowing of depolarization of the cardiac action potential by
the inhibition of the sodium current that causes a delay in propagation of depolarization
through both myocardium and conducting tissue.96

Figure 1-6. The picture of a human heart, SA (sinoatrial) node and AV (atrioventricular)
node are labeled (right), and the representation of the QRS interval along with
the types of heartbeat (left). The image was taken from the Heart Rhythm
Society. (www.hrspatients.com)
A simpler explanation is that the Atrioventricular (AV) node receives electrical
signals from the Sinoatrial (SA) node, the heart’s major pacemaker, and transmits them to
lower chambers (ventricles) of the heart. The electrical signals transmitted from SA to
AV trigger the muscle contractions that pump the blood out of the heart and into the
lungs and body. In the presence of high concentrations of toxic drug, the time for the
transmittance of the electrical signal is prolonged, consequently the QRS interval is
prolonged, that causes the cardiac arrhythmias. In cases of overdose, the inhibition of
sodium flux into myocardial cells can cause the depressed contractility with fatal
outcome.97-99
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Strategies Toward Drug Detoxification
In the clinical environment, the treatments in cases of anesthetic-induced toxicity
are supportive measures such as rapid oxygenation, ventilation, seizure control and
cardiovascular support.100 In cases of drug overdose, a common antidote is activated
carbon, followed by gastric emptying.101 Furthermore, an intravenous injection of
Sodium Bicarbonate is another way used in clinical world to fight drug overdose.102, 103
Several drugs have been proposed to serve as antidotes to cardiac toxicity like
Amiodarone, Epinephrine and others, however, with no clear and consistent effect.104
Apart from these traditional methods, the infusion of insulin,105 propofol106 and lipid
infusions107 are different routes to possible drug reversal in cases of toxicity.
Despite some promising results showed by the aforementioned methods, an
efficient “antidote” is still a subject of many studies. A more “chemical” approach toward
this issue has been suggested as a platform of the GOAL IV: Nanoparticulate systems for
drug detoxification of the NSF-supported Particle Engineering Research Center at
University of Florida. A multidisciplinary effort that includes Departments of Chemistry,
Chemical Engineering, Materials Science and Anesthesiology (at Shands Hospital) has
proposed several different routes for possible drug reversal in cases of overdose. The
common theme of these approaches is the nano-size of the possible drug scavenging
entities. As explained on several occasions in this Chapter, nano objects have a large
surface-to-volume ratio, which gives rise to increased probability of toxic drugdetoxifying agent interactions. A surface area effect was clearly demonstrated by Morey
et. al.45, showing the superior drug removal in isolated guinea pig heart compared to lipid
macroemulsions. The most promising system to date with respect to drug removal
efficiency and biological safety is described by Varshney et. al.108, a self assembled
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nanoemulsion made with polymeric (PLURONIC®) and medium alkyl chain anionic
surfactants and Ethyl Butyrate as an lipophilic phase. High MW surfactant helped to
overcome the common instability of microemulsion upon dilution and negatively charged
surfactant increased the efficacy of drug removal through electrostatic interaction.
Furthermore, the authors showed that the interaction between the drug and nanoemulsion
was a function of polymeric surfactant structure (number of EO vs. PO units) as well. A
second promising system consists of modified chitosan nanoparticles.109 This author’s
idea is to use the π-π interaction between electron rich benzene rings of antidepressants
and electron deficient (dinitro sulfonyl) aromatic rings of modified chitosan. Although a
promising set of data was published,110 the system showed poor hydrolytic stability due
to hydrolysis of sulfonyl ester bonds within hours upon solubilization in water. Another
possible system for drug detoxification are poly (lactic-co-glycolide) (PLGA)
nanoparticles that have excellent biocompatibile and biodegradable properties.111
Recently, nanotubes have also been suggested as a powerful tool for the separations of
biomolecules and pharmaceuticals.112
The results of detoxification experiments using nanocapsules synthesized in this
work will be the focus of Chapter 4.

CHAPTER 2
SYNTHESIS OF CORE SHELL NANOCAPSULES USING OIL IN WATER
MICROEMULSION AS TEMPLATES
Introduction
This Chapter describes the results of numerous trials conducted to produce oil-inwater (O/W) microemulsion droplets using various combinations of surfactants and oil
phases. The experimental methods used to asses the structure, architecture and
concentration of templates/nanocapsules (ncs) will be also described. The surfactant
structure, as well as the concentration of oil is used to understand the architecture and
size of the templates. The role of external parameters, like temperature and mixing time,
on formation of microemulsions is also explained. A second step in the synthesis,
building the silica shell around reactive microemulsion templates is described, along with
the factors influencing the shell thickness of these ncs. Finally, the siloxane
polycondensation chemistry used for the modification of ncs surface is explained.
Mixed Surfactant Systems
All of the formulations used for this study are systems composed of two or more
surfactants. It is therefore necessary to introduce the basics of mixed surfactant behavior.
Mixed micelles of non-ionic and ionic surfactants poses superior properties compared to
single surfactant micelles with respect to colloidal stability and ability to tune the size of
aggregates.113 Most of the systems show non ideal mixing behavior114 due to the
existence of interactions between surfactants, causing the different composition of mixed
micelles.115 The extent of non-ideal mixing behavior depends on the structure of
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surfactant, the length of hydrocarbon tail and charge of the polar head. It is wortwhile to
introduce at this point the surfactant hydrophilic-lipophilic balance (HLB) concept.116
HLB is an arbitrary number, ranging between 1 and 20 that describes the solubilization
tendency of surfactant towards water or oil. It is believed that an optimum HLB of
surfactant(s) is required for the formation of a stable microemulsion. Optimum in this
case means most stable and the maximum solubilization power ME. Recent studies
showed that by careful choice of non-ionic surfactant mixtures it is possible to obtain a
range of HLB values that provides a plethora of opportunities for ME formulations.117
General Remarks About Microemulsion (ME) and Nanocapsules (Ncs) Formation.
The synthesis of ncs is divided in three distinct steps, first being the formation of
oil-in-water (O/W) microemulsion droplets, followed by a formation of silica shell
around the droplets, and the last (optional) step is a covalent modification of the silica
shell.

Figure 2-1. Reactive Si-OH groups available after the polymerization of OTMS.

The uniqueness of this synthetic pathway is the presence of
Octadecyltrimethoxysilane (OTMS 3-see Appendix 1 for structures of all bolded
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compounds), a polymerizable surfactant on the oil/water interface. As already shown in
this group,118, 119 compound 3 can form a network (thin film) on the air/water interface,
and the condensation of methoxysiloxane groups can go up to 50% conversion, meaning
that unreacted groups will be available for further crosslinking (Figure 2-1).
There are two general ways for preparation of ME successfully used in this study:
a) Phase Inversion Temperature (PIT used for the majority of formulations) and b) Phase
Inversion method.
PIT was introduced in late 1960’s by Shinoda,120 and the key notion is that the nonionic surfactant will become less soluble in water with increasing temperature, due to
preferable water-water as oppose to water-EO hydrogen bonding (H-bonding) at higher
temperatures. At the cloud point (c.p.), surfactant will be equally soluble in both water
and oil, and further increase of temperature will lead to a more efficient mixing of oil and
surfactant. Upon cooling, small O/W droplets (high surface-to-volume ratio) will be
formed, due to favorable energetics of water-EO H-bonding. It should be noted that
microemulsion can also be formed at room temperature (RT), however, the process
would be dramatically more time consuming (in the order of weeks, as oppose to PIT
where the solubilization time range was 15 minutes to 48 hours).
The Phase Inversion method uses the same rationale as PIT, with the exception that
instead of temperature, the solubilization promoter is the change121 of ME type, going
from W/O to O/W with the slow addition of water.
Experimental Methods
Quasi Elastic Light Scattering (QELS)
The basis of this technique is the interaction of light with matter, when the energy
of an incident light beam is used to induce the oscillating dipoles from the electrons of
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the object. These dipoles can be regarded as new sources of light, which can be measured
under fixed angle. Particles and macromolecules are in a state of a constant motion
(Brownian motion), which imparts for randomness in phase of scattered light, such that
light added from two or more particles will interfere in constructive or destructive
fashion. This means the intensity of scattered light will vary as a function of time. QELS
measures the time-dependent fluctuations of scattered light.
The fluctuations are quantified by second order correlation function measured by
instrument:

Equation (2-1)
where I(t) is the scattered light at time t, τ is the delay, that is, the amount that a
duplicate intensity trace is shifted from the original before the averaging is performed.
The scheme of the typical correlation function is given on Figure 2-2.
The correlation can be analyzed by:

g (2 ) (τ ) = B + β exp(− 2Γτ )

Equation (2-2)

where B is the baseline of the correlation function at infinite delay, β is the
correlation function amplitude at zero delay, and Γ is the decay rate. Γ can be connected
to particle diffusion coefficient (D) by:

D=

Γ
q2

Equation (2-3)

here, q2 is the magnitude of the scattering vector and is given by:

q=

4π n 0

λ0

⎛θ ⎞
sin ⎜ ⎟
⎝2⎠

Equation (2-4)
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Figure 2-2. A typical shape of the correlation function used in QELS. The rate of the
decay of correlation function is related to particle size
where λ0 is the wavelength of incident beam, n0 is the refractive index of the
solvent and θ is the scattering angle. Finally, D can be related to particle radius by the
Stokes-Einstein equation:

r=

kT
6πηD

Equation (2-5)

where k is Boltzmann’s constant, T is the temperature, and η is the solvent viscosity. A
picture of PDDLS photon correlator used in this work is shown on Figure 2-3.
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Figure 2-3. A picture of PDDLS photon correlator used in this study.
Transmission Electron Microscopy (TEM)
This technique enables the imaging of sub-micron particles at resolution of few
nanometers. The apparatus consists of electron source, (usually tungsten wire)
electromagnet condenser (lenses) and fluorescent screen. The voltage used in this study
was 50-100 kV, meaning that the theoretical resolution was <1nm. The electron beam,
accelerated by voltage, can be either refracted from the specimen grid (dark field
imaging) or it can pass through the specimen (bright field imaging). In case of bright field
imaging, light will be transmitted depending on electron density of the features on the
specimen grid. This implies that the grid has to be very thin <0.1mm to be feasible for
TEM. The grids used in this study were made of Cu or Ni, covered by a thin film of
carbon. Usually, the sample was diluted (<0.1w %) and carefully drop wise placed on the
grid.
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Figure 2-4. Hitachi Transmission Microscope used in this study.
Scanning Electron Microscopy (SEM)
Similarly to TEM, SEM generates the electron beam in vacuum, which is
collimated and focused by a set of electromagnetic lenses. The difference between these
two techniques is that in SEM, electron beams are scanned over the sample surface and
excited secondary electrons are used for imaging rather than transmitted primary
electrons (TEM). Secondary electrons are detected by the scintillation materials that
create flashes of light from the electrons. The light flashes are then amplified by a
photomultiplier tube. Correlation of sample scan position with a resulting image will
create an image that is very similar to what would have been seen through light
microscope. Common preparations include placing a drop of sample (at higher
concentration than TEM) on sonicated microscope glass slide and drying in the vacuum.
SEM was used in this study to confirm both, the size of microemulsion
droplet/nanocapsule and the shape of these entities.
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Figure 2-5. Hitachi Scanning Electron Microscope used in this study.
Results
The Necessity of Mixed Surfactant Systems
Optical microscopy revealed that all attempted solutions containing any type of oil
and only 3 as the surfactant were turbid due to formation of micron-sized coarse emulsion
droplets, or other phases, instead of microemulsions (Figure 2-6).
Furthermore all of the aforementioned samples were thermodynamically unstable
and phase separation occurred within hours, implying that an additional surfactant has to
be added in the formulation.
Although many ionic and polymeric surfactants are able to dissolve oil and form
O/W ME, only a non-ionic, medium size surfactant of CnH2n-1(EO)p type, yielded ME
phases with reasonable amount of OTMS as the second (reactive, templating) surfactant.
A second requirement for the surfactant is the presence of a kink in the middle of the
alkyl chain, like a cis double bond to inhibit the formation of the lamellar phases
introduced in Chapter 1. Oleic acid, C18H33 (9-Octadecenoic (Z) acid)) with its C18 is the
fatty alkyl chain (CnH2n-1) most often used in this study, while EO, the ethyleneoxy
group, formed the hydrophilic part of the surfactant.
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Figure 2-6. The optical micrographs (upper row) and appearance of the formulation made
without the external surfactant 1(or 6). (Upper creamy oil phase and bottom
clear water phase)
The two classes of surfactants used had the alkyl chain either covalently attached
through ester (Tween™ type) or ether (Brij®) bonds to the EO group.
Surfactant self-assembly and the solubilization of oil. High S/O ratio
Formulations can be divided into three groups based on the external surfactant-tooil ratio (S/O): a) high S/O (50-20), b) medium S/O (12-5) and low S/O (4-0.8).
Chronologically, high S/O samples were investigated first (Table 1.), using
primarily Brij-98 (compound 1) as a major surfactant and hexadecane (HD compound 2
see Appendix 1) as an oil phase. Surfactant solution alone was checked with QELS
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yielding particles of 10±3nm, which corresponds to micelles as expected since the
concentration of 10-15% is far above cmc of Brij-98 (0.0085w%).
Table 2-1. The formulations made with high Surfactant to oil ratio and formulations
without the external surfactant 1.
Formul. No.

Surf (g)

Co-surf (g)

1 0,4g 1
2 0,4g 18

0,05g 19

3

Oil (g) 2

OTMS (g) TMOS (g) Saline (g)

o. c. (nm)

STD

Ncs (nm)

STD

outcome

0,296

0,225

8,8

0,0216

0,038

8,8

Phase. Sep.

0,7

0,1

8,8

Phase. Sep.

4 1g 19

0,1

0,07

5 1,5g 1

0,035

0,06

6 1,5g 1

0,06

0,05

0,04

8,8

7 1,5g 1

0,02

0,03

0,05

8,8

Phase. Sep.

8,8
0,05

8,8

Phase. Sep.
42

12

98

18 Stable

37

8

90

7 Stable

35

10

Unstable

8 0,7g 1

0,5g 19

0,05

0,04

9 0,7g 1

0,8g 18

0,06

0,05

Phase. Sep.

0,02

0,03

Phase. Sep.

10 1g 28

8,8

Phase. Sep.

The solubilization of oil requires heating, since samples stirred at RT yielded
unstable, coarse emulsions that phase separated within a couple of hours (Formulation 1
for example). Samples were hazy and turbid, until the temperature reached the cloud
point (c.p.) at 65 oC, when the solutions become intensely white and phase separation
occurred. The c.p. of pure surfactant solution is 70 oC, the addition of oil lowered the c.p.
somewhat, since non-polar compounds tend to increase the aggregation number of
surfactant, thus lowering the total amount of hydrogen bonded EO groups on the surface.
Upon cooling, the solutions become gradually less milky, until totally transparent at RT.
This heating/cooling cycle was repeated numerous times with the same outcome.
Interestingly, the QELS analysis of these solutions yielded features of the same size as
surfactant alone, within the experimental error (Figure 2-7). This implies that oil is
distributed evenly, without causing any structural changes in the surfactant micelles.
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Figure 2-7. The QELS pattern of 1 alone (♦) and microemulsion of 1 and 2 (•).
Solubilization of OTMS (compound 3) required heating at c.p., the difference is
that time for dissolution of OTMS was much longer than for the oil alone. This is
surprising having in mind the reversibility of surfactant/oil system during heating and
cooling.
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Figure 2-8. The QELS pattern of mixed micelles of 1 and 3 (♦) and ME formed with 1, 2
and 3 (•).
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Upon cooling the solution had a faint bluish color, indicating the formation of
microemulsion.122 The QELS check revealed two populations of peaks, one at 10±3nm,
and another one at 42±12nm (Figure 2-8).
Before any further assessments were made, a solution containing OTMS and Brij98 was tested to yield particles at 9±2nm. From this it was obvious that the smaller peaks
in Figures 2-7 and 2-8 represent the unswollen surfactant micelles and larger peaks in
Figure 2-8 derive from ME droplets. A solution at this stage was stable for 2-3 days,
before a phase separation occurred. In order to increase the stability of droplets and to
provide reactive silanol groups at the surface, trimethoxysilane groups were subjected to
a polymerization.
The step-growth polymerization of trimethoxysilane groups consist of two distinct
steps, hydrolysis and condensation. It is known that the hydrolysis of alkoxysilanes is
faster at lower pH (protonation of oxygen), whereas condensation is faster at higher pH
(Sn2 attack of siloxide). Using the results from previous work in this group on OTMS
polymerization kinetics123, pH was lowered by the addition of sulphuric acid to pH=3 for
30 min. to complete the hydrolysis. Moderatly rapid OTMS condensation was achieved at
slightly basic buffered solution (pH=7.4) to prevent the formation of a gel. The
formulations at this stage will be refereed to as the “oil templates” or “oil cores” being
stable for 10 days. The condensation of the siloxyl headgroups provides a stabilizing
"skin" around the oil droplets. However, when samples were prepared for Atomic Force
Microscopy (AFM) and TEM analysis, the reacted microemulsion droplets flattened on
the supporting substrate, indicating that the "skin" layer is deformable.
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Figure 2-9. The polymerization of OTMS (3)
To better retain the spherical shape, the silicon-based skin layer requires
fortification.
Fontaine and Goldmann124 showed that reaction of Tetramethoxysilane (TMOS, 4)
beneath floating monolayers of 3 created a robust film. Molecule 4 provides the
additional reactive groups to allow the silica network to extend away from the
headgroups of 3. Upon reaction, 4 formed a complex 3D cross-linked
polysiloxane/silicate network which resulted in a film that is more stable than the skin
layer formed by cross-linking 3 alone. Lindén et al.125 have shown that, at pH 7.0, the
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hydrolysis of alkoxysilanes is slow. Our work used these conditions to enhance reaction
at the oil/water interface, while minimizing the reaction of 4 with itself in the bulk
aqueous phase.
Figure 2-10 shows several TEM images of the nanocapsules synthesized. Figure 210a is the microemulsion before stabilization with 4. This image reveals oil droplets 35 ±
12 nm in diameter. The dark core is due to the oil, which was doped with 1-dodecene
(compound 5) and subsequently stained with OsO4(g). TEM images of such droplets also
showed a range of droplet diameters and some with noncircular shapes, consistent with
the soft, fragile nature of the droplets hypothesized. The same solution, when examined 2
weeks later, was cloudy, indicating flocculation, and TEM results gave no distinct
particles. Upon stabilization with 4, a different structure is observed as illustrated in
Figure 2-10b. These spherical nanocapsules have a distinct core-shell structure with the
darker core due to the osmium-stained doped oil and the lighter shell due to the presence
of silica. The overall size measured from the TEM images was 98 ± 18 nm and the cores
remain at 32±5 nm. Data from many other images (which were analyzed and are not
shown) confirm that both the core diameter and the shell diameters are fairly
monodisperse in a given trial. Standard purification techniques, such as precipitation or
column chromatography, were not possible due to the reactive hydroxyl groups on the
nanocapsule surface. These purification techniques led to nanocapsule aggregation. Once
in contact, the nanocapsules react with each other or the column media, resulting in an
insoluble mass. Consequently, the nanocapsules were purified in a dispersed state, by
dialysis. The molecular contaminants were removed by dialysis through a cellulose
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membrane with a 6000-8000 MW cutoff. After dialysis, the solutions retained their
transparent blue color.

Figure 2-10. TEMs of: a) oil templates, b) nanocapsules (obtain after the reaction with 4)
and c) the same solution as in (b) after two weeks.
The removal of molecular contaminants such as excess 4 increases the stability of
the particles. Otherwise, 4 continue to react and eventually form a gel, causing the
particles to become irretrievable.
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Surfactant self-assembly and the solubilization of oil. Medium Surfactant to Oil
ratio.
Table 2-2. The formulations made with medium Surfactant to Oil ratio
Formul. No.
11

Surf. (g) 6 Co-surf. (g) 8
0,3

0,1

Oil (g) 7 OTMS (g)
0,1

0,03

TMOS (g)

Saline (g) o. c. (nm) STD Ncs (nm) STD outcome
0

8,8

147

37

Stable

12

0,7

0,1

0,1

0,03

0

8,8

113

40

Stable

13

1,1

0,1

0,1

0,03

0

8,8

46

7

Stable

14

1,5

0,1

0,1

0,03

0

8,8

49

10

Stable

15

1

0,1

0,05

0,03

0

8,8

47

11

Stable

16

1

0,1

0,09

0,03

0

8,8

54

12

Stable

17

1

0,1

0,13

0,03

0

8,8

97

24

Stable

18

1

0,1

0,17

0,03

0

8,8

163

61

Stable

19

1

0,1

0,21

0,03

0

8,8

233

100

Stable

20

1

0,02

0,1

0,03

0

8,8

31

7

Stable

21

1

0,05

0,1

0,03

0

8,8

51

6

Stable

22

1

0,1

0,1

0,03

0

8,8

55

14

23

1

0,15

0,1

0,03

0

8,8

159

0

Stable

24

1

0,2

0,1

0,03

0

8,8

309

107

25

1

0,25

0,1

0,03

0

8,8

327

127

26

1

0,1

0,1

0,01

0,01

8,8

54

12

123

18 Stable

Unstable
Phase. Sep.
Phase. Sep.

27

1

0,1

0,1

0,02

0,01

8,8

56

16

104

14 Stable

28

1

0,1

0,1

0,03

0,01

8,8

55

14

67

12 Stable

29

1

0,1

0,1

0,04

0,01

8,8

55

15

63

11 Stable

30

1

0,02

0,08

0,03

0,01

8,8

31

7

79

21 Stable

31

1

0,02

0,08

0,03

0,03

8,8

31

7

132

39 Stable

32

1

0,02

0,08

0,03

0,09

8,8

31

7

352

114 Stable

33

0,65

0,02

0,08

0,03

0,01

8,8

106

37

292

103 Stable

34

0,65

0,02

0,08

0,03

0,03

8,8

106

37

614

124 Stable

35

1

0,02

0,103

0,051

0,03

9,67

30

5

52

7 Stable

36

1

0,02

0,103

0,051

0,094

9,67

30

5

90

10 Stable

37

1

0,02

0,103

0,051

0,2

9,67

30

5

125

15 Stable

High S/O ratio nanocapsules showed poor properties with regard to hemolysis and
whole animal experiments (described in Chapters 3 and 4). We believe that the high
concentration of surfactant micelles as well as toxic (Hexadecane) oil phase were the two
principal reasons for this behavior. Therefore the system was reformulated as noted
below. The relative concentration of surfactant was lowered, and MEs were formulated
using more biocompatible oil phase, Ethyl butyrate (compound 7)126 and surfactants such
as TweenTM-80 (compound 6)127 and Lecithin (compound 8).128, 129
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The goal is to prove the generality of the templated microemulsion approach in the
formation of nano-sized capsules using a maximum number of ingredients that are
approved by the Food and Drug Administration (FDA) Center for Food Safety and
Applied Nutrition (CFSAN).130 Controllability over particle size is demonstrated through
the variation of the concentration of the formulation ingredients. The later is important
since the fate of nano-objects in vivo is related to their size.131, 132 Furthermore,
nanocapsules of different sizes may have different sequestering efficiencies. In order to
create oil templates of various sizes without the “shell” (compound 4), a series of samples
systematically varying ingredients 3 and 6-8 were made (see Appendix 1 for structures).

Figure 2-11. TEM pictures of formulations having large amount of lecithin (8), whole
solution (top), creamy part of the same solution (middle) and microemulsion
part of the solution.

37
A general synthetic route was similar to previous high S/O ratio formulations. In
the approximate composition window of (3-15):(0.5-2.5):(0.3-2.5):(0.1-0.4)(% w/w ratios
of 6:7:8:3), most of the resulting solutions became clear upon heating, with the
appearance of a bluish color.
Formulations having relatively high concentrations of 8 (i.e. 2-2.5 w%) were turbid
and phase separated to a microemulsion phase and unidentified milky dispersion133 after
24 hours (Figure 2-11). On subsequent cooling, the O/W microemulsion was stable at RT
for at least 72 h after which coagulation occurred and the sample became cloudy. It
should also be noted that while a large and rich literature exists of the phase behavior of a
diverse range of assemblies in lipid-based aqueous systems,134-137 this study centered on
compositions where spherical microemulsion particles were reproducibly attained and
any other phases were not extensively characterized.
Oil templates size-Surfactants concentration influence
The major component of the three surfactants used is Tween™-80 (6). Compound
6 is soluble in water with a hydrophilic lipophilic balance (HLB) value of 15.4. As the
amount of 6 was increased, the diameters of the resulting microemulsion droplets become
smaller (Figure 2-12c). When no compound 6 is present, a coarse emulsion is formed.
Although exact particle size was not determined, they were large enough to be seen with
minimum magnification under a light microscope, indicating that the droplets were
micrometers in size. The decrease in size as the amount of 6 was increased can be
attributed to the surfactant adsorbing at the O/W interface and lowering the interfacial
tension.138-140 The lower interfacial tension allows larger microemulsion droplets to break
apart to form smaller droplets. This process is limited by the amount of surfactant
necessary to form a monolayer at the interface around the droplet. Each time a droplet
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breaks apart to form smaller ones, it creates more surface area. Once the surface area is
large enough to utilize all the surfactant at the O/W interface, the droplets will not
subdivide. The resulting smaller droplets would be unstable.
The second surfactant used in this system is lecithin (8), Figure 2-12d shows that as
the amount of 8 is increased, the diameter of the resulting microemulsion droplets
actually increases from 30nm to 160 nm. This is contrary to what was observed with
compound 6. With an HLB value of 9.2-9.5,141 8 is not soluble in saline, but is readily
soluble in oil.142 High concentrations of 8 caused a phase transition from a clear, isotropic

Figure 2-12. The effect of various components on the oil template size a) OTMS (3), b)
Ethylbutyrate (7), c) Tween™-80 (6), d) Lecithine (8).
liquid to a turbid, thermodynamically unstable phase which was not further characterized.
We believe that compound 8 partitions preferentially into the interior of the oil droplets,
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leaving only a minimum amount at the interface. Furthermore, compound 8 may act to
increase the interfacial tension when present in large enough quantity (Figure 2-12d).
Both of these effects would result in the observed increase of the oil core diameter.
A third surfactant used was OTMS (3), the diameter of the oil template remains
essentially constant within the concentration range that allowed the formation of a
microemulsion (Figure 2-12a). As with compound 8, compound 3 is not soluble in water
but is soluble in oil. It is likely that within the current concentration window, all
molecules of 3 absorb at the O/W interface, without partitioning into the oil phase 7, thus
keeping the diameter of oil template constant. From these results it is obvious that the
surfactant which plays the most important role in reducing the size of the oil templates is
TweenTM-80.
Oil template size-Oil concentration influence
The oil also plays a role in the size of the microemulsion droplets. The weight of oil
added is a direct measure of the overall volume of oil present in the system. Increasing
the total volume of oil can lead to two scenarios. First, the number of droplets present can
increase while their individual size is constant. Second, the number of droplets may
remain constant, and the increase in oil concentration will increase individual droplet
volumes. Although the experimental data (Figure 2-12b) shows an increase in droplet
size with added oil, it is not quantitatively consistent with either of these scenarios. In
scenario one, if the diameter of the microemulsion droplets is plotted as a function of the
total amount of oil in the system, the resulting line should be linear with a slope of zero.
A similar plot for scenario two would result in a line, which could be fitted to the
expression:
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y = a0 + a1 x b1

Equation 2-6

The exponent b=1/3 due to the fact that mass is proportional to volume and the
diameter of a sphere is proportional to the cube root of the volume.

Figure 2-13. TEM pictures of “small” (upper image) and “large” (bottom image) oil cores
Qualitatively, one can think about the change in size in the following terms. The
surfactant(s) will disperse a finite amount of oil, as limited by the amount of surfactant
present. If the amount of oil is such that there is more surfactant present than is needed to
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saturate the O/W interface, then the excess surfactant remains molecularly dissolved in
the oil phase or as unswollen micelles in the aqueous phase. Once the amount of oil is
increased to the point where a majority of surfactant is attached to the O/W interface,
then any additional oil will add to the droplets already present rather than create new
droplets thus maintaining the lowest possible surface area to volume ratio. The
consequence of such action will also result in a decreased number of droplets due to
unavailability of surfactant molecules. The combination of these effects is likely to cause
the increase of oil template size (Figure 2-12b and 2-13).
Silica Shell Formation
The final component of the system, is tetramethoxysiloxane (compound 4), which
forms the outer shell. Assuming that 4 is initially distributed evenly throughout the
solution, then all microemulsion droplets have an equal possibility of reacting with 4.
Thus if the total mass of 4 added to the solution is increased, the mass reacted at the
surface of any given microemulsion droplet will also increase. The increase in 4 reacting
at the surface of the droplet results in an increase in the thickness of the shell and an
increase in the overall diameter of the resulting nanocapsule. The kinetics of shell
formation is shown in Figure 2-14, where the initial concentration of 4 was 0.07 w%. The
diameter steadily increases during the first eight hours of reaction, and then it remains
constant even for prolonged reaction times, indicating the end of the reaction. The first
part of the curve, the actual increase in nanocapsule size, can be explained by Fick’s slow
diffusion model. The diffusion is slow, meaning that size will depend on how fast 4 can
reach the surface. According to Fick’s Law:
J=-DΔC/Δ

Equation (2-7)
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where J is mass flux, D is diffusivity, ΔC is the change in concentration and Δx is
the diffusion length. The assumption is that the difference in shell thickness can be
neglected compared to diffusion length of 4, so Δx is constant. At this point Fick’s Law
becomes:

J=kΔC

Equation (2-8)

Figure 2-14. The kinetics of silica shell formation, the concentration of 4 was 0.07w%.
which is a linear relationship between concentration (ΔC) and mass flux (J, the
number of molecules of 4 that encounter the surface).
Control of Silica shell thickness-Role of TMOS and oil template size
The difference in thickness of the formed shell between oil templates of different
size is a surface area issue. We prepared two samples with the same amount of oil phase,
but with different oil template diameters (i.e. different S/O ratios) (Figure 2-15). The
“large” core sample (oil core d=103±37nm) has less overall surface to be covered,
because there are fewer oil template particles, which leads to a more profound increase in
shell thickness than the “small” core sample (oil core d=31.3±7nm). Indeed, if a trend
between 0 and 0.07w% of 4 is observed for both cases, the data can be fit with a linear
expression, y=ax+b,

43

y=688.6x+31.3 and y=2657.1x+106

Equation (2-9)

for “small” and “large” cores respectively.
Theoretically, the ratio between two slopes is calculated in following way:
2

⎛d ⎞
⎛d ⎞
A1 = 4π ⎜ 1 ⎟ and A2 = 4π ⎜ 2 ⎟
⎝ 2 ⎠
⎝2⎠

2

Equation (2-9)

Figure 2-15. Nanocapsule diameter as a function of concentration of 4 for “small” oil
core (♦) and “large” oil core (• ) formulations.
where A1 and A2, are surfaces of individual “small” and “large” droplet,
respectively, d1 and d2 are corespondent diameters. The total surface is given by:

A 1tot = N 1 (A 1 ) = A1

⎡
⎤
⎢ 3m
⎥
⎢
⎥ and A 2tot = N 2 (A 2 ) = A2
d
3
1
⎢ 4 ρπ ( ) ⎥
⎢⎣
2 ⎥⎦

⎡
⎤
⎢ 3m
⎥
⎢
⎥
⎢ 4 ρπ ( d 2 ) 3 ⎥
⎢⎣
2 ⎥⎦
Equation (2-10)

where A1tot and A2tot are respective total surfaces for “small” and “large” oil
templates, and N1 and N2 are numbers of oil cores calculated as total mass of the sample
divided by mass of an individual core. Equation 2-10 can be simplified if the masses of
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samples analyzed and densities of both samples are equal, which is experimentally
confirmed. The ratio between two surfaces is then given by:

A1tot
A 2 tot

⎛
⎞
⎜
⎟
3
m
⎟
A1 ⎜
d1 3 ⎟
⎜
d 3
⎜ 4ρπ( ) ⎟ A 1 ( 2 )
2 ⎠
⎝
2
=
=
d
⎞ A ( 1 )3
⎛
⎟
⎜
2
3
m
2
⎟
A2 ⎜
d2 3 ⎟
⎜
⎜ 4ρπ( ) ⎟
2 ⎠
⎝

Equation (2-11)

Combining the equations II-11 and II-9 and subsequent rearrangement gives:

A 1tot
A 2 tot

d1 2 d 2 3
) ( )
d
2
2
=
= 2 = 3 .3
d
d
d1
4 π( 2 ) 2 ( 1 ) 3
2
2
4 π(

Equation (2-12)

This value is in a fair agreement with an experimental value given by the ratio of
slopes (2657.1/688.6=3.9) of the fitted lines (Figure 2-15).
It was also of interest to see if the size of the oil core remains constant throughout
the shell formation process. We prepared solutions that contained compound 5 (20 %w/w
of the oil phase), which was subsequently stained with OsO4 for better resolution of the
oil core and shell by TEM. The results of these experiments are shown in Figure 2-16(ad). The analysis of “small” core 0.07 w% of 4 image (Figure 2-16a) revealed oil core
diameters 35 ± 6nm and overall sizes of 77 ± 10nm, which is in fair agreement with the
results obtained with QELS (Figure 2-15). Diameters of “small” cores with 4 at 0.88 w%
(Figure 2-16b) are 42 ± 14 nm and 237 ± 62 nm, for oil cores and overall nanocapsules
respectively. The difference between TEM (237 nm) and QELS data (352 nm) for
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Figure 2-16. TEM images of “small” core at a) 0.07 w% of 4, b) 0.88 w% of 4, “large”
core at (c) 0.07 w% of 4 and (d) 0.28 w% of 4.
“small” cores 0.88 w% is likely a consequence of greater sensitivity of QELS and any
scattering technique to larger particles, in addition, the presence of any aggregate
(inevitable at high concentration of 4) would overly bias QELS results to larger particles.
Better agreement is also observed between TEM and QELS data for “large” core
samples; for 0.07 w% of 4 the diameters are 116 ± 23 nm for the core and 308 ± 98 nm
for the overall nanocapsule (Figure 2-16c), and for 0.28 w% of 4, 127 ± 36 nm core
diameter and 646 ± 152 nm for the overall nanocapsule (Figure 2-16d) by TEM. These
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data suggest that the diameter of an oil core remains essentially unchanged during the
shell formation process.
Control of Silica shell thickness-Role of OTMS

In order to illustrate the importance of compound 3 we have studied a number of
ME formulations with and in the absence of OTMS. The results are shown on Figure 217., samples without 3 phase separate (sample with 4, 6, 7 and 8 is on the right, and
sample containing just 4 is in the middle). Moreover, we have not observed any type of
organized structures with samples made without 3. Finally, QELS data showed a good
agreement with TEM, while samples without 3, are impossible to measure, even after
dilution and prolonged sonication. It was already mentioned that variation in
concentration of 3 had almost no impact on the size of oil templates. However, QELS
results (Figure 2-18) showed that the concentration of OTMS influences the number of
crosslinkable templates. Therefore, the shell formed using formulations with high
concentration of 3 will be smaller than those of lower amount of 3.
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Figure 2-17. The importance of OTMS: formulation made with all of the ingredients (left
vial), solution with just compound 4 (middle) and formulation with all of the
ingredients except 3.

Figure 2-18. The influence of 3 on number of crosslinkable templates (left) and shell
thickness of corresponding samples (right) measured by QELS.
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Surfactant Self-Assembly and The Solubilization of Oil -Low Surfactant to Oil Ratio

Although medium S/O systems were reproducibly synthesized, a majority of
surfactant present in the form of the unswollen micelles had to be removed. This imposes
the restrictions that the synthetic procedure was time consuming and that ncs were
synthesized in a very low yield. Furthermore, presence of unused (in a form of unswollen
micelles) surfactant biased a whole set of measurements (explained in detail in Chapter
3). Therefore, an improvement in synthetic pathway had to be found to study the ncs
properties in detail.
Table 2-3. The formulations made with low Surfactant to Oil ratio. (The oil phases in
formulations 41-50 consisted of Ethyl Butyrate 7 and 1-dodecene 5)
Formul. No.

Surf (g) 6

Oil (g) 7 OTMS (g)

Co-surf (g)

TMOS (g)

Saline (g) o. c. (nm) STD Ncs (nm) STD outcome

38

1

0

0,5

0,06

0

10,7

48

7

Unstable

39

1

0

0,5

0,115

0

10,7

46

6

Stable

40

1

0

0,25

0,06

0

41

1

0 0,2+0,05

0,06

10,7

35

5

Unstable

10,7

20

6

Unstable

42

1

0 0,15+0,1

0,06

0,2

10,7

40

5

95

5 Stable

43

1

0 0,1+0,15

0,06

0,2

10,7

28

4

87

6 Stable

44

1

0 0,05+0,2

0,06

10,7

30

5

Stable

45

1

0 0,8+0,2

0,115

10,7

130

15

Stable

46 1g

23

0 0,15+0,1

0,06

10,7

30

5

Unstable

47 1g

29

0 0,15+0,1

0,06

10,7

33

6

Unstable

It was found that clear and isotropic microemulsion can be formed using very low
S/O ration (in extreme cases less than 1) if polymerizable surfactant (i.e 3, OTMS) is
omitted. However, after the addition of 3 the solutions become irreversibly milky at low
S/O ratios, even after prolonged heating. It was postulated that the thermodynamic
stability of preformed microemulsion is a major obstacle to efficient solubilization of a
newly added surfactant. Therefore, preformed mixed surfactant micelles of the main and
polymerizable surfactant were prepared and the oil was subsequently added. As expected,
microemulsions formed in this way were optically clear at very low S/O ratios.
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Ostwald Ripening

The dramatic increase in the amount of oil added to microemulsion caused some
fundamental differences between low S/O compared to medium and especially high S/O
systems. For example, the stability of the droplets was independent on the nature of the
oil used (i.e. degree of hydrophobicity) for high and medium S/O samples, while
profoundly dependent in the case of low S/O systems. Furthermore, the polymerizable
surfactant crosslinking density (i.e. concentration of 3) was irrelevant with respect to the
integrity of ME droplets for higher S/O ratios, while a major factor for low S/O systems.
Both of these observations can be explained in terms of Ostwald Ripening. Ostwald
Ripening is the process of larger particles growth at the expense of the smaller particles.
The driving force of the process is the dependence of the solubility of the particle on its
size, as described by Kelvin equation:

Equation (2-13)
where c is the solubility, r is the radius of the particle, is the interfacial tension, Vm is
the molar volume of the substance of the disperse phase, R is the gas constant and T is
the absolute temperature. It is obvious that the increase in Vm is going to favor the
formation of larger particles. A mechanism of Ostwald Ripening consists of oil transfer
from small droplets through dispersion phase (i.e. water) to larger droplets. It is important
to note that this phenomenon occurs even in low and medium S/O systems, but due to the
lower concentration of oil and high excess of surfactant the effects are much less
profound. Obviously, the challenge is to attenuate the effects of Ostwald Ripening, thus
increase the stability of oil templates and make them suitable for further polymerization.
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One strategy includes the increase in concentration of polymerizable surfactant, thus
forming a more crosslinked skin layer around the oil droplet. Figure 2-19. shows the
QELS results for two formulations made with different polymerizable surfactant/oil
(PS/O) ratios.

Figure 2-19. The QELS analysis diameter integrity for PS/O=0.12 (w/w) sample (left)
and PS/O=0.23 (w/w) sample (right). (•) no polymerization of 3, (♦) after the
polymerization of 3.

Figure 2-20. The QELS analysis of low S/O samples made with 7 alone (♦) S/O=4 and
(•) S/O=2 (left). Analysis of formulations with overall S/O=4 and increasing
concentration of non-polar oil 5: (♦) 20w% of the total oil phase is non-polar
oil, (•) 40w%, (X) 80w% and (∇) 60w%. (Right)
A lower PS/O formulation, after initial stability (first 200 h) undergoes steady
increase in diameter, regardless on whether the polymerization took place. However, the
higher PS/O formulation experiences dramatic increase in diameter when polymerization
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was omitted (similarly to lower PS/O), while the diameter of polymerized oil templates
remains constant.
The other possible strategy to increase the stability of oil droplets stems from the
mechanistic pathway of Ostwald Ripening, i.e. the transfer of oil through water phase.
The data on Figure 2-20, shows the behavior of four formulations with identical S/O
ratios, and the oil phase is a mixture of Ethyl Butyrate (polar oil) and 1-dodecene (5)
(non-polar oil), where the relative w% of non-polar oil is increased throughout the series.
The oil water partition coefficient (pKo/w) of ethyl butyrate is 2, whereas pKo/w of
5 is close to 7, meaning that the later is much less soluble in water. A general observation

is that formulations having more insoluble (i.e. lipophilic) oil tend to be more stable as
expected.143 Finally, a third way to minimize the Ostwald Ripening is the formation of
dispersions using higher molecular weight surfactants.

Figure 2-21. The influence of surfactant size on stability of low S/O samples (S/O=4, 5 is
60w% of oil phase): (♦) Triton X-100 (23, MW=648g/mol), (•) Brij 97 (29,
MW=709g/mol) and (X) Tween-80 (6, MW=1309g/mol).
This is demonstrated on Figure 2-21, by monitoring the oil droplet diameter for
formulations containing surfactants of different size. It is obvious that bigger surfactant
molecules are harder to depart from the interfacial layer, thus it is less probable for the oil
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to leave the droplet in order to form a bigger one. The shape and size of oil templates
made with low S/O ratios are shown on Figure 2-22.

Figure 2-22. SEMs of the formulation with S/O=1 (upper row), oil templates (left) and
after crosslinking with 4 (middle and right). TEMs of formulation with
S/O=2.2 taken at different magnifications (bottom row).
Alternative Formulations

A majority of investigation in this chapter describes the formation of ME using
medium size, non-ionic surfactants as mentioned earlier. However, since the removal of
excess Brij® or Tween™ surfactant is a rather complicated and time consuming process,
an effort was made late in the study to formulate the oil templates using different types of
surfactants. Surfactant 3 has a long (C18) alkyl chain, therefore it is difficult to mix and
self assembly in a ME, therefore the polymerizable surfactants of Si(OCH3)3 type bearing
a shorter alkyl chains were employed in formulations.
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Table 2-4. The alternative formulations made by using the polymerizable surfactants 16
and 24.
Formul.No.

Surf (g)

Co-surf (g)

Oil (g)

CxTMS (g)

7

48 2,4 18 0,043 27

0,27

49 0,68 18 0,03

19

0,088 7

50 1g 17

0,08

19

0,1

51 1,5 17

0,152 19

0,22

52 1,5 17

0,06g 19

0,18g

53 1 28

0,1

6

54 1 28
55 0,31 27 0,11
56 0,4 27

6

TMOS (g)

Saline (g) o. c. (nm) STD Ncs (nm) STD outcome

24

16

25

6

Stable

0,035 16

8

24

5

Stable

7

0,035 16

16

27

5

Stable

7

0,17

16

24

26

10

Stable

7

0,13

24

24

40

7

Stable

0,12 7 +0,04 20

0,1

24

0,15

16

100

6

150

0,12 7 + 0,03 20 0,1

24

0,2

18

46

7

64

4 Stable

0,03 20

0,11

24

0,15

10

51

4

77

6 Stable

0,15

6

0,1

20

0,21

16

6,5

86

8

19

0,16 21

0,16

24

6,5

81

11

58 0,6 28

0,14 22

0,072 24

59 2,0 23

0,4 21

0,64

60 1,6 23

0,42 21

1,1

61 0,5 27

0,07 7

0,07

0,25

57 0,82 23 0,07

16
16
16

Stable
Stable

7
0,08

15 Stable

Unstable

12

38

5

11

42

6

59

5

6 Stable
Stable
Stable

Formulations with n-Octyltrimethoxysilane

In this work, a possibility of forming stable, crosslinkable ME using compound 16
(n-octyltrimethoxysilane) was studied. As expected, a shorter alkyl chain of 16,
broadened the possibilities for formation of stable, crosslinkable MEs. Table 2-4. shows
examples of formulations made by using 16 and different types of ionic and nonionic
surfactants.
A successful attempt to formulate ME without Brij® or Tween™ surfactant was the
usage of PLURONIC® block copolymer surfactants of PEO-PPO-PEO type (F-127 17
and F-68 18) and the anionic surfactant Sodium Octanoate 19. High molecular weight
(MW) block copolymer surfactants, being large, need more time to self-assemble and
thus the formation of ME took weeks and sometimes (Formulation 51) months.
Furthermore, since the hydrophobic part of PLURONICs® is a polymer chain of
relatively polar PPO units, it was possible to formulate ME using just polar oils, like 7.
All attempts to produce ME with more hydrophobic oil phases such as 1-dodecene (5), 1octene (20), Isopropyl Myristate (IPM, 21) and Hexamethyldisilane (HMDS, 22) were
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unsuccessful. However, due to their size and low mobility, once assembled,
PLURONICs® ME were by far the most stable overall (Figure 2-23).
After numerous unsuccessful trials using exclusively ionic surfactants, it was
concluded that ionic surfactants alone are not sufficient to produce optically clear ME.
The scientific reasons for this behavior were not studied in this work. In order to
further decrease the amount of medium size non-ionics, another set of formulations was
made using majority of the ionic surfactants and some minimum amount of Tween™ or
Triton™(Triton X-100, 23) type (Figure 2-24).

Figure 2-23. The stability of formulation made with Pluronic surfactant F-127 (17) and
polymerizable surfactant 16 at S/O=3 (♦) and S/O=5 (•).
A significant difference in behavior of these types of MEs compared to ones made
solely with Tween/Brij surfactants is the absence of cloud point. Therefore, the difference
in solubilization rate between RT and HT was negligible, which can be of crucial
importance for potential formulations of MEs having biologically relevant hydrophobic
compounds.
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Figure 2-24. TEMs of oil cores prepared using surfactants 16, 6 and 27 (S/O=14).
Formulations with 3-(trimethoxysilyl) methyl methacrylate (MTS)

One of the major problems in this study was a dynamic nature of MEs that
accounted for sometimes short shelf life of oil templates and caused difficulties during
crosslinking reaction. Therefore, an investigation toward formulating a more rigid system
was needed. Compound MTS (24) was chosen because it is relatively polar (i.e. short
alkyl chain) and it has two crosslinkable functionalities: a trimethoxysilane group and a
double bond. The idea was to polymerize compound 24 using radical initiators followed
by the polycondensation of the surface TMS groups. It was possible to obtain clear and
isotropic solutions with MTS, using almost all of the surfactants combinations. However,
formulations made with Tween, Brij and Triton surfactants yielded poorly defined
structures after the thermal radical polymerization of 24. Tween, Brij and Triton
surfactants, as already mentioned, undergo phase transition (i.e. clouding) at elevated
temperatures. As a consequence, the integrity of ME droplets is lost, leading to formation
of ill-defined structures after the reaction (Fig 2-25).
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Figure 2-25. TEMs of formulations made with polymerizable surfactant 24 and 6 (left)
and 23 (right) as the external surfactant.
Well-defined latex-like particles (i.e. oil templates) were obtained when ionic
surfactants alone or in majority were used in formulations (Fig 2-26). Furthermore, better
results in terms of shape, size, polydispersity of the droplets where obtained when oil
soluble initiators were used (AIBN 25) than water soluble ones (Potassium Persulfate
26), and when the oil phase had a polymerizable functionality, like 1-octene 20 (Figure 2-

26, TEM on the right).

Figure 2-26. TEMs of formulations made with polymerizable surfactant 24 and 17 (left)
and cationic surfactant 28 along with 6 (right) as the external surfactants.

57
Silica shell formation for alternative formulations

A second step in the synthesis (silica shell formation) was attempted on all stable
alternative formulations. Unfortunately, PLURONIC® surfactant based ME droplets were
unable to crosslink with 4, although they were the most stable templates overall
synthesized in this work. One possible reason of this outcome is the steric hindrance at
the interface where the reaction should take place. Compound 17, for example, is a block
copolymer PEO101-PPO56-PEO101, and 18 PEO80-PPO27-PEO80, meaning that the
hydrophilic PEO corona (or “outer shell”) of the micelle is very dense, thus effectively
shielding the reactive Si-OH groups at the interface.
The formulations prepared with mixtures of ionic and non-ionic surfactants due to
time constraints, were not studied in detail. However, the initial experiments toward the
assessment of silica shell formation suggest feasibility of this process with MEs made
with ionic external surfactants and polymerizable surfactants 16 and 24 (Figure 2-27).

Figure 2-27. TEMs of alternative formulation after the crosslinking reaction with 4, at
different magnifications.
Surface Modification of the nanocapsules

A third, and final step, in the synthesis of ncs, is the chemical modification of the
silica surface. The scientific rationale for the surface modifications are outlined and
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explained in detail in Chapter 3 of this work. Here, it is worthwhile mentioning that the
properties of ncs, especially if intended to be used in biological or medical purposes are
dominated by their surface chemistry. The presence of reactive silanol (Si-OH) groups on
the ncs surface was used to covalently attach modifiers using the same silica
condensation chemistry that was used for the skin layer polymerization and the growth of
silica shell around the template. Compounds 9 (2[methoxy(polyethyleneoxy)propyl]trimethoxysilane (MW 460-590), “PEO-TMS”), 10
(3-(Triethoxysilyl)propylsuccinic anhydride, “TMS-COOH”) and 11 (aminopropyl
trimethoxysilane, “NH2-TMS”) were used to attach non-charged, negatively and
positively charged moieties on the surface of the ncs. In case of compounds 9 and 10 the
synthesis was rather straight forward, including a step addition of modifier into the
buffered stock solution of ncs at pH=8 and subsequent stirring after the complete addition
for 48 hours. This method was not feasible for compound 11, since the amino group is
protonated, thus positive at pH=8 and it is electrostatically attracted to negatively charged
ncs silica surface. Therefore, it is not efficient way to synthesize the amino modified ncs.
In order to overcome this problem, the reaction with 11 was done in the acidic stock
solution of ncs at pH=4, where the ncs surface is weakly negatively charged and
electrostatic interaction is not profound. After the 48 hour stirring, the modified ncs were
dialyzed against Milli Q water to remove the by-products and excess of modifiers. A
convenient method for analysis of surface modified ncs was TEM, since all modifiers can
be stained with OsO4.
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The difference in the appearance of the modified and non-modified ncs is shown on
Figure 2-27, where non-modified ncs, have an easily detectable darker core and lighter
shell, whereas modified ncs are uniformly darker due to the staining with OsO4.

Figure 2-28. TEMs of nanocapsules with thin, medium and thick silica shell (from left)
prior to PEO modification (upper row) and after the PEO modification
(bottom row).
Conclusions.

This Chapter analyzes the formations of microemulsions that can be crosslinked to
form robust nanocapsules. Although compound 3, that served to introduce the
crosslinkable groups in the ME is the surfactant by definition (i.e. a presence of non-polar
and polar end), it was not able to solubilize any type of oil and self-assemble into a
microemulsion droplet by itself. Therefore, the presence of an external surfactant was
necessary. A second feature that was common for great majority of MEs is the necessity
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of elevated temperatures during the solubilization and assembling process. The most
important parameter for the control of ME droplet size is the S/O ratio. A general trend
noticed in this work is that the size of droplets is irreversibly proportional to S/O ratio. It
is found that the minimum droplet diameter was roughly 30nm in the range of infinitely
high to medium S/O ratios. It was possible to obtain smaller micelles, however, but only
in absence of 3. This result is probably the consequence of spacing required for the
network formation of 3 and its possible crystallization during the polymerization.
However, this is a speculation as this phenomenon was not in the focus of the study. A
more precise control of the droplet size is achieved at medium S/O ratios by changing the
relative concentrations of all formulation ingredients. The increasing concentration of 3
increases the number of polymerizable droplets, while the droplet size remains constant.
At low S/O ratios, ME droplets are unstable and their growth is consistent with the
Ostvald Ripening, that can be prevented by increase in the concentration of
polymerizable surfactant, using more hydrophobic oil and higher molecular weight
surfactants.
A second synthetic step, the formation of silica shell around the ME droplet has
been achieved using sol-gel agent 4. The most important condition for successful
crosslinking is moderately basic pH of the solution. In cases of either too low or too high
pH, the resulting solution gelled within hours. The second requirement is the stepwise
addition of 4, due to its reactivity and possibility of forming other types of structures like
solid silica nanoparticles or disordered mesoporous materials that resemble zeolites. The
control of silica shell thickness was attempted and successfully achieved with medium
S/O samples, and it is a function of the concentration of 4 and the increase is proportional
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to cube root of 4. A comparison between ME droplets made with the same amount of oil
at different S/O ratios, the shell formed depends on the surface area of droplets. The shell
will be thinner for smaller droplets with higher surface area compared to larger droplets
with lower surface areas. The same rationale can be applied when droplets of the same
size, prepared using different concentration of 3 when exposed to sol-gel reaction with 4.
The thinner shell is observed with samples that contain a higher concentration of 3, due to
the higher number (i.e. higher surface area) of polymerizable templates. It was noted that
uncontrolled crosslinking starts at concentrations higher than 2w% of 4, therefore the
growth of a thick shell should be carried at low concentration of templates.
The chemical structure at the surface offers a wide of range of opportunities for
further modification of ncs. It was demonstrated that ncs can be covalently modified with
polymer, or compounds that have a variety of functional groups.
A possibility of forming crosslinkable ME using polymerizable surfactants other
than 3 is demonstrated. In essence, compounds more easily soluble and assembled than 3
were employed in the formulation. The aforementioned possibility of alternative
polymerizable surfactants in turn broadened the range of external surfactants that are able
to form ME. Although not studied in detail, formulations made with compounds 16 and
24 are good candidates to overcome certain limitations and difficulties (i.e. higher

temperatures) in preparations of conventional MEs. This will be important when a
formulation contains hydrophobic enzymes or other temperature sensitive compounds.

CHAPTER 3
PHYSICO-CHEMICAL AND BIOMEDICAL CHARACTERIZATION OF CORESHELL NANOCAPSULES
Introduction

This part of the study describes the characterization of the nanocapsules (ncs),
followed by the study of the interactions at the bio/nano interface and the assessment of
ncs encapsulation efficiency toward guest molecules.
The most important property of ncs in the solution is the stability with respect to
aggregation. In Chapter 2, it was shown that shell prevented any changes in diameter of
the oil core. However, the concern is whether the ncs will remain an independent entity in
the solution and for how long. This question becomes more important with regard to the
ncs primary application, that is, the injection of the ncs in the bloodstream. The
bloodstream is an exceptionally harsh medium characterized by the high ionic strength
and presence of many different biomolecules that can alter the properties of silica ncs.
Therefore, a set of experimental methods was used to correlate the nanocapsules stability
in water with the surface structure.
The primary goal of this work was to design an injectable system able to lower the
toxic drug concentration in the bloodstream. Therefore, an assessment of biological
adversity of ncs was done using red blood cells (RBCs) and Thromboelstography (TEG).
The uptake ability was studied as a function of the ncs concentration, size,
architecture and surface structure. These studies were done in order to understand the
mechanisms of the guest molecule removal.
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Core-Shell Systems

Objects having chemically distinct interior (“core”) and outer (“shell”) domains
are called core-shell materials. There are many reasons why materials are coated:
enhancement of thermal, mechanical and chemical properties, durability and change of
overall biochemical behavior of material. 144General procedures to obtain nano core-shell
structures are: self-assembly of block copolymers used as templates145, 146, while shell can
be formed by layer-by-layer (LBL) deposition on particle surface147, 148 and sol-gel
deposition on the template. The later method is used in this work to obtain core-shell
nanocapsules. However, most of the sol-gel deposition work relates to coating of
quantum dots149 having excellent luminescent properties only in organic solvents. In
order to prevent aggregation when transferred in polar (aqueous) solvents, a protecting
silica shell is introduced. 150, 151 Protection shell preserves quantum dot properties,
enabling their application in catalysis and magnetization.152, 153
Organic latex particles are also used as seeds for silica coating, forming organicinorganic hybrids, with an option to remove the organic core by calcination, leaving
hollow silica particles with very interesting applications.154, 155
Experimental Methods
Zeta Potential

ZETA Potential measurements were used to measure the charge of the
nanocapsules in solutions of different pH. The values were obtained by measuring the
electrophoretic mobility U of the particles, which is given by:
U=ν/(V/L)

Equation (3-1)

where ν is the speed of particle (cm/s), V is the voltage and L is the distance
between the electrodes. The ZETA Potential (ζ) is then calculated by:
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ζ= (4πηU)/ε

Equation (3-2)

where η is the viscosity of the solution, and ε is the dielectric constant.
The measurements were performed on self-calibrating Brookhaven ZetaPlus
Particle Sizing Instrument. A stock solution of ncs was diluted to a final concentration of
0.05w% and pH was adjusted by adding appropriate amount of 0.5M HCl or NaOH. Zeta
potentials were estimated by a direct measurement of electrophoretic mobility, employing
the technique of electrophoretic light scattering. The data presented are the average with
respective standard deviations (STD) of 3 independently made formulations.
Uv-Vis Spectroscopy

This analytical technique was used for two different purposes in this work. The first
one is to monitor the concentration of surfactant at various stages of preparation using the
Lambert-Beer’s law linear dependence of absorbance on analyte concentration.

A = a ∗b ∗c

Equation (3-3)

where A is the absorbance, a is the molar absortivity (an intrinsic constant for each
compound), b is the length of the cuvette and c is the concentration of the analyte. A
standard curve was constructed with known concentrations of surfactant and a linear
equation describing the relationship between an absorbance and concentration was
derived. All of the surfactants used in this work that had double bond ( a chromophore)
were analyzed using UV (λmax=233nm for Tween-80 and Brij-98). A second purpose was
to monitor the uptake of guest molecules into the hydrophobic core of the ncs. Briefly,
Quinoline (12), a hydrophobic drug mimic Po/w=115 (oil/water partition coefficient) was
monitored by its absorption peak at 299 nm.
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Figure 3-1. The standard curves for Tween-80 (top) and Brij-97 (bottom) obtained by
measuring UV absorbance at λmax=233nm.
The stock solution of oil templates/nanocapsules (200μL) was diluted with saline
(buffered at pH 7.4) (1.8 mL), 10 μL (0.085mmol) of 12 was added to the solution.
Resulting solutions were stirred for 1 h, then filtered through 0.025μm pore filters
(Millipore Corporation) to remove free 12 and the spectrum was obtained. A 10 μL
aliquot of the resulting solution was taken and diluted with 3.6 mL of normal saline in a
cuvette. The decrease in absorption at 299nm between control and respective solutions
was measured. The UV-visible spectra were obtained using a Varian Cary UV-VisibleNIR instrument. Results are shown as rel.%=100%-(Ax/Atot)*100, where Atot. and Ax are
absorbencies of the control sample and the sample of interest respectively. The detection
limit for 12 was 2 μmol and absorption in the concentration range used to asses the
uptake ability of oil cores/nanocapsules obeyed the Beer-Lambert law. All spectra were
scanned in a double beam mode with normal saline as the reference. Each point presented
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here is the average with respective standard deviations of three independently made
formulations.
Infrared Spectroscopy (Ir)

IR was used in this primarily to characterize the difference in surface composition
for PEO modified and non-modified ncs. The ncs were dried overnight in the oven, and
the spectra were recorded as KBr pellets on a Nicolet model 510P spectrophotometer.
High Performance Liquid Chromatography (Hplc)

HPLC was used to quantify the uptake potential of ncs. The nanocapsule solution
was diluted 10 and 100 times with PBS to produce a 1% w/v and 0.1% w/v nanocapsule
solution. A stock solution of 14 was prepared by dissolving the hydrochloride salt in
saline solution and added to diluted ncs solution to achieve the desired initial
concentration of 14.
The solutions of nanocapsules and compound 14 were stirred for 1 h at RT to
establish equilibrium between absorbed 14 and free 14. Aliquots were then placed in
Centrifree YM-30 cellulose centrifugal filter devices (Amicon Bioseparations) containing
30,000 MW cut-off filters and centrifuged at 3000 rpm for 30 min. The supernatant was
then removed for HPLC analysis. A 4.6 × 250 mm reverse phase C-18 column (Waters)
was used with a 30/70 acetonitrile/phosphate buffer (pH 3.5, 50 mM) eluent. A PDA
detector (Millipore) was used at 210nm. The samples were analyzed in duplicate and the
average was reported. Data presented here are average and standard deviation of 3 such
measurements. All HPLC measurements were done under the supervision of Dr. Manoj
Varsheny, from Department of Chemical Engineering, University of Florida.
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Hemolysis

Hemolysis assays were conducted in order to investigate the toxicity of ncs towards
red blood cells. This simple biomedical test provided a plethora of information on
adverse effects of ncs with respect to their size, concentration and surface properties.
The experimental protocol was as follows: 3ml of fresh human blood was dispersed
in 11ml of phosphate buffer saline (PBS) and centrifuged at 2500 rpm for 15 minutes.
The plasma was discarded and 10ml of PBS was added to the remaining red blood cells
(RBCs). The solution was gently mixed and centrifuged as before. This procedure was
repeated for 3 times. After the final washing step, 3ml of RBCs were added to 11ml of
PBS. 0.1ml aliquots of samples were added in duplicate to Ependorf tubes and 0.9 ml of
Millipore water (18.2 MΩ) and PBS were used as positive and negative probes
respectively. 0.l ml of stock RBC mixture was added to each sample. The samples were
mixed gently and incubated at RT for 20minutes. Aliquots of 0.2ml were taken from the
tubes and centrifuged at 2500 rpm for 2 minutes to remove the RBCs or cellular debris.
Samples analyzed at this point will be regarded as “0 hours” samples. “24 hours” samples
were stored in the fridge with occasional gentle mixing and analysed after 24 hours, “48
hours” were samples analyzed after 48 hours and so on. Supernatants were tested for the
presence of free hemoglobin by UV-VIS spectroscopy. Briefly, a D2-lite
deuterium/tungsten light source (World Precision Instruments, Sarasota, Fl) was
projected through fiber-optic cables to a CUV sample holder and its intensity was picked
up by an S-2000 detector (WPI) attached to a computer. Data was acquired and analyzed
using Spectraware 2.8 software (WPI). 100 μl was added to 2ml of a 200:5 (v:v) Ethanol:
HCl solution. Absorbance was read at λ=398nm. The absorbencies of PBS and De-
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ionized water were plotted against 0 and 100% respectively and a linear equation was
calculated. This equation was used to transform hemoglobin absorbance in the samples to
percent RBCs hemolyzed.
Thromboelastography (TEG)

The TEG test was used to asses the influence of ncs on the blood coagulation
process. Therefore, this test was used to investigate the behavior of whole blood in the
presence of ncs.

Figure 3-2. A Typical TEG Trace and important parameters.
Analysis of a TEG trace TEG generates a graphic representation of a clot quality,
as the sample forms a clot. The analysis of this simple test is rather complicated,
including several parameters that should be taken into account. The general scheme of a
TEG trace is shown in Figure 3-2.
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Figure 3-3. The library of traces in TEG. Taken from Dennis, D.M. and T.E.Morey,
University of Florida, Shands Hospital, Dept. of Anesthesiology, Private
communication.
The analysis of a TEG trace includes:
r time, which is a time necessary for the beginning of the clot formation;
k time is the period from the beginning of the clot formation till it reaches the maximum
rate;

α angle is the slope of the clot formation function;
MA is a maximum amplitude which is a measure of a clot overall strength( platelet
interaction);
A60 represents stability of the formed clot and it is measured 60 minutes after the
maximum amplitude is achieved.
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Qualitative interpretation of a TEG trace

After the iniatial analysis of a trace, the results are reviewed and compared with a
quality of library of different TEG traces suggesting the mechanism of an analyte
interaction with blood clot. The library of traces is shown on Figure 3-3.
Disposable cups and pins (Haemoscope Corp.Niles, IN) were inserted into two
Thromboelastograph units (Haemoscope Corp.) and the TEG machines were powered on
and allowed to reach a temperature of 370C. 30 μl of normal saline (control probe) and
serially diluted samples (1, 0.1 and 0.01 w% of ncs) were placed in each of the four cups.
240μl of citrated whole blood was added to the cups, followed by 30μl of 0.2M CaCl2.
The pistons were then advanced and retracted from the mixture five times to ensure
proper mixing. The pistons were subsequently inserted fully in the caps. A drop of
mineral oil was added in each cup to prevent the evaporation of the sample, immediately
after the charting mechanism was engaged with simultaneous notations of the starting
point on the paper record. After 60 min. the experiment was terminated. Each essay was
performed in triplicate using blood obtained from different subjects. The control was
varied between and within coagulation analyzers for different specimens to avoid
spurious control data that might arise from using a single control lane. The following
parameters were measured from TEG analysis: k time, r time, α angle and maximal
amplitude (MA). Briefly, k time is the duration of time measured from the point where
the amplitude is 2mm to the point where the amplitude is 20mm. If the TEG trace never
reached 20mm mark, k time is arbitrarily taken as 60 min., i.e. the terminal duration of
the experiment. The r-time is the duration of time from the beginning of an experiment to
the point where the amplitude was 2mm. To determine the α angle a longitudinal
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centerline was first drawn on the TEG trace. The second line was drawn from the
centerline at the point of 2mm width to tangentially touch the amplitude at the 20mm
width. The angle between these two lines was the α angle (Figure 3-2).
Results
Concentration of Nanocapsules

The most important step in the characterization of ncs after the synthesis is to
investigate how many ncs are actually present in the stock solution, how stable they are
toward aggregation and total composition with respect to ncs, unswollen micelles and
microemulsion droplets.

Figure 3-4. The relationship between the scattering intensity and particle concentration
for polystyrene standards obtained from Duke Corporation, 100nm (top) and
20nm (bottom).
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Therefore we constructed standard curves using silica particle standards of 20nm
and 100nm from Duke Corp by plotting the scattering intensity vs. weight percent of
particles. Similarly to Lambert-Beer’s law, the goal is to find the concentration range
where the aforementioned relationship is linear (Figure 3-4).

Figure 3-5. The relationship between the scattering intensity and particle concentration
for 100nm nanocapsules.

Figure 3-6. The percent scattering intensity of 20nm (♦) and 100nm Duke standards (Δ)
as a function of their weight ratio.
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The advantage of doing these experiments with standards of two different sizes is
the possibility of establishing the relationship between the percent scattering intensity and
the ratio of particle diameter. Therefore, it is possible to measure the relative ratio
between surfactant micelles/soft microemulsion droplets and ncs in any given sample.
Based on experiments using the 20nm and 100nm standards mixed at different
weight ratio (Figure 3-6), the scattering intensity as a function of diameter was calculated
in a following way:

⎛ I 100
⎜⎜
⎝ I 20

⎞ ⎛ w 20
⎟⎟ ⎜⎜
⎠ ⎝ w100

⎞ ⎛ d 100
⎟⎟ = ⎜⎜
⎠ ⎝ d 20

⎞
⎟⎟
⎠

x

Equation 3-4

where I100, w100 and d100 are the scattering intensity, weight percent and diameter of
100nm particles, and I20, w20 and d20 are the respective values for 20nm particles.

Figure 3-7. The diameter ratio parameter (x from Equation 3-4) for 20nm and 100nm
Duke standards as a function of their weight ratio.
The data from Figure 3-7 are in fair agreement with theoretical value of x=3, since
the scattering intensity is the function of volume, i.e. diameter raised to the power of
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three. An example of QELS analysis of nanocapsules subsequently after the synthesis
(top) and after the purification (bottom) is shown on Figure3-8.

Figure 3-8. An example of QELS measurement for nanocapsules after the synthesis (top),
and after the purification (bottom).
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The most striking difference is the removal of micelles (15-20nm) after the
purification. According to Equation 3-4, the weight ratio between the micelles and
nanocapsules was 30 and 0.01 following the synthesis and after the purification
respectively.
A second experimental technique used to asses the concentration of remaining
surfactant in the ncs samples and to follow the efficiency of purification steps was UVVIS (Figure 3-1). A standard curve was constructed with known amounts of surfactants
used in the preparation. Therefore, we have related the data from QELS experiments with
UV spectra to determine the precise concentration of the free and bound surfactant at the
oil-silica shell interface. Unfortunately, the amount of surfactant that was bound to the
interface, i.e. used for the formation of templates was just up to 5% of the initial
concentration.
Surface Properties of Nanocapsules

It was already mentioned that the surface of nano-objects is crucial for their
properties because of the high surface-to-volume ratio. This section of Chapter 3
describes the behavior of nanocapsules (aggregation, surface charge, biomedical
properties) depending on ncs surface structure.
Aggregation of the ncs

The stability and aggregation of ncs was investigated using QELS under different pH
value and at ionic strength for ncs of different surface chemistry. The ncs aggregation in
solutions of different pH was monitored for a month and is shown on Figure 3-9. The
aggregation profiles showed that the surface charge is the key feature for stability of ncs.
Negatively charged ncs, unmodified silica and acid modified (Figure 3-9a and d) samples
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tend to aggregate in acidic solutions due to the protonation of their respective conjugated
bases

Figure 3-9. The change of nanocapsule samples diameter with time at pH=3 (♦), pH=7.4
(■) and pH=11 (Δ) for: a) silica surface, b) PEO surface, c) amino surface and
d) acid surface.
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(carboxylates) on the surface. This process, in turn, minimizes the surface charge, i.e.
diminishes the electrostatic repulsion between the particles that leads to aggregation.
Similar rationale can be applied for behavior of amino modified ncs that are stable at
acidic pH, while tending to aggregate in basic environment. The aggregation profile of
PEO modified ncs was independent of solution pH.
The importance of surface chemistry is demonstrated on Figure 3-10, when clear
solutions of acid and amino modified nanocapsules immediately aggregated upon mixing.

Figure 3-10. The aggregation of the amino (vial on the left) and acid (vial on the right)
modified nanocapsules upon mixing (vial in the middle).
Surface charge of nanocapsules

The study of ncs aggregation clearly showed the importance of surface charge on
fundamental properties of these entities in solution. It was important to quantify these
conclusions by measuring the ZETA Potential of various ncs before any biomedical work
was done. The results are shown of Figure 3-11.
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Figure 3-11. The ZETA potential curves for ncs with different surface (♦) silica surface,
(o) PEO surface and (∆) PEO and succinic acid surface.

Figure 3-12. Zeta Potential curves for amino modified (•) and succinic acid modified (▪)
ncs.

79
As expected, the hydrophilic polymer (PEO) greatly reduced the charge on the
surface and minimized the pH influence on ncs properties. It is interesting to note that
even a small amount of succinic acid (PEO/COOH=4:1 (w/w)) diminished the effect of
PEO in the case of mixed ncs (Figure 3-11. ∆). Furthermore, the ZETA potential curves
for amino and acid modified ncs are in good agreement with results of the aggregation
studies Figure 3-12.
Hemolytic properties of ncs

A first and the simplest biomedical test was the hemolysis, i.e. studying the
interaction of red blood cells (RBCs) with ncs. The cell integrity can be measured by UV
monitoring of the free Hemoglobin released from broken RBCs. A standard way to
perform hemolysis is to expose the cells to the analyte for 20-30 min., centrifuge the
mixture and measure the absorbance at 398 nm. However, this method was inadequate
for this study since almost all of the tested samples showed no profound hemolysis after
such a short exposure. On the other hand, such a behavior opened up a possibility of
studying the interaction for prolonged exposure times, up to 72 hours.
A first goal was to study the hemolytic profile of RBCs in the presence of particles
at various stages of synthetic process. Therefore, RBCs were exposed to surfactant
micelles and soft microemulsions. At 0.1w% both showed statistically similar toxicity
toward RBCs (Figure 3-13.), which was expected since both are very dynamic species.
The mechanism of RBC rupture in these cases is the intercalation of individual surfactant
molecules in the cell membrane,156, 157 and its subsequent dissolution by detergency
properties of surfactants. These experiments suggested that all ncs tested had to be
thoroughly purified by dialysis, centrifugation and filtration prior to hemolysis
experiments.
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Figure 3-13. The hemolysis activity of Tween-80 (♦) and Tween-80/Ethyl Butyrate
microemulsion (■) at 0.1w%.
There is a range of biocompatibility responses to silica based materials. It is well
known that silica causes a lung disease called Silicosis158 and quartz has been classified
as a carcinogen by the International Agency for Research on Cancer (IARC) in 1997.159
However, there are reports on amorphous silica based materials, such as Bioglass®160,
161

showing good biocompatible properties in contact with other tissues. Most of the silica

studies related to biocompatibility are cytotoxicity studies with respect to pulmonary
diseases.162-164 The reports focused on the interaction of silica in the blood, more
specifically to red blood cells (RBCs) are rather scarce in the literature. A study of Hunt
et al.165 shows that chitosan-silica aerogels have good cytotoxic profile, but are toxic with
respect to RBCs. One hypothesis is that silica is causing the hemolysis of RBCs,166
through the interaction of the negatively charged surface of the silicaceous materials at
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physiological pH with the quaternary amines of the phospholipids at the cell membrane
surface. This implies that the extent of hemolysis would be a function of surface area, i.e.
contact area between cells and particles. The hemolytic activity for ncs of distinct
surfaces at three different thicknesses is represented on Figure 3-14. It is important to
note that experiments were performed on approximately the same number (i.e. same oil
content) of ncs at three different thicknesses. All of the samples tested showed negligible
hemolytic activity upon 20 min. exposure to RBCs with the exception of thick ncs with
carbocyclic acid functionality on the surface (“0 hours” point in the Figure 3-14 a-c).
Furthermore, hemolytic activity increased with prolonged exposure for every sample
regardless of surface properties (i.e. from 0 to 24 hours, from 24 to 48 hours etc.).
Analysis of samples w/o PEO showed that there is a statistically significant decrease in
polymer modified ncs hemolysis of RBCs. This result is not surprising as it was shown
that PEO greatly reduces cytotoxicity of Quantum Dots (QDs) in the recent cell viability
studies.167, 168 Moreover, if the extent of hemolysis of ncs w/o PEO is compared for ncs
with different thicknesses for 24 hours of exposure, it is a function of the overall surface
area for silica ncs, while the contact area is not a significant factor for PEO modified ncs
(Figure 3-14d). It is obvious that hydrophilic, chemically inert polymer at the surface of
ncs slows down the hemolytic process, although it still occurs. This result implies that the
surface coverage is not complete, allowing low concentrations of unreacted Si-OH to
eventually bind to the RBCs surface. It is important to note that the hemolytic activity of
ncs was at the same level even after ncs were modified under extreme conditions (high
concentration of PEO-TMS at pH=11 for several days).

82

Figure 3-14. Hemolysis of RBCs in the presence of ncs having different surface at 0.1w%
oil content: a) thin shell (PEO and silica ncs shown), b) medium shell (PEO,
silica and PEO/Succinic acid shown), c) thick shell (PEO, silica,
PEO/Succinic acid and Succinic acid alone shown) ( a-c lines are guide to an
eye) and d) hemolysis of RBCs after 24h for ncs with silica and PEO surface
(d-lines represent statistical trends). ( ♦ ) silica surface, ( o) PEO surface, (∆ )
PEO and succinic acid surface and (Χ) succinic acid surface. (* P<0.05 for
silica and PEO modified surface ncs).
A deeper insight into the influence of surface on the RBCs hemolysis, is gained by
testing ncs with succinic acid and polymer moiety together (PEO/Succinic anhydride at
80/20 w/w), and acid alone.
The former showed activity statistically similar to that of non-modified ncs, while
ncs with acid functionality alone were the most damaging of all tested ncs. According to
these data the surface acidity greatly influences the RBC hemolysis, since succinic acid is
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a much stronger acid than silicic acid (pKa=4.2 and 5.8 for succinic and pKa=9.8 and
13.8 for silicic acid).

Figure 3-15. The hemolysis of amino modified ncs (•) and silica ncs (♦) for medium
shell (top) and thick shell (bottom).
Although charged, amino modified were as toxic as non modified ncs as shown on
(Figure 3-15). This result implies that the nature of the charge is also important with

84
respect to hemolysis, weakly positively charged (see Figure 3-12) are less damaging
compared to negatively charged ncs.
These experiments gave an indication of the relation between the surface properties
of ncs and hemolysis. However, a more detailed study involving the preparation of the
ncs with acids of different strength should be done in order to exactly quantify the effects
of acidity and hemolysis.
Thromboelastography (TEG)

A complementary test to hemolysis, TEG was used to study the toxic impact of ncs
in whole blood. In the core of this analysis is monitoring the interaction of the analyte
and blood, measuring the formation and the mechanical strength of the formed blood clot.
Blood coagulation is one of the most complex processes that take place in the biology of
the bloodstream. It involves twelve cascade steps including synchronized action of a
number of proteins and cells.
Similarly to hemolysis, the goal was to test particles at each step of the synthesis.
The results for surfactant micelles and soft microemulsion are shown on Figure 3-16.
Several conclusions can be drawn from blood clothing profile in the presence of
these dynamic species:
r-time is the same as control, meaning that micelles and oil droplets are not influencing
the proteins responsible for the clothing (not shown);
k-time is dramatically reduced, which implies that the platelet function is reduced;
MA is significantly shorter, revealing the poor mechanical properties of the clot,
indicating reduced platelet interaction.;
According to the literature, this behavior is expected. Small non-ionic surfactants (as
oppose to large block copolymer micelles) tend to block the platelet interaction, thus
inducing the prolongation of k-time and MA.169
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Figure 3-16. Maximum Amplitude (top left) and k-time (top right) for Tween-80
solutions. The r-time for Tween-80 solutions (bottom left) and Tween-80 and
Ethyl Butyrate soft microemulsions (bottom right).
A next step was testing ncs of silica and PEO surface, at three different shell
thicknesses (oil core was the same for all ncs). The two important TEG parameters are
represented on Figure 3-17 for all three types of ncs: maximum amplitude (MA) and k
time. Both parameters decreased in a concentration dependence fashion (P<0.001). It is
believed that ncs at 1w% are too toxic regardless of surface, while at 0.01w% too dilute
to have any significant impact on coagulation process. The statistical difference for both,
MA and k-time, is observed between ncs of different surface (w/o PEO) at the
concentration of 0.1 w% for medium and thick ncs. At intermediate concentration, the k-
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Figure 3-17. The MA for ncs with silica and PEO-modified surface a) thin shell, b)
medium shell, c) thick shell and d) comparison of MA for ncs of different size
at 0.1w%, silica surface and PEO-modified (lines represents statistical trends).
The k-time for ncs with silica and PEO-modified surface e) thin shell, f)
medium shell, g) thick shell and h) comparison of k-times for silica and PEO
modified ncs at 0.1 w% based on graphs 3 e-g (lines represents statistical
trends). (* P<0.05 for silica and PEO-modified surfaces) (plots a-c and e-g (o)
PEO-modified surface, (■) silica surface, graphs d and h (o) PEO modified
surface, ♦silica surface)
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time for PEO modified ncs is essentially the same, regardless of surface area, while
the k-time for unmodified ncs is prolonged dramatically with the increase of surface area
(from thin to thick ncs). It is well known that PEO, in many aspects, is a “magical”
polymer. The most striking feature is that PEO reduces protein adsorption,170 and the
prolongation of circulation in the bloodstream. It seems that the former feature of PEO is
not important with respect to blood coagulation process, that is, r-time which is the
reflection of protein cascade process (initiation of coagulation) is constant for all of the
samples regardless of concentration and surface chemistry (Figure 3-18). On the other
hand, MA and k-time reflect the platelet activity, and are strongly affected by the nature
of the surface of ncs. Non-modified ncs dramatically reduce the platelet activity, which is
contrary to what is commonly observed with artificial surfaces, such as titanium oxide171,
which actually promoted platelet adhesion and led to hyper coagulation. Non-ionic
surfactants are, on the other hand, the common platelet activity reducers. However,
surfactant used in the synthesis of ncs was removed by multiple dialysis, filtration and
sedimentation (for large ncs), to the point where it was only at the interface of an oil-inwater microemulsion (i.e. no surfactant was traceable by UV-VIS in the supernatant, and
detection limit was at the critical micelle concentration (cmc).Moreover, the
concentration at the interface was the same for modified and non-modified ncs regardless
of size (i.e.the size of the oil templates was the same for all three sizes of ncs). This fact
leads to a conclusion that reduction of platelet activity is likely caused by surface
properties of ncs, rather than detrimental effect of the surfactant.
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As already mentioned, the TEG parameter that describes the protein function in the
beginning of the coagulation process, r-time was constant for all tested ncs regardless of
concentration, surface chemistry and size.

Figure 3-18. The r-time for silica ( ) and PEO-modified (■ )ncs: thin shell (top),
medium shell (middle) and thick shell (bottom).
Uptake Profile of Nanocapsules

One of the goals of this study was to synthesize nanocapsules that are able to
sequester the lipophilic compounds from aqueous systems. This part of Chapter 3
describes the experiments done to quantify and understand the mechanisms of the
lipophilic compound removal by the ncs.
High Surfactant to Oil Ratio Samples-Uptake Ability

Nanocapsule (high surfactant-to-oil (S/O) ratio) solutions were used to extract
compound 12 from normal saline solutions. Compound 12 was chosen as a drug model
because it is hydrophobic (lipophilic), a liquid under ambient conditions, and the ring
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structure shows a UV absorbance that is not obscured by the nanocapsule absorption
band. A preliminary study of the nanocapsule sequestering of 12 from bulk solution was
performed. When 12 was added (0.15M) to the nanocapsule solution ( 1.4% w/v oil
content) in saline, it was easily visible as an insoluble droplet. Upon agitation, the droplet
broke apart to form small droplets, which remained insoluble in solution. With time,
visible droplets of 12 disappeared as they were sequestered into the hydrophobic core of
the nanocapsules. After 14 min 12 was completely sequestered. This is expected because
the oil-water partition coefficient (P(o/w) = 115) for 12 is large, indicating a higher
affinity for oil phases. As a complimentary test, compound 5 was substituted for 12 since
9 is similarly insoluble in saline. Initially, molecule 5 appeared as a droplet on the bottom

of the vial. With time, the droplet disappeared, indicating the nanocapsules had
sequestered it. Samples of this solution were stained with OsO4(g) and analyzed using
TEM. Molecule 5 preferentially stained, and TEM images showed that 5 had partitioned
into the core of the nanocapsules and was not just adsorbed onto the nanocapsule surface
(Chapter 2). Both of these studies qualitatively examined the sequestering of a
hydrophobic substance from bulk saline into the oil-filled nanocapsules.
The decrease in 12 with time was measured quantitatively using the UV absorption
peak at 299.5 nm and is shown in Figure 3-19. Many lipophilic drugs, including tricyclic
antidepressants (i.e., amitriptyline 14) and local anesthetics (i.e., bupivacaine 13), which
the nanocapsule system could be used to sequester, are toxic at concentrations around
5μM (Chapter 4).172 Experiments were performed with 8 μM compound 12.
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Figure 3-19. Removal of quinoline from saline solution. The quinoline UV absorbance at
299.5 nm was monitored in a solution with 8 μM quinoline in saline.
Concentration of free quinoline with respect to time as affected by the
concentration of nanoparticles: ( ) 1.4% w/v oil content, ( ) 0.8% w/v oil
content, ( ) 0.3% w/v oil content, and ( ) 0.1% w/v oil content. The inset
illustrates the removal of quinoline as a function of varying concentrations of
nanocapsules.
This concentration is 4 orders of magnitude lower than the above preliminary
visual study. The free 12 concentration does not change with time in a pure saline
solution without addition of the nanocapsules. Particle size analysis of high S/O samples
shows that the nanocapsule solution, even after purification by extensive dialysis,
contains mixed micelles and microemulsion droplets. These can also bind 12, causing a
drastic drop in free concentration. It was estimated that the micelles alone remove 70 ±
5% of 12. When the nanocapsule solution is diluted, its ability to remove 12 decreased
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(Figure 3-19). TEM and light scattering confirmed that dilution does not affect the
nanocapsules themselves, likely due to the stability provided by the polysiloxane/silicate
shell. In these diluted suspensions, the bulk of compound 1 is trapped within the shell of
the nanocapsules. The remainder is presumably within the micelles and microemulsion
droplets. The cmc of 1 is 0.00154% w/v. This is only 100-fold lower than the total
concentration used in the formulation. As a result, dilution destabilizes the micelles and
microemulsion droplets. When diluted enough, they break apart. The results show that
less 12 is bound at higher dilutions, due to the disappearance of the micellar and
microemulsion moieties. Each dilution removed the maximum amount of 12 from the
bulk solution in 15 min. The 1.4% w/v oil content nanocapsule solution removed >97%
of 12, the 0.9% w/v oil content removed 45 ± 5% of 12, the 0.3% w/v oil content
removed 35 ± 5% of 12, and the 0.1% w/v oil content removed 32 ± 5% of 12 (Figure 319 inset). In all cases, a monoexponential decay equation with plateau gave the best fit.
This is consistent with the kinetics observed by Ding and Liu,173 for the loading of
Rhodamine B in water-soluble hollow nanospheres. Specifically, a biexponential decay
equation with plateau did not give a statistically improved fit over a monoexponential
decay equation with plateau for the 0.1% w/v oil content nanocapsule solution (P = 0.88),
0.3% w/v oil content nanocapsule solution (P = 0.36), 0.8% oil content nanocapsule
solution (P = 0.93), and 1.4% w/v oil content nanocapsule solution (P = 0.10) data.
The objective for creating these nanocapsules was the removal of drugs from blood
so a preliminary uptake study was performed with bupivacaine (13), a local anesthetic.
Molecule 13 does not have intense bands in the UV-visible region of convenience to
measure, so its removal from saline was monitored using HPLC. Current emulsion-based
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treatments such as Intralipid, used to deliver the antifungal, propofol, are used at
concentrations of 1% w/v total oil content in the blood. The upper concentration limit
for the commercially available products is 1.5% w/v oil content in blood. With this in
mind, the stock nanocapsule solution was diluted to yield a solution that was 0.1% w/v
oil content. To the 0.1% w/v oil content nanocapsule solution, 13 was added to yield final
drug concentrations of 7, 27, 49, 96, 181, 363, 536, 1030, 3400, and 10380 μM.

Figure 3-20. Removal of varying concentrations of bupivacaine as determined by HPLC.
The data at low concentrations shows a linear fit with a correlation of 0.997;
the dotted line shows the intersection indicating the capacity of the
nanocapsules.
These solutions were allowed to equilibrate at room temperature for >30 min, after
which they were centrifuged in Centrifree filter devices to remove the nanocapsules. The
filtrate was analyzed by HPLC to determine the amount of free 13 present. As Figure 320 illustrates, for concentrations <100 μM, the nanocapsules sequestered all of 13. The
nanocapsules sequester >99% of 13 when the initial concentration is 200 μM. The
amount sequestered becomes constant at 1900 μM while the initial concentration is
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increased. The leveling off of the amount of drug sequestered is reasonable since the
nanospheres have a finite capacity and once this is reached they cannot uptake more no
matter how much is added. Figure 3-20 indicates the capacity of the nanocapsules at
0.1% w/v oil is 1900 μM.
Medium Surfactant to Oil Ratio Samples-Uptake Ability

A next step in this part of investigation was to quantify the relationship between the
oil core and ncs size and sequestering efficiency for medium S/O samples. Controlling
the size of the nanocapsules also provides insight into how the architecture influences the
efficiency of the system to sequester lipophilic compounds.
Initially several uptake experiments were performed on the microemulsions (oil
templates) which were stabilized by crosslinking of 3, but without subsequent templating
and growth of the shell. Each value was obtained one hour after the addition of
compound 12, when the equilibrium was reached. Compound 12 is soluble in a micellar
solution of 6, therefore there is a possibility that the decrease in absorbance of 12 is due
to unswollen micelle absorption. Several experiments were performed to understand the
influence of this process on the observed decrease in absorbance of 12. Solutions
containing just compound 6 at concentrations of 3, 7, 11 and 15 w% and compound 10
were monitored by UV-VIS spectroscopy to monitor the change in absorbance of 7. The
results, presented in the inset Figure 3-21, show no effect. Therefore the observed
decreases in absorbance can be accounted for by 12 being sequestered inside the oil cores
or nanocapsules.
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Figure 3-21. The uptake efficiency of oil templates formed by changing the concentration
of: a) compound 3 (plotted as w% of 3 vs. decrease in absorbance for clarity);
b) compound 7; c) compound 6 (inset represents the decrease in absorbance
for solutions containing just 6); d) compound 8.
Compound 12 is readily soluble in the oil phase (7), and Figure 3-21 (a, c, d) shows
uptake trends for oil cores of different diameter made by changing the amount of 3, 6 and
8 respectively while the concentration of oil phase 7 is constant at 1w%. A general
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observation based on these graphs is that oil templates of smaller diameter have better
uptake capabilities than larger ones. The ratio between total surface areas of two oil
templates having different diameters is inversely proportional to their corresponding
diameters. The smaller oil templates will have a larger interfacial area, which accounts
for more efficient partitioning in the sense that oil phase is more “available” to guest
molecules. This interpretation is also in agreement with the results from the literature,174,
175

where solubilization or release from micellar systems is proportional to the size of

interface area (i. e. number of droplets). Interestingly, the coulombic attraction between
the negatively charged 8 (pI<6.5) and positively charged 12 at pH 7.4, seems not to have
significant impact on uptake, although this phenomenon was not further quantified in the
current study.
It was surprising that the uptake remained fairly constant with the increase in the
oil concentration (Figure 3-21b). An advantage of increasing the oil concentration is the
resulting decrease in the number of droplets (“oil cores”). This effect minimizes the
surface to volume ratio as expected, since fewer surfactant molecules are available at
higher concentrations of oil (Chapter 2). Therefore, the drug partitioning in the oil cores
is proportional to the interfacial area and is not a function of the oil phase concentration.
Figure 3-22 shows that the drug partitioning decreases as the shell thickness
increases. Shell thickness is given by:
St =

(d tot − d 0 )
2

Equation (3-4)

where dtot and do are respective diameters of nanocapsule and of oil core. This result is
not surprising as increasing the concentration of 4 results in a thicker shell (as illustrated
in Chapter 2), thus diminishing the permeation of the drug.
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Figure 3-22. The uptake efficiency as a function of shell thickness according to Eq. 10
obtained by QELS (values for dtot and do are taken from Figure 2-15).
The effect is at least partly due to the effect of larger shell thickness increasing the
denominator of dμ/dx, where μ is the chemical potential, a driving force between the
aqueous and oil phase for these particles.
Mechanism of Amitriptyline (AMI) Uptake

Although previous experiments with hydrophobic compound 12, were successful
“proof of a principle” for the ncs detoxification application, an evaluation of in vitro
partition of target drug (AMI, 14) in the ncs was necessary. Similarly to experiments with
Bupivacaine (13), the AMI uptake was measured using HPLC method developed by Dr.
M. Varshney, in the Department of Anesthesiology at UF. The target drug at certain
concentration was allowed to equilibrate with ncs at RT for 1h, followed by
centrifugation in Centrifree membrane tubes (molecular cut-off 30 kD) and analysis of
the fraction that went through the membrane. Experiments were performed in the media
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of increased complexity, i.e. Milli Q water (no ions present), PBS buffered saline (1w%
NaCl solution), human plasma and whole blood.
Previously conducted experiments using hydrophobic probe revealed that
unswollen surfactant micelles have high affinity toward hydrophobic species present in
aqueous systems. Moreover, the HPLC method was an opportunity to quantify the
removal efficiency of the surfactant micelles, since the weight of one micelle
(diameter~7nm) was calculated to be 150,000 D.

Figure 3-23. The Amitriptyline removal using Tween-80 micelles measured by HPLC
The results (Fig 3-23) showed that initially uptake scales up linearly with the
concentration of 6, reaching a plateau at ~0.6w% with ~70μM of the AMI bound. This
uptake pattern resembles that of high S/O samples (Figure 3-20) implying that the uptake
is dominated by the surfactant micelles. More importantly, these results pointed out the
significance of the ncs purification procedure, not only for biomedical reasons, but also
for the accuracy of the ncs detoxification potential data (Chapter 4). On the other hand
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there was a possibility to study the competition between unswollen micelles and ncs
toward the removal of the hydrophobic drug. The results are shown on Figure 3-24,
unfortunately, as expected, surfactant micelles are much more efficient towards removing
of the target drug than ncs.
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Figure 3-24. The Amitriptyline removal comparison for 2w% ncs (white bars) and 1w%
ncs and 1w% of 6 (grey bars).
This result is expected having in mind the difference in size of the two species
(surface to volume ratio) and more importantly, the dynamic nature of micelles
(formation and dissolution of micelles).
Further experiments were done in order to understand the predominant interactions
responsible for the removal of the target drug from aqueous systems. The ncs of 3
different sizes, where oil template is the same with different shell thickness (the same
used in biomedical experiments) were tested for toxic drug removal. Contrary to our
expectations, the uptake scaled up with the diameter of the ncs (Fig. 3-25). The
increasing diameter, or shell thickening, has two important consequences on ncs
properties: a) a material transfer from the surface to the core is suppressed with increased
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shell thickness (see Figure 3-22) and b) the surface area per ncs is increasing with
increase in diameter.

Figure 3-25. The removal of Amitriptyline measured for ncs of different shell thickness
(same number of ncs) (top), the removal of Amitriptyline plotted versus
relative surface area for the three populations of ncs (bottom).
It is then obvious that the later explains the observed result, meaning that the AMI
removal involves an adsorption process on the surface, whether or not is followed by the
actual encapsulation in the ncs oil core. The apparent disagreement with previous results
using hydrophobic probe 12, is probably a function of different structure of 12 and AMI.
Compound 12, has a positively charged group as the AMI, however AMI has a positive
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charge “protruding” from the end of the alkyl chain, causing the predominance of
electrostatic effects on molecule behavior. This qualitative explanation is consistent with
the results obtained by Varshney176 using 13 and AMI as a model drug for in vitro
binding. The AMI uptake using microemulsion was highly dependent on pH (i.e. number
of charged AMI molecules), while compound 13 showed no profound pH dependence.
A next step in this part of the study was to investigate the influence of surface
structure on uptake profiles of ncs.

Figure 3-26. The uptake of Amitriptyline by silica (white bars) and PEO (grey bars) ncs.
The PEO modified and silica ncs have similar uptake capabilities (Figure 3-26), as
expected, since weakly negatively charged surface (Silica ncs) is exchanged for polar EO
units of the polymer. In other words, the weakly electrostatic ncs drug interaction (Silica
ncs) is exchanged for hydrogen bonding of EO units and protonated amine of the drug for
PEO modified ncs. However, mixed PEO and succinic anhydride (4:1 w/w) ncs showed
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substantial improvement of the uptake profile compared to PEO alone or silica ncs
(Figure 3-27).

Figure 3-27. The difference in uptake ability for PEO modified (white bars) and mixed
(PEO and COOH) modified ncs (grey bars).
The increase in the uptake efficiency can be explained by the presence of a stronger
acid (i.e. stronger electrostatic interaction) at the surface of the ncs.
Finally, the difference in uptake ability was demonstrated in the microelectrode
array set up (explained in detail in Chapter 4). Briefly, the toxic drug (AMI) was injected
in cardiac muscle cell monolayer along with the PEO modified or PEO and COOH
modified nanocapsules. The results are shown on Figure 3-28. The relative spike rate of
the cells is a function of the toxic drug concentration (Chapter 4), it is obvious that
PEO/COOH ncs are more powerful detox agents than PEO modified particles.
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Figure 3-28. The spike rate of cardiac muscle cells in the presence of AMI alone (Δ),
AMI and PEO modified ncs (♦) and AMI and PEO/COOH modified ncs (▪).
The envisioned site of action of the ncs will be the bloodstream, since most of the
toxic drug will be dispersed in it. It was a logical step forward in the uptake
characterization to perform the measurements in human plasma. Unfortunately, none of
the tested ncs samples showed any appreciable uptake under these conditions (Figure 329.). It should be noted that more than 95% of the drug is bound to bloodstream
immunoproteins in the control probe, thus the concentration of the free drug is very low
for the ncs to show any uptake. However, the surfactant micelles (Figure 3-29 bottom)
were able to sequester the significant portion of the free drug.
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Figure 3-29. The toxic drug uptake in human plasma measured by HPLC: control and
three most efficient ncs samples (top) and control and Tween-80 at two
different concentrations (bottom).
Conclusions

This part of the thesis explains the methods to characterize the nanocapsules (ncs)
after the synthesis. Some very important features like concentration and aggregation are
investigated by the combination of methods. The majority of properties are related to the
ncs surface chemistry. Electrostatic repulsion is a phenomenon responsible for the long
term water solubility and stability toward aggregation of the ncs. The acid and silica ncs
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are the most stable in basic solutions when surface groups are fully deprotonated, thus
negatively charged. Furthermore, amino modified ncs are more stable in acidic solutions
due to protonation of the amino groups at the surface. A somewhat different rationale
explains the stability of PEO coated ncs, the stability and lack of aggregation is a
consequence of the hydrophilic polymer attached at the surface, i.e. polymer forms a
hydrodynamic layer around the particle that effectively protects particle from any type of
interaction that could lead to aggregation. Moreover, the PEO modified ncs are the only
particles that showed stability toward aggregation regardless of pH.
The second part of this Chapter was the study of nanocapsules and surfactant
micelles (i.e. “soft” microemulsions) interactions with biologically relevant media. The
hemolytic properties of ncs were studied using human red blood cells and monitoring the
release of Hemoglobin as a consequence of cell damage. Microemulsions and simple
surfactant micelles were extremely toxic with respect to hemolysis, probably due to their
size and mobility. The extent of hemolysis for non-modified ncs is proportional to the
contact area between the particles and red blood cells, as demonstrated by separately
monitoring the toxicity of the same number of ncs with different diameters (i.e. different
surface areas). A different conclusion can be drawn for PEO modified particles that had
similar hemolytic activity regardless of size. Moreover, the key feature in reducing the
hemolytic activity of silica core-shell ncs is decreasing the surface charge, therefore
preventing the electrostatic interaction between particles and positively charged lipids on
the cell surface. Polymer modified ncs significantly decreased the hemolysis of red blood
cells compared to non-modified ones. Following the aforementioned rationale, hemolysis
is more profound when an acid stronger than silicic acid is present at the particle surface.
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Succinic acid modified ncs were the most toxic since succinic acid is much stronger than
silicic acid.
The second test used in this study to asses the biomedical properties was
Thromboelastography (TEG), the blood coagulation process was monitored in the
presence of the ncs and “soft” microemulsion paticles. An interesting result was that
neither ncs samples nor microemulsion solutions at any tested concentration influenced
the protein cascade process during the initiation of coagulation. Similarly to hemolysis,
surfactant micelles were toxic, greatly influencing the mechanical properties of the clot.
The extent of the clot damage is a function of ncs concentration, regardless of size and
surface properties. However, the toxicity scaled with diameter of ncs for the silica ncs,
while, like in hemolysis experiments, it was independent of size for the PEO ncs.
Moreover, at equal concentrations, the PEO significantly reduced toxicity with respect to
blood coagulation compared to silica ncs. It is important to note the introduction of the
standard clinical method (TEG) in the scientific investigation of nano-objects.
After the biomedical investigation, a set of experiments was performed in order to
measure and understand the mechanism of toxic drug uptake. Experiments with high
Surfactant-to-oil ratios revealed that mixed micelles together with certain portion of ncs
are very powerful drug and model drug scavengers. Unfortunately, subsequent
experiments with separated mixed micelles and ncs (i.e. medium Surfactant-to-oil
systems), showed that former are much superior drug detoxification agents than the latter.
Multiple model drug uptake experiments were conducted with formulations that yielded
the oil templates (i.e. polymerized microemulsions) of different size. The most important
feature with respect to sequestering potential was the size of the interfacial area, i.e. the
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smaller droplets were more efficient toward drug uptake compared to bigger ones.
Experiments with ncs of different sizes furthermore revealed that the drug uptake is
proportional to surface area. An important consequence of this result is that the uptake of
a target drug (i.e. Amitriptyline) is rather the surface adsorption process than the
encapsulation in the hydrophobic core of the ncs. A second important parameter that
influenced the uptake potential was the ncs surface chemistry. The PEO modified
samples had essentially equal drug detoxification power as silica ncs, however, when a
stronger acid (i.e. succinic acid) was attached on the surface together with PEO, it
significantly improved the uptake profile. This result confirmed that the key interaction in
the uptake process is the electrostatic attraction between the negatively charged surface
and positive quaternary amine of the drug. Another confirmation of the uptake
mechanism was the comparison of cardiac myocyte monolayer spike rate in the presence
of the toxic drug (lowered the spike rate) and the ncs of different surface chemistry,
where PEO and COOH mixed ncs showed superior performance compared to particles
modified with PEO alone. Although the ncs had an appreciable uptake profile in simple
media like water or saline, when tested in more complex environment, human plasma or
whole blood, ncs failed to lower the concentration of the target drug. The only particles
capable of removing the drug from the human plasma were the surfactant micelles. This
result implies that further improvements are needed in order for ncs to be applied in real
life.

CHAPTER 4
DETOXIFICATION ABILITY OF NANOCAPSULES
Introduction

This Chapter describes the experiments done in order to test the ability of
nanocapsules to remove selected toxic drugs in vivo and in vitro. Experiments toward the
assessment of ncs toxicity in isolated heart, whole animal and isolated cardiac muscle
cells are described. Finally, the envisioned application of ncs, as a detoxification therapy
is demonstrated in cardiac myocytes and in whole animal trials.
Isolated Heart

The isolated rodent heart set up is relatively routinely done experiment in the
Shands Hospital at University of Florida.177The electronic signals are used to measure the
QRS interval of the electrogram that represents the summation of all sodium ion currents
in the ventricles. Thus, the QRS serves as an indication of nanocapsule toxicity.
Whole Animal Studies

Experiments in vivo have been used to monitor the activity of organs such as the
liver,178or malfunction of neruronal179 and cardiovascular180 tissues in the presence of
tricyclic antidepressants. All experiments in vivo were carried out in the Shands Hospital
at University of Florida, under the supervision of Dr. Donn Dennis. Similarly to the
isolated heart set up, the QRS signal was used as a parameter in the assessment of acute
toxicity. The animals were then kept alive for a week to assess the possible long-term
adverse effects of the drug or nanocapsules. The measurements were used to investigate
the ncs toxicity profile and their detoxification potential.
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Cardiac Myocytes Deposited on Microelctrode Arrays (MEAs)

Unfortunately, due to high costs of both, isolated heart and whole animal
experiments, just a glimpse of full toxicity study could be achieved. Therefore, the focus
was shifted toward the investigation of ncs toxic profile in cardiac myocyte monolayers
plated onto Microelectrode Arrays (MEAs). Advantages of this technology also include
ethical aspects of in-vitro studies (e.g. a tissue from just one animal can provide a
plethora of information through multiple experiments on different MEAs).
Before the data measurements cells are isolated from a sacrificed animal, followed
by an enzymatic degradation of the connecting tissue. The cells were then plated on a
protein-coated MEA under the conditions that maintained physiological activity. Because
the microelectrodes are independently addressed, the experiments also allowed
simultaneous multi-channel readings which were processed by powerful acquisition
equipment. Furthermore, the application of microelectrode arrays (MEAs) for studying
so-called “bioelectricity”, i.e. electrical phenomena occurring within the tissues and cells,
is one of the emerging fields of biotechnology. This technology offers a long term noninvasive measurement of extracellular activity of excitable cells from neuron and cardiac
tissues.181, 182 Understanding the connection between disordered electrical excitability
(e.g. ion channel dysfunctions) to many diseases is important in areas such as medicine
and pharmacology.183 The later is increasingly focusing on molecular level of
bioelectricity (i.e. ion channels), since a number of diseases are the consequences of the
ion channel dysfunction.184
The experiments were performed in collaboration with Dr. Mark Pottek from the
Max Planck Institute for Polymer Research (MPIP). The measure of cardiac myocytes
activity was the spike frequency and spike amplitude.
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Experimental Methods
Isolated Heart Experiments

Figure 4-1. The isolated heart set up.
All experimental protocols were reviewed and approved by the Animal Use
Committee of the University of Florida Health Sciences Center. Guinea pig hearts
isolated from animals weighing 450-500g were perfused according to the Langendorff
technique.177, 185 Briefly, the hearts were rapidly removed and rinsed in ice-cold KrebsHenseleit (K-H) solution containing 117.9mM NaCl, 4.8mM KCl, 2.5mM CaCl2,
1.18mM MgSO4, 1.2mM KH2PO4, 0.5mM Na2EDTA, 0.14mM ascorbic acid, 5.5 mM
glucose, 2mM pyruvic acid and 25mM NaHCO3. The ascending aorta was cannulated for
perfusion with 8ml/min K-H solution gassed continuously with 95%O2 and 5%CO2. The
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oxygen tension, temperature and the pH of the K-H solution were maintained at 500-600
mm Hg, at 36oC and pH 7.4, respectively. After the completion of dissection and
instrumentation, the hearts were allowed to equilibrate for at least 20min. before the
experiments were begun. The hearts were paced (3-ms pulses at twice-treshold intensity)
at an atrial cycle length of 250 ms (240 beats/min) via a bipolar electrode placed on the
high atrioseptal area. The isolation of the heart and measurements were done by Dr. Tim
Morey and Mr. Jason Flint.
Whole Animal Experiments

Sprague Dawley rats (350-500g) were anesthetized using 5% Halothane in an
induction chamber. Anesthesia was maintained using 1% Halothane via nose-cone
apparatus. An intravenous catheter with the nanocapsules solution was placed in the
lateral tail vein. EKG electrodes were placed using surgiclips on the abdomen to measure
the QRS interval along with the respiratory transducer. Data were acquired by Bio-Pac
acknowledge software.
Rats were monitored for QRS interval, heart rate (HR) and respiratory rate (RR). A
baseline (i.e. normal QRS) was measured in a tranquilized animal for 1h. Amitriptyline
(AMI) was given through the syringe needle at the concentration of 25mg/kg or
80mmol/kg into the intraperitoneal space (abdomen). This concentration of AMI was
chosen to induce the increase in the QRS interval of about 40% of the initial value.
The measurement of AMI toxic effect was performed by the injection of drug at
constant flow rate for 20 min., followed by an injection of a saline solution. The
preemptive experiments included the simultaneous injection of AMI and ncs solutions for
20 min., followed by the addition of saline. The QRS was measured for total of 1h in
each case. The experiments were done by Mr. Jason Flint.
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Cardiac Myocytes on Microelectrode Arrays Experiments

MEAs were purchased from Multi Channel Systems, Reutlingen, Germany. The
MEAs were autoclaved and incubated with 250μl solution of fibronectin (50μm/ml) for 4
hours. The Fibronectin protein coating was necessary to achieve better adhesion of the
cells on MEAs and to make the surface more biocompatible. Subsequently, the MEAs
were washed three times with PBS to remove the excess protein and dried for 30 min.,
prior to cell seeding.
Cardiac Myocyte Isolation and Deposition on MEA

The rats were sacrificed and embryos were placed in PBS at the animal care station.
The embryos were decapitated and hearts were removed after thoracic insections. The
hearts were collected and chopped in Hank’s balanced salt solution (HBSS) containing
136 mM NaCl, 5.2 mM KCl, 0.35 mM Na2HPO4, 0.44 mM KH2PO4, 0.81mM MgSO4,
1.26mM CaCl2, 5.5mM glucose and 0.028mM Phenol Red.
The collected tissue was washed and gently redispersed three times with HBSS
solution using a Pasteur pipette. The supernatant was removed after the sedimentation of
the tissue, followed by the addition of a fresh portion of HBSS. The F-10 medium
solution is a HEPES buffered solution with following ingredients: insulin, transferrin,
selenium, penicillin, streptomycin and 10% fetal bovine serum. The F-10 will be also
referred to as the “cell medium” in the following paragraphs describing MEA
experiments. A stop solution is a F-10 medium that contains 30% fetal bovine serum and
it is used to stop the enzymatic degradation of the tissue.
The tissue was subjected to enzymatic degradation as follows. The tissue was first
added to 2.5 ml of Trypsin solution, and incubated for 20 min. at 37oC. A stop solution
and 20μl DNase I was added to the tissue suspension. The tissue at this stage was gently
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redispersed using Paster pipette, followed by sedimentation. The supernatant was
collected and centrifuged at 1300 rpm for 5 min. at 4oC. The supernatant was discarded
and the pellet was re-suspended with 10 ml of F10 medium. The remaining pellet was
subjected to the same enzymatic procedure as described above and combined with the
main suspension after.

Figure 4-2. The fluorescent micrograph of cardiac myocytes (blue-nuclei labeled by 4',6Diamidino-2-phenylindole (DAPI)) (left) and optical micrograph of cardiac
myocytes deposited onto MEAs
The final suspension was filtered through a cellular filter (40μm pore diameter),
transferred to a culture flask and incubated for two hours in the incubator. The
supernatant was collected and centrifuged at 1300 rpm for 5 min. at 4oC and resuspended in F10 medium. The cell density was determined using a Neubauer cellcounting chamber (used 20 μl of the suspension, count cells in four squares, mean
number multiplied with 10,000=number of cells in 1ml of suspension).
The cells were seeded on fibronectin coated MEAs and cover slips. The
approximate cell number on MEA (17 mm diameter) was 300,000. The cell seeded
MEAs were incubated for 2 hours after the additional F10 was added. The F10 medium
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containing 3% of fetal bovine serum was replaced every two days, except when MEAs
were used in experiments, when the medium was added subsequently after the
measurements.

Figure 4-3. The principle experimental idea, 1) cells are deposited on fibronectin coated
MEAs, 2) the activity of cells is monitored, 3) toxic drug is added and 4)
nanocapsules addition with continuation of a measurement. Picture of the
MEA device (lower right).
Results
Toxicity of Nanocapsules

The positive results of the basic biomedical tests described in the previous Chapter
enable the study of biocompatibily of the ncs in more complex systems, such as isolated
heart, whole animal and cardiac myocyte monolayers.
The first tests were the influence of high surfactant-to-oil (S/O) formulations on the
QRS time in a living guinea pig. Unfortunately, as already mentioned in the text, high
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concentration of the surfactant was extremely toxic, resulting in the death of animals
within 5 min. after the ncs injection. (Figure 4-4).

Figure 4-4. The influence of high S/O ratio nanocaspules on QRS of a whole animal,
normal QRS (♦) and QRS with ncs (■).
After the successful synthesis of medium S/O formulation the behavior of ncs in
the isolated heart was investigated. Obviously, this set up is simpler than the whole
animal. Moreover it is convenient and routinely performed in the Department of
Anesthesiology at UF. The results are shown on Fig. (4-5).
The QRS interval of the isolated heart gradually increased with increasing
concentration of ncs up to 50% longer than the normal value at 1w% of ncs. Although
this may seems to be a negative result, the ncs at 0.1w%, which is the anticipated
therapeutical concentration, increased the QRS only <15%, which is considered benign.
The other parameter monitored, SA, was essentially constant with increasing
concentration of ncs. The SA is defined as the time necessary for the electrical impulse to
travel from the Sino-Atrial node across the atria. The third parameter, SV time, is defined
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as the total time for an impulse to travel from the Sino-Atrial node to leave the AV node.
It can be concluded from these experiments that the ncs most influenced the AV node of
the isolated heart.

Figure 4-5. The influence of ncs on isolated heart parameters, QRS (Δ), SA (♦) and SV
(■).
A next step in the toxicology characterization of ncs was the monitoring of QRS
time in vivo. The medium S/O nanocapsules were injected in a tranquilized rat and the
QRS was monitored for 40 min. (time necessary for the observation of acute effects),
followed by observation of overall animal health for a week, after which the animal was
sacrificed. The ncs effect on the QRS interval of the live rats is showed on Figure 4-6,. It
is somewhat surprising that the QRS remained constant at 1w% of ncs, compared to
apparently more profound effect observed in the isolated heart set up.
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Figure 4-6. The influence of nanocapsules at 1w% on QRS in vivo, control (♦) and with
ncs (■).
However, on further reflection there are significant differences in the environments.
There are many lipid reservoirs, immunoproteins and other biomolecules that can
attenuate the effects of the ncs on the heart functioning in the whole animal. The isolated
heart on the other hand is rather unprotected tissue. The animals tested survived for a
week suggesting that ncs alone were not damaging to the organism.
As mentioned earlier, Microelectrode Arrays (MEAs) were more practical due to
economic and ethical reasons for further investigations of the ncs toxicity profile. The
toxicology experiments using MEAs included the investigation of the major surfactant
alone (Tween-80 for this particular formulation) and purified ncs. As expected, the
surfactant micelles are very toxic with respect to cardiac myocyte activity. The cells were
no longer active just 3 min. after the exposure (Figure 4-7 left). The influence of ncs at
four different concentrations on cardiac myocyte activity is shown on Figure 4-7 (right).
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Figure 4-7. The spike rate of cardiac myocytes in the presence of Tween-80 at 0.025 w%
(left) and PEO and COOH modified nanocapsules (right).
Ncs at 0.025w% had identical spike rate patterns as the control, whereas 0.05w%
and 0.1w% had no effect after 2 min. exposure, followed by a continuous decrease to
about 80% of the initial activity after 10 min. The highest concentration used in this study
was 0.2w%, which was characterized by a sharp and steady decrease to about 20%
activity after 15 min. exposure. The therapeutic concentration of ncs used in further
experiments was 0.05w%.
Preemptive Detoxification Experiments
Toxicity Reversal in Whole Animals

These experiments were done in order to ultimately test the ability of nanocapsules
to lower the concentration of toxic drug (AMI in this case) in the living animal. An AMI
dosage that would increase the QRS by 40% of the normal value was given to the animal
(Figure 4-8).
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Figure 4-8. The therapeutic action of nanocpasules, control (♦), AMI alone (■) and AMI
and ncs together (Δ).
The second experiment included the simultaneous injection of the drug and ncs in
the animal. The encouraging aspect of the results is that the nanocapsules lowered the
concentration of AMI in the body, based on decreased QRS time in these cases.
However, 2 out of 3 animals died 24 and 48 hours respectively after the treatment. This is
contrary to what was observed with ncs alone (Figure 4-6) where no apparent (short and
long term) detrimental effects were observed. It was obvious that detoxification
procedure with lower concentration of ncs had to be performed, and the results of the
experiments with ncs at 0.5w% are shown on Figure 4-9. As expected, the effect of ncs
with respect to decreasing the AMI concentration was less profound in this case, however
there were no damaging effects to the animal for the next 7 days, after which it was
sacrificed.
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Figure 4-9. The therapeutic action of diluted nanocapsules (0.5w%), control (♦), AMI
alone (■) and AMI and ncs together (Δ).
Toxicity Reversal in Cardiac Myocytes
Influence of AMI on cardiac myocytes

After the deposition of cardiac myocytes in physiologically active fashion on
MEAs, our goal was to establish a dose response curve with respect to AMI
concentration. AMI is long known to have a significant effect on the cardiovascular
system above the therapeutic concentration, including the depression of myocardium and
prolongation of conduction times.186, 187 Previous reports suggested that the primary
target of AMI is blocking of a sodium ion channel in cardiac myocytes,188 at
concentrations ~0.4μM.189 The influence of AMI on cardiac myocytes with respect to
spike frequency is shown on Figure 4-10. It is clear that the AMI at 0.4μM causes a 50%
reduction in spike frequency, whereas only 30% of the initial activity is preserved at 1μM
after 15 min. exposure.
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Figure 4-10. The Amitriptyline dose-response curve with respect to spike frequency of
cardiac myocytes. (data acquired 15 min. after the drug addition)
Preemptive detoxification studies on MEAs

A step further in this study was the investigation of the ncs sequestering ability
when the toxic drug is subsequently added to MEAs already containing cells and ncs. The
comparison between cardiac myocytes activity in control, AMI alone and both, ncs and
AMI conditions is shown on Figure 4-11. The cardiac myocyte activity under the control
conditions is constant, whereas an expected decrease is observed upon the addition of
AMI at 1μM to about 30% of the initial frequency. However, if the ncs are present before
the drug is added, the toxic effect of AMI is much less profound. Although the activity is
somewhat decreased under the preemptive conditions, the
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Figure 4-11. The preemptive detoxification of cardiac myocytes in the presence of
nanocapsules, AMI was at 1μM: spike rate (upper) and spike amplitude
(lower).
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magnitude of the decrease is much smaller (~70% of the initial activity) than in the case
of AMI alone in the system.
The detox potential of ncs is even more obvious if the spike amplitude is compared
for the control, AMI and preemptive conditions. The control condition is characterized by
constant spike amplitude over time. The addition of AMI results in a dramatic decrease of
spike amplitude even after 2 min. exposure, which is different than the spike rate effect.
Moreover, once decreased, the spike amplitude remains at a constant level (~30%) of the
initial value. Under the preemptive conditions, the spike amplitude of cardiac myocytes
remains essentially the same as that of the control. The important thing to note is that
cells remained unaffected within first 2 min. of exposure (time frame that AMI decreased
the amplitude), suggesting that the uptake was instantaneous and quantitative.
The tests with higher concentration of the drug were also done to investigate the
maximum detoxification ability of ncs. The spike rate and amplitude in the presence of
2μM AMI without the ncs are shown on Figure 4-12 (♦ in both graphs). The decrease in
spike rate and the spike amplitude is more profound than in 1μM AMI experiments as
expected. Unfortunately, the effect of ncs in subsequent experiments was negligible for
the first 10 min. of the exposure. However, after 10 min. exposure a clear indication of
ncs action is manifested by 20% and 40% increase in spike rate, compared to control, for
10min. and 15min. points respectively. A similar observation was made for the spike
amplitude, after the initial decrease, the spike amplitude remains constant when ncs were
present, while it keeps decreasing further, when the drug alone was present. The
difference in spike amplitude was 40% and >50% between the preemptive and drug alone
experiments for 5min. and 10min. exposure respectively.
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Figure 4-12. The preemptive experiment with 2 μM Amitriptyline: spike rate (left) and
spike amplitude (right)., control (■), AMI alone (♦) and AMI and ncs together
(Δ). (* significance test, P<0.05)
The highest attempted concentration was 5μM, an ultimately lethal concentration of
AMI, manifested by a sharp and sudden decrease in both activity parameters even after 2
min. of exposure (Figure 4-13). Moreover, the cells that experienced such high
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concentration of the drug were not able to recover, even if they were flushed with freshly
prepared cell medium and paced with artificial electric stimuli.

Figure 4-13. The preemptive experiment with 5 μM Amitriptyline: spike rate (left) and
spike amplitude (right), control (■), AMI alone (♦) and AMI and ncs together
(Δ).
In a preemptive set up, the spike rate sharply decreased to ~30% of the initial
value, but the important observation is that the spike rate was constant for an additional
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10min. of exposure. The spike amplitude quickly decreased to about 20% of the initial
value within 2min., followed by a slower but steady decrease to about 5% at 15 min.
exposure. Similarly to spike rate, it is important to note that the cells were active even
after 15 min. of 5μM AMI exposure.
Although with a somewhat disappointing aspect, this experiment provided one
additional proof of ncs therapeutic effect. The cells in a preemptive situation were
washed with cell medium and the activity increased to the point of a full recovery after 24
hours.
Real Time Detoxification Studies

The ultimate goal in this study is to show the real-time detoxification potential of
ncs. Since all drug poisoning cases or clinical mistreatments are situations when the toxic
drug is already present in the body, it is crucial that the ncs are able to decrease the drug
concentration in a timely fashion under these conditions. The results of real time
detoxification with respect to spike rate and spike amplitude are shown on Figure 4-14.
The first experiment was monitoring the spike rate when AMI alone was present, and F10
medium (10% of the total volume i.e. 0.1ml) was added after 10 min. The cells are then
treated by multiple addition/removal of a fresh, drug free medium, to the point of full
recovery. The second experiment included the addition of AMI, followed by an injection
of concentrated ncs solution (10% volume, 0.1ml, to the final 0.05w% of ncs) after 10
min. exposure. A sharp and instantaneous increase in cell activity was observed after the
introduction of ncs, suggesting the decrease in concentration of AMI. Moreover, the
difference in activity was ~30% between the AMI alone and detox medium after the first
2 min. of ncs introduction.
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Figure 4-14. The real time detoxification of cardiac myocytes by nanocapsules, spike rate
(top) and spike amplitude (bottom). The control conditions for spike
amplitude are omitted for clarity.
The spike amplitude under real time detox conditions was also monitored (Figure
4-14 bottom). Although the therapeutic effect of the ncs is not as profound as in the case
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of spike rate (partially because of the large number of channels and amplitudes of
different magnitude that make STD very large), the difference between AMI alone and
detox medium was observed. The maximum difference is achieved 4 min. after the ncs
introduction (~40%).
Conclusions

The work in this Chapter is related to the application side of the whole project and
describes the attempts to show the therapeutic potential of ncs. Furthermore, the toxicity
profile of formulations is established in vivo (whole animal model) and in ex-vivo
(isolated heart and cardiac myocytes). Similarly to biomedical studies in simple media
(i.e. blood and RBCs) described in Chapter 3, the most toxic species are surfactant
micelles and soft oil filled microemulsion droplets. Although not studied in great detail,
the probable origins of observed toxicity of these entities are high mobility, great
solubilization power and the presence of a long alkyl chain of surfactant that can disrupt
the cell membrane. This is the main reason why simple and easy to prepare low
molecular weight surfactant solutions and microemulsions may not be suitable for these
applications, despite the excellent scavenging profiles (Chapter 3).
The purified formulations showed no apparent toxicity at certain concentrations. In
more simple systems, like the isolated heart and cardiac myocytes, the ncs were harmless
at concentrations up to 0.5w%. The higher concentrations caused the prolongation of
QRS time (isolated heart) and decrease of spike frequency (cardiac myocytes), probably
by blocking the AV node as suggested by isolated heart experiments. As expected, the
harmless concentration of the ncs in the whole animal was significantly higher (1w%)
than in tissue alone. However, an interesting (and unfortunate) result is the increased
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toxicity of the ncs and toxic drug mixture in the animal. It seems that AMI amplified the
toxicity of the ncs in a mechanism not yet understood.
The detoxification potential of the ncs was studied in whole animal and cardiac
myocyte set ups. The former included only so called “preemptive” studies, meaning that
ncs were already present in the moment of toxic drug injection. The encouraging result is
that the ncs decreased the QRS time compared with drug alone situation, up to 50%.
Unfortunately, at this concentration of ncs, the animals experienced death in couple of
days time. The two times lower concentration of ncs had a less profound therapeutic
effect, suggesting that that the decrease in QRS time was the function of ncs present in
the animal. Furthermore, diluted ncs were apparently harmless with respect to animal’s
health. It is important to note that only PEO modified ncs were tested in vivo, while more
efficient PEO and COOH modified ncs were omitted due to shortage in the project’s
funding. It is reasonable to assume that more potent scavenging particles will require
lesser therapeutic concentration, so that the intrinsic toxicity might well be reduced.
A more detailed study on ncs detox profile was done using cardiac myocytes
deposited onto MEAs. The ncs presence in the system significantly diminished the toxic
effect of AMI with respect to both, spike rate and amplitude. The most encouraging
feature of the preemptive experiments was rapid and efficient action of nanocapsules on
the MEAs. In case of high drug concentrations (i.e. 2 and 5μM), the ncs effect was less
profound and slower than in the 1μM experiment. A very significant observation is that
cells subjected to lethal drug concentrations were able to recover only if the ncs were
present during the exposure. Moreover, we were able to proceed to a real time
detoxification experiments based on these results. We designed the real time
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detoxification experiments in way to fully mimic the potential drug overdose,190 that is
the drug was present at toxic level for 10 min. after the detoxification therapy was
administered. The ncs improved the activity of cells already contaminated with toxic
drug, especially with respect to spike rate. The obvious difference between the two
treatments happened 2 min. after the injection of ncs, showing promising sequestering
ability with possible clinical significance.
.

CHAPTER 5
CONCLUSIONS AND FUTURE WORK
Microemulsions and Nanocapsules Synthesis

The formation of the microemulsions proved to be a feasible process in the
presence of polymerizable alkylalkoxysilanes. It started as a scientific idea to extend the
methodology from previously studied alkylalkoxysilane network (thin film) formation at
the air/water interface (2D), to the oil/water interface of microemulsion droplets in the
bulk (3D). Most of the work is related to incorporation of the Octadecyltrimethoxysilane
(OTMS, 3) partially because the 2D study was done with this compound.
The most important consequence of the lipophilicity of OTMS was the necessity of
an external surfactant to successfully formulate stable microemulsions. Moreover, all of
the samples with OTMS had to be heated for period of time to self assemble in
microemulsion droplets. The heating time scaled up with the concentration of OTMS.
The external surfactants (most often 1 and 6) were chosen in accordance with US
Food and Drug Administration (FDA) Guidelines to increase the overall biocompatibility
profile of nanocapsules.
A variety of oil phases were used in this work, from very non-polar Hexadecane (2)
to more polar and FDA approved Ethyl Butyrate (7). A general trend observed is that
polar oils are easier to mix (i.e. shorter heating times), compared to non-polar oil phases.
On the other hand, microemulsions formulated using the non-polar oil phases were more
stable toward coalescence and creaming (i.e. more stable).
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Chronologically, formulations with a large excess of the external surfactant (i.e.
high Surfactant-to-oil ratio) were initially synthesized.191 These formulations provided
the synthetic proof of principle, and helped study the formation of microemulsion
droplets starting from the unswollen surfactant micelles by Quasi Elastic Light Scattering
(QELS). However, their properties were overshadowed by the surfactant and were not
studied further.
After the initial toxicity and biomedical tests with the aforementioned formulations,
the necessity of surfactant removal or decrease in the concentration became the focus of
this study. Therefore, formulations with lower surfactant-to-oil ratio (S/O) were
synthesized (i.e. medium S/O ratio).192 These samples were studied in detail, more
specifically the formulation aspects (i.e. the relative concentration of formulation
ingredients) on properties like, droplet size, architecture and silica shell thickness. As
expected, the increase in relative concentration of external surfactant lowered the droplet
size, while the increase in oil concentration had the opposite effect. A very important
conclusion is that the all formulations within a certain concentration window of the
ingredients were stable at least for the time necessary to build the silica shell. This means
that the droplets of different size can be templated to obtain the nanocapsules. The study
of the silica shell formation showed that the thickness is a function of sol-gel reagent
(Tetramethoxysilane TMOS) concentration, the number and size of the polymerizable
templates. The latter implies that the silica shell formed around the smaller droplets will
be thinner compared to bigger droplets (equal oil content!) at given concentration of the
sol-gel reagent. These results led to the successful and reproducible nanocapsule
syntheses in the range of 50 to 600nm in diameter.
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Although successfully synthesized, medium S/O samples still had a significant
excess surfactant that had to be removed. Therefore, further decrease in the surfactant
concentration was investigated (low S/O formulations). The apparent differences
(stability most importantly) in behavior from previous two groups of microemulsions
were the consequences of high oil concentration. The mechanism of droplet growth was
consistent with the Ostwald ripening model. Several successful strategies to prevent the
ripening were employed, like the increase in the OTMS concentration, addition of
extremely non-polar oil and formulating the system with higher molecular weight
surfactants.
The OTMS limited the choice of the external surfactants to Brij or Tween type that
were not ideally biocompatible as revealed by biomedical part of the study. Therefore,
more soluble alkylalkoxysilanes were used in the formulations (Alternative
formulations). The shorter alkyl tails of Octyltrimethoxysilane (OTS 16) and 3(trimethoxysilyl) methyl methacrylate (MTS 24) expanded the formulation options to
various ionic and polymeric surfactants.
The surface modification of nanocapsules was achieved by using the modifier (i.e.
compounds 9-11) compounds bearing the trialkoxysilane groups on one chain end and
desired functionality (i.e. polymer, acid, amine) on the other. It is important to note that
modification chemistry described in this work is just a glimpse of all possibilities to
synthesize functional nanoparticles.
Microemulsions and Nanocapsules Synthesis-Future Work

There are two main concerns with respect to synthetic work described in this study:
•

a) the excess of surfactant, not only due to high toxicity, but also surfactant can
direct the sol-gel synthesis towards formation of other, undesired types of
materials, like the solid silica nanoparticles for example.193-195
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•

b) it is very difficult and probably impossible to fully direct the condensation of
TMOS on the microemulsion droplet surface, due to competing self condensation
reactions
The scheme of the latter process is shown on Figure 5-1.

Figure 5-1. Left-The competition between the self condensation (outcome (b) red) and
condensation on the droplet surface (desired process (a) blue). Right from top:
sol-gel rods, unidentified high aspect ratio material and solid silica
nanoparticles.
The formation of various undesired materials is illustrated on Figure 5-1 (right
TEM images). Therefore, a strategy toward diminishing the aforementioned processes
has to be devised if nanocapsules are to be used in a larger scale.
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Oil in Ethylene Glycol microemulsion

One method to overcome these difficulties is to use Ethylene Glycol as a dispersion
medium instead of water, i.e. to formulate Oil-in-Ethylene Glycol (O/EG)
microemulsions. The benefits of this system include the direction of TMOS condensation
solely to the surface of nanocapsules, EG is not nearly as good as a catalyst for the
hydrolysis of TMOS as is water, therefore the reaction will be significantly slower, and
decrease in the population of surfactant micelles, since the critical micelle concentration
of surfactant is dramatically higher in EG compared to water.

Figure 5-2. The decrease in amount of water necessary to obtain clear microemulsion
(ME) with increase of lipophilicity of the oil phase (top left), the decrease in
the amount of water to obtain clear ME with increase in HLB of surfactant
mixture (bottom left) and TEMs of the core-shell nanocapsules using O/EG
microemulsion as a template (left).
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The initial experimental efforts are shown on Figure 5-2. Unfortunately, the
isotropic microemulsion can not be syntheisized using pure EG, however, upon titration
with small amounts of water (as low as 4-5w%) a clear and stable microemulsion can be
formed (Figure 5-2). The amount of water necessary to produce optically clear
microemulsion is the function of oil phase lipophilicty and the HLB number of surfactant
mixture (Figure 5-2). This synthetic pathway should be studied in greater detail,
especially since the EG can be easily replaced after the synthesis by water through
dialysis.
Double microemulsion technology.

A second possible solution to the aforementioned problems is the formation of the
nanocapsules using double microemulsion technology. It is well known that
monodisperse silica nanoparticles can be obtained through the sol-gel condensation of
Tetraethoxysilane (TEOS) in a water-in-oil (W/O) microemulsion.196

Figure 5-3. The scheme of the double microemulsion (ME) process: (from left) 1) O/W
ME is formed, 2) double O/W/O ME is formed, 3) sol-gel formation of the
shell and 4) pyrolysis at elevated temperature to obtain hollow nanocapsules.
The size of the nanoparticle is the function of water droplet size where the TMOS
condensation takes place. The idea is to form oil-in-water (O/W) microemulsion droplets,
as described in this work, and to conduct a polymerization of the “skin” layer to increase
the stability of these structures. Thus, prepared oil templates will be added to an oil

136
solution, to form the water-in-oil microemulsion. Therefore, a double, i.e. oil-in-water-inoil (O/W/O) microemulsion is obtained.

Figure 5-4. The core-shell nanocapsules synthesized using double microemulsion method
(top row) and hollow nanocapsules obtained after Thermogravimetric analysis
(TGA). (a) particles at 100 nm, (b-d) particles at 70nm, (e) 70 nm particles
after TGA, (f) 100 nm particle after TGA (the inner part was 30 nm in each
case)
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The main advantage of this system is that the TMOS condensation will be
restricted to nanometer sized water droplets (“water pools”) containing the previously
synthesized oil templates. Moreover, excess surfactant after the formation of the O/W
microemulsion will be easily removed, i.e. solubilized in the oil phase when double
microemulsion is formed. The purification is simple, the ethanol is added and the
nanocapsules are centrifuged and redispersed in water. The dried particles revealed less
electron-dense holes in the middle of the particles. The size of the holes was 10-15nm,
while the total size was 100+/-7nm (Figure 5-4 a) and 71+/-5nm (Figure 5-4 b-d). The
TEMs of particles after the TGA (Figure 5-4 e, f) revealed the less electron-dense holes
of 25+/-4nm, that is in a fair agreement with the measured size of oil droplets by QELS
(~30nm)!
Additional characterization experiments

The most important future experiments toward better understanding of
microemulsion and nanocapsule behavior is the investigation of the individual component
dynamics. In other words, the diffusion pattern of the surfactant and oil molecules, i.e.
whether they stay inside the core and how long. Furthermore, the porosity of the shell and
its dependence on shell thickness are also essential for practical and fundamental reasons.
It is very difficult to obtain molecular weight and true architecture of poly (OTMS)
molecules presumably formed at the ME oil/water interface. Therefore experiments with
dimethoxy polymerizable surfactants should be done in order to confirm the postulated
mechanism of polymerization and the presence of unreacted silanols that serve as
“anchoring points” for the silica shell formation.
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Biomedical Characterization and Drug Detoxification

Probably the most detailed part of the study is the relation of the surface chemistry
and the biomedical behavior of nanocapsules.197 The benefits of surface modification
with poly (ethylene oxide) are increased resistance toward aggregation and stability in
water solutions. Moreover, increased biocompatibility of the PEO modified ncs is
demonstrated by hemolysis and Thromboelstography (TEG) assays. The particle size
effect, that is, the increased toxicity of the ncs with an increase in the size observed with
non-modified ncs was diminished by the presence of PEO.
The absence of any surfactant micelles or soft microemulsion droplets was crucial
for the application of the ncs in detoxification tests. The reasons for such high toxicity
were not in the focus of this study. Intuitively, small size, dynamic nature and great
solubilization power of the surfactant micelles are some of the factors contributing to the
observed behavior.
The uptake profile was also greatly influenced by the presence of surfactant
micelles. Micelles and soft microemulsion droplets were by far the best scavenging
entities tested in this work for the same reasons as mentioned earlier. Despite these
difficulties, the uptake potential of oil cores as a function of the ingredient concentrations
was investigated. The uptake capability of the oil cores is determined by the size, i.e. the
amount interfacial area. These experiments suggested that the guest molecules partition
more likely at the oil/water interface, than in the oil reservoirs.
The experiments with nanocapsules revealed somewhat different mechanism of
uptake. The electrostatic interactions are the driving force for the removal of the toxic
drug. Furthermore, presence of a modifier on the surface that enhances this interaction
(i.e. carboxylic acid) led to profound increase in uptake ability.
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The toxicity of nanocapsules was studied in isolated heart, cardiac muscle cells
plated on the Microelectrode arrays (MEAs) and in vivo. In most cases, at medium
concentrations (e.g. 2-5mg/ml) no apparent toxicity was observed.
It is somewhat surprising that ncs were able to decrease the concentration of the
toxic drug in vivo, having in mind the disappointing uptake profile in human plasma and
whole blood. Unfortunately, due to high costs of these experiments, the quantification of
the therapeutical effects was not concluded. The proof of principle investigation of ncs as
the potential detox agents was nonetheless achieved on cardiac myocytes plated on
MEAs. The detoxification was demonstrated by the preservation of cell activity in
preemptive conditions, when both ncs and the drug were added simultaneously. More
importantly, the nanocapsules showed therapeutic potential by increasing the cells
activity parameters, when injected in cell suspensions 10 min. after the drug.
Biomedical Characterization and Drug Detoxification-Future Work

It was already mentioned that the drug uptake experiments in blood plasma
(Chapter. 3) failed to give a clear indication of antidote action of nanocapsules. The
reason for this outcome is a high affinity of AMI to bind to immunoproteins in the blood
stream, more specifically α1-acid glycoprotein (AAG) that is responsible for the removal
of 91-95% of AMI from the bloodstream.198, 199 Henry et. al.200 used the aforementioned
property of AAG to demonstrate the AMI drug reversal in isolated cardiac myocytes by
patch clamp methods. Another strategy toward drug detoxification using unmodified
biomolecules is described in the work of Brunn et. al.201 where the drug specific antibody
fragment (F (ab’)2) was used to lower the concentration of desipramine (toxic drug) in
rats.
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Silica nanoparticles with encapsulated α1-acid glycoprotein

Figure 5-5. The scheme of silica nanoparticles with AAG protein formation using W/O
method
As already mentioned, the formation of monodispersed silica nanoparticles is
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conveniently done through the water-in-oil (W/O) microemulsion method.

Figure 5-6. The silica nanoparticles with embedded AAG of different size.
The idea for future research is to use the α1-acid glycoprotein (AAG) aqueous
solution instead of water in the method, thus producing the nanoparticles with protein
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embedded or encapsulated inside (Figure 5-5). It is reasonable to assume that these
particles would be efficient drug scavengers even in the bloodstream.
The advantages of this technology include the ease particle size control by
changing the Surfactant-to-water ratio (shown on Figure 5-6), convenient purification and
possibility of in situ surface modifications.
Since AAG is negatively charged protein (pI~2), an amino based alkylalkoxysilane
(3-aminopropyltrimethoxysilane) was added before TMOS/TEOS in attempt to obtain the
core-shell nanoparticles.

Figure 5-7. The morphologies of nanoparticles obtained with low (upper row) and high
concentration of 3-aminopropyltrimethoxysilane (bottom row).
The presence of protein in particles, as well as modification of the surface, can be
investigated by the IR spectroscopy.
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Figure 5-8. The IR spectra of (from top) neat AAG, bare Si nps and AAG@ nps.
The preliminary measurements in saline suggest that the presence of AAG
significantly improved the uptake properties of Si nanoparticles.
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Figure 5-9. The comparison of uptake efficiency of nanoparticles with and without AAG
(left), and two populations of nanoparticles with different concentrations of
AAG (right).
Additional Experiments

Unfortunately, the complex and expensive experiments of in vivo detoxification
assessment and biodistribution could not be done in this work. It would be interesting to
see the difference (if any!) in the biological fate of nanocapsules with different surface
chemistries. The outcome of these experiments would likely decide the future research
direction, i.e. whether they are suitable for biosensors, imaging, cell adhesion and drug
delivery.
More detailed study should be done to understand the precise nature of the
interaction between the nanocapsules and the guest molecules. The dynamics of the guest
molecule, once captured by the ncs would be the most interesting scientific topic in this
regard. Analytical techniques as NMR Diffusiometry, Cyclic Voltametry and
Fluoroscence Spectroscopy should be used in order to study the stability of the assembly
and the kinetics of guest molecule encapsulation. These findings would lead to changes in
the synthesis procedure to obtain more efficient scavenging systems.
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The application of PLGA copolymers in the synthetic process is one of the
alternatives for the formation of nanocapsules from biodegradable and biocompatible
materials. Furthermore, the nanocapsules synthesis should be very reproducible (5-10%
standard deviation) in order to meet strict US FDA requirements for the clinical
application.
This study summarizes the attempts to understand the possibility of using
crosslinkable microemulsions for the template synthesis of functional nano-objects. The
future challenges are outlined and possible scientific solutions are described. I hope this
work will serve as a basis for further research directed toward practical and large scale
usage in a real life, since this was my goal from the point I started working on this
project.

APPENDIX A
CHEMICAL STRUCTURES OF COMPOUNDS USED IN THIS WORK

Figure A-1. The chemical structures of compounds used as surfactants and co-surfactants
in this work.
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Figure A-2. The chemical structures of compounds used as oil phases and model drugs
for the uptake studies.

Figure A-3. The chemical structures of crosslinkable surfactants, sol-gel agent and
surface modifiers.
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Figure A-4. The scheme of nanocapsules synthesis (medium Surfactant-to-Oil ratio),
Chapter 2.

APPENDIX B
INFRARED (IR) SPECTROSCOPY CHARCTERIZATION OF SURFACE MODIFIED
NANOCAPSULES

Figure B-1. The IR spectra of silica and PEO modified nanocapsules.
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Figure B-2. The IR spectra of PEO and COOH modified (upper) and COOH alone silica
nanocapsules.
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Figure B-3. The IR spectrum of amino modified silica nanocapsules.

APPENDIX C
LIST OF ABBREVIATIONS
1.

AMI-Amitriptyline

2.

EB-Ethyl Butyrate

3.

Tw-80-Tween-80

4.

ME-microemulsion

5.

S/O-Surfactant-to-oil ratio

6.

PS/O-Polymerizable Surfactant-to-oil ratio

7.

QELS-Quasi Elastic Light Scattering

8.

TEM-Transmission Electron Microscopy

9.

SEM-Scanning Electron Microscopy

10.

O.C.-Oil cores

11.

Ncs-nanocapsules

12.

Nps-Nanoparticles

13.

PEO-Poly (ethylene oxide)

14.

TMS-Trimethoxysilane

15.

OTMS-Octadecyltrimethoxysilane

16.

TEG-Thromboelastography

17.

RBC-Red blood cells

18.

C.P.-Cloud point

19.

HLB-Hydrophilic-Lypophilic balance

20.

SA-Sinoatrial node
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21.

AV-Atrioventricular

22.

Cmc-Critical micelle concentration

23.

Cpp-Critical Packing Parameter

24.

HPLC-High Performance Liquid Chromatography

25.

O/W-Oil in water microemulsion

26.

W/O-Water in oil microemulsion

27.

AAG-α1-acid glycoprotein

28.

O/EG-Oil in Ethylene Glycol microemulsion
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