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ABSTRACT

Nanotechnology, the science and engineering of materials at the nanoscale, is a booming
research area with numerous applications in electronic, cosmetic, automotive and sporting goods
industries, as well as in biomedicine. Composite nanoparticles (NPs) are of special interest since the
use of two or more materials in NP design imparts multifunctionality on the final NP constructs. This
is especially relevant for applications in areas of human healthcare, where the use of dye or drug
doped composite NPs is expected to improve the diagnosis and treatment of cancer and other serious
illnesses. Since the physicochemical properties of NP suspensions dictate the success of these
systems in biomedical applications, especially drug delivery of chemotherapeutics, synthetic routes
which offer precise control of NP properties, especially particle diameter and colloidal stability, are
utilized to form a variety of composite NPs. Formation of NPs in reverse, or water-in-oil, micelles is
one such synthetic approach. However, while the use of reverse micelles to form composite NPs
offers precise control over NP size and shape, the post-synthesis laundering and dispersion of
synthesized NP suspensions can still be a challenge. Reverse micelle synthetic approaches require the
use of surfactants and low dielectric constant solvents, like hexane and cyclohexane, as the oil phase,
which can compromise the biocompatibility and colloidal stability of the final composite NP
suspensions. Therefore, appropriate dispersants and solvents must be used during laundering and
dispersion to remove surfactant and ensure stability of synthesized NPs. In the work presented in this
dissertation, two laundering and dispersion approaches, including packed column high performance
liquid chromatography (HPLC) and centrifugation (sedimentation and redispersion), are investigated
for silver core silica (Ag-SiO2) and calcium phosphosilicate (Caw(HxPO4)y(Si(OH)zOa)b.cH2O, CPS)
composite NP suspensions synthesized in a cyclohexane/ polyoxyethylene (5) nonylphenylether
(Igepal® CO-520) /water reverse micelle system.
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In Chapter 3, an HPLC laundering and dispersion approach for Ag-SiO2 composite NPs is
studied. The deposition and detachment behavior of 5 w/w 3- aminopropyltriethoxy silane (APTES)
dispersed Ag-SiO2 suspensions on 1 w/o, 5 w/o and 15 w/o APTES treated SiO2 column stationary
phase microspheres is investigated with respect to final % mass yields for collected NP suspensions.
Field emission scanning electron microscopy (FESEM) studies confirm multilayer deposition of AgSiO2 NPs during loading and retention on the column during laundering stages of the process
independent of w/o APTES treatment on stationary phase microspheres, with individual deposited
Ag-SiO2 NPs observed to be in the 20-30 nm diameter range. Patchy deposition patterns and
irreversible agglomeration are also confirmed via FESEM, as fractions of loaded Ag-SiO2 NPs
remain attached on the 1 w/o, 5 w/o and 15 w/o APTES stationary phases after completion of the
collecting stage of the process. Column experiments monitored by UV –visible spectroscopy, along
with % mass yield calculations, suggest that the use of 5 w/o and 15 w/o APTES treated stationary
phases increases overall Ag-SiO2 NP % mass yield in the final collected suspensions when compared
to 1 w/o APTES treated materials when using 70:30 ethanol:water (by volume) at operational pH 6 as
mobile phase solvent mixture during the collecting stage. This is in agreement with the prediction
that an increasing amine surface coverage on SiO2 stationary phase microspheres will result in
increased electrostatic repulsive interactions during the collecting stage of the process. A modified
DLVO theory is used to calculate total interaction energies (kT) and attachment efficiencies (in %)
for each of the three stages of the packed column HPLC process, but is shown not to be in agreement
with experimental observations due to low attachment efficiencies (%)calculated for the laundering
stage of the process.
In Chapter 4, a packed column HPLC process, which is used to launder and disperse CPSNPs
synthesized in cyclohexane/Igepal® CO-520/water reverse micelles and dispersed with 50 w/w citrate,
is investigated. Similar to laundering approach reported in Chapter 3 for the Ag-SiO2 system, it
consists of a loading, laundering and collecting stage, where solvent mixtures of varying dielectric
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constants are used as mobile phases to control colloidal interactions and support either deposition or
detachment of CPSNPs from the packed column SiO2 stationary phase microspheres. FESEM studies
on stationary phase samples recovered after loading and laundering stages confirm multilayer
deposition of CPSNPs, indicating favorable conditions for attachment. SEM/EDS analysis of
fractions collected during each stage of the process confirms removal of surfactant and spectator ions
during the loading and laundering stages of the process, while presence of Ca, P and Si is confirmed
for the NP suspensions collected during the collecting stage of the process. The dielectric constant of
the mobile phase solvent mixture is found to influence the deposition and detachment of CPSNPs, as
confirmed via modified DLVO theory calculations for the loading, laundering and collecting stages of
packed column HPLC process. As expected, the DLVO calculations show that CPSNP removal is
dependent on particle diameter, with smaller CPSNPs (< 20 nm) most likely lost during the loading
and laundering stages of the process. Based on modified DLVO theory, high (~100%) attachment
efficiencies are predicted for the loading and laundering stages, indicating that CPSNPs are deposited
and retained on the column media. For the collecting stage of the process, detachment is predicted
due to low attachment efficiencies calculated based on DLVO theory interaction energy curves.
In Chapter 5, the development of two liquid chromatography tandem mass spectrometry (LCMS/MS) techniques for the measurement of 5-fluorouracil (5-FU) dopant in CPSNP suspensions is
presented and discussed. The first LC-MS/MS technique is limited due to a lack of validation for
accuracy and precision, while the second, improved technique is successfully employed to determine
the dependence of 5-FU dopant concentrations in CPSNP suspensions based on key synthetic
parameters, including: micelle exchange time, addition of 5-FU drug to microemulsion A versus
microemulsion B during synthesis, and scaling up of synthetic volume from 1x to 3x. Based on 5-FU
concentrations (nM) measured by the improved LC-MS/MS method, a micelle exchange time of 2
minutes with the addition of the drug to microemulsion A is determined to be sufficient for adequate
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drug encapsulation for the typical 1x volume CPSNP synthetic procedure. This synthetic approach is
used in all studies reported in the Chapter 6.
In Chapter 6, the effects of two laundering and dispersion approaches on the physicochemical
properties, including particle diameter and morphology, drug encapsulation efficiencies and residual
surfactant concentrations of final 5-FU doped CPSNP suspensions are studied. A centrifugation
(sedimentation and redispersion) laundering and dispersion approach is developed and compared to a
packed column HPLC laundering and dispersion approach where ~200 µm soda lime silicate glass
spheres are utilized as the column packing material. Particle morphology and state of dispersion are
assessed via transmission electron microscopy (TEM) and compared for 5-FU doped and ghost
CPSNP suspensions laundered via either centrifugation or packed column HPLC. Suspensions are
confirmed to have a spherical morphology and appear well dispersed independent of laundering
method. Analyses of lognormal diameter distributions by number indicate that the doping of CPSNPs
with 5-FU during CPSNP particle formation results in an increase in overall particle diameter
independent of laundering method for the 50 w/w citrate CPSNP suspensions. Post-laundering
secondary functionalization with polyethyelene glycol (PEG) and gastrin 10 (g10) is found to
improve the colloidal stability of the final 5-FU doped CPSNP suspensions. Encapsulation
efficiencies (%) determined from 5-FU dopant concentrations (nM) measured using LC-MS/MS and
are low (< 1%), indicating that the synthetic approach reported here needs to modified to improve
capture of 5-FU molecules in the CPSNP matrix. Based on optical density (OD) measurements via
UV-visible spectroscopy, the residual surfactant concentrations for both 5-FU-CPSNP-citrate and
ghost-CPSNP-citrate suspensions laundered by centrifugation are approximately an order of
magnitude lower when compared to packed column HPLC laundered CPSNP suspensions (10-5 M for
centrifugation versus 10-4 M for packed column HPLC), suggesting that multiple laundering cycles
are necessary to improve surfactant removal using the packed HPLC approach presented here.
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Chapter 1
Background and Significance

1.1 Introduction

While some of the most intriguing early uses of nanomaterials date back to 9th
century BC Mesopotamia and 4th century AD Rome, where metallic nanoparticles were used
as color pigments in luster and glass technology,1 the biggest step in advancing the scientific
knowledge in nanomaterials is attributed to Michael Faraday. Faraday’s systematic studies
in the 1850s on the interaction of light with metallic nanoparticles laid the groundwork for
modern day developments in colloidal chemistry and nanotechnology.2 In more recent
decades, nanotechnology, the science and engineering of materials at the nanoscale, has
become a booming research area with significant applications in many industries. Today,
nanomaterials are used in everyday items, such as sporting goods, tires, stain-resistant
clothing, sunscreens, cosmetics, and electronics.3 This successful growth in industrial
applications of nanotechnology has largely been made possible by continuous improvements
in the synthetic, dispersion and characterization approaches for various organic, inorganic,
metallic and composite nanoparticles (NPs). Composite nanoparticles are of special interest
since the use of two or more materials in the nanoparticle design imparts multifunctionality
on the final nanoparticle constructs. This is especially relevant for applications in human
healthcare, where composite nanoparticles can be used for both the diagnosis and treatment
of cancer and other serious illnesses. As the numbers of cancer diagnoses steadily rise in the
United States (US) and around the world, with estimates from American Cancer society
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predicting 1,658,370 new cancer cases in 2015 in the US alone4, the impact of nanoparticles
in the delivery of chemotherapeutics for cancer treatment is expected to be significant as
more nanomaterials continue to be approved for human use and eventually enter the clinic.
A number of nanoparticle systems are already on the market for clinical use or in
clinical trials, including liposomes, polymeric NPs, iron oxide and silica.5 A summary table
of the most common NP systems investigated in lab settings for drug delivery and
bioimaging is provided in Table 2-1 in Chapter 2, with the desired properties for NPs in drug
delivery given and explained in Table 2-2. In general, special emphasis is placed on small
particle diameter (<100 nm) and colloidal stability as physicochemical properties dictating
the success of NPs in biomedical applications, especially drug delivery of chemotherapeutics.
As a result, the use of synthetic approaches which allow for control of both NP size and
stability in suspension is important. For composite NPs, like silver core silica (Ag-SiO2) and
calcium phosphosilicate (CPS) composite NP systems investigated in this dissertation,
reverse micelle synthetic approaches can be used to control both size and colloidal stability
of the final NP suspensions.

1.2 Significance of Reverse Micelle Synthetic Approaches

Since the early work of Boutonnet et al. in 1982 on the synthesis of 3-5 nm Pd, Pt, Ir
and Rh NPs via reduction of metal salts in double reverse micelles6, various reverse micelle
synthetic approaches have been reported as potential routes to producing metallic,
semiconductor, and oxide NP suspensions with well defined NP shapes and sizes.7-9 A
reverse, or water-in-oil, micelle system consists of a homogeneous mixture of water, oil, and
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surfactant molecules and is isotropic and thermodynamically stable.10, 11 Water nanodroplets,
which form in the bulk oil phase in the presence of a surfactant, act as nanoreactors and
provide a confined medium for discrete particle formation.12 The use of reverse micelles for
the synthesis of NPs is advantageous because: (1) established aqueous precipitation routes for
a variety of inorganic materials can be easily adapted to these approaches with more control
over synthetic parameters, and (2) NP formation, shape and colloidal stability can be
controlled, with the size of the water nanodroplets limiting particle growth and the surfactant
molecules adsorbing onto the growing NPs and preventing NP agglomeration.13 The size of
the formed reverse micelles, and consequently the water nanodroplets, is controlled by
maintaining a desired R value, the molar ratio of water to surfactant (R =
[H2O]/[surfactant]).8, 10, 11 The R value has also been shown to dictate the morphology of the
precipitated particles for CP-based NPs, as demonstrated by Lai et al.14, 15 While cationic,
anionic and nonionic surfactants can be used to form reverse micelles, cationic and nonionic
surfactants are used most often in reported reverse micelle synthetic approaches.13
NPs are generally precipitated using one of two reverse micelle synthetic approaches
illustrated in Figure 1-1.16 In the single reverse micelle approach, the first reactant (labeled
as A) is solubilized in the aqueous core (step 1). The second reactant (labeled as B) is then
added (step 2) and diffuses into the aqueous core, which leads to chemical reactions and
results in nucleation and growth of primary particles. In the double reverse micelle approach,
two precursors are first solubilized in the aqueous cores of two different micelle suspensions
(step 1), and only react once the two micelles are mixed and micelle exchange is initiated
(step 2). Collision, fusion and fragmentation of micelles and subsequent reactions then lead
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to nucleation and growth of primary nanosized particles (step 3). This is followed by
agglomeration of primary particles to form larger diameter particles (step 4).

Figure 1-1. An illustration of the single and double reverse micelle synthetic approaches used to form
particles. In the single reverse micelle approach, the first reactant (A) is solubilized in the aqueous core
of the reverse micelle (step 1). The second reactant (B) is then added (step 2) and diffuses into the
aqueous pool, which leads to chemical reactions and results in nucleation and growth of primary
particles. In the double reverse micelle approach, two precursors are first solubilized in the aqueous
cores of two different micelle suspensions (step 1), and only react to once the two micelles are mixed
and micelle exchange is initiated (step 2). Collision, fusion and fragmentation of micelles and
subsequent reactions then lead to nucleation and growth of primary fine particles (step 3). This is
followed by agglomeration of primary particles to form larger particles (step 4). In the work presented
in this dissertation, a single reverse micelle approach is used to synthesize silver core silica(Ag-SiO2)
NPs, while a double reverse micelle approach is utilized to precipitate calcium phosphosilicate (CPS)
nanoparticles. Adapted and redrawn with modifications from reference 16.
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Both single and double reverse micelle synthetic routes have been used to precipitate
SiO2 and CP-based composite NPs by a number of researchers.8, 14, 15, 17-21 The most
extensive studies on the synthesis of SiO2 NPs have been reported by Osseo Asare and
Arrigada, who investigated synthetic parameters, nucleation and growth kinetics, and phase
and dispersion stability for SiO2 particles in a reverse micelle system. 22-27 One additional
improvement highlighted in the last decade for SiO2 and CP-based NPs synthesized in
reverse micelle systems is that doping of NPs with organic dyes and drug molecules during
precipitation is achieved to create composites for applications in bioimaging and drug
delivery applications. This has been demonstrated by Tan and coworkers for the SiO2 NP
system and by Adair and coworkers for the CPNP and CPSNP systems.17, 20, 28, 29
Despite the many advantage of reverse synthetic micelle approaches, one aspect that
still remains a challenge is the post-synthesis laundering and dispersion of as synthesized NP
suspensions. This is especially relevant for applications in chemotherapeutic drug delivery.
Presence of organic synthetic precursors, like cyclohexane and surfactant, can lead to a lack
of colloidal stability and increased toxicity of the NP formulations. Surfactant toxicity has
been shown to be concentration dependent for commonly used surfactants like Triton-X,30, 31
with causes of toxicity indicated to be disruption of cytoplasmic and nuclear membranes and
denaturation of proteins.12 Also, secondary functionalization with passive (i.e. polyethylene
glycol) and active targeting molecules is compromised if adsorption of residual surfactant
molecules occurs on the NP surfaces and changes the desired surface chemistry. Ultimately,
in order to ensure lack of toxicity and maintain colloidal stability for successful applications
in biomedicine, composite NP suspensions, like SiO2 and CP-based NP systems, need to be
adequately laundered to remove the oil phase, surfactant and spectator ions present during
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NP precipitation. A packed column HPLC technique has been reported for laundering and
dispersion of both Ag-SiO2 and CPS NP suspensions by Adair and coworkers and is studied
in the work presented in this dissertation.17, 20, 21, 30 The significance of packed column
approaches as NP separation techniques is discussed in the next section.

1.3 Packed Column Techniques as Laundering and Dispersion Approaches

The introduction of a packed column technique for deposition and detachment of
colloidal suspensions dates back to a study reported in 1966 by Clayfield and Lumb, which
examined deposition and detachment behavior of carbon black particles on stainless steel
microspheres in nonaqueous media.31 Since these initial studies, the conditions of deposition
and detachment for a number of inorganic colloidal systems, including hydroxyapatite
(HAp)32-34, in packed columns have been studied. Emphasis has been placed on solution
chemistry conditions, including pH, ionic strength, and presence of impurities in the form of
surfactants and organic dyes, as well as surface chemistries of colloids and stationary phases
as important parameters affecting both deposition and detachment processes of various
colloids in packed columns. However, published reports have primarily focused on
deposition and detachment of colloidal suspensions in wholly aqueous environments,
because these phenomena are of relevance to a number of industrial and natural processes,
especially colloid facilitated contaminant transport and waste water filtration. To our
knowledge, the use of packed columns to launder and disperse inorganic or composite NP
suspensions synthesized in reverse micelles has only recently been reported by Adair and
coworkers.17, 20, 21, 30
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To successfully launder and disperse NPs synthesized in reverse micelle systems using
packed column techniques, stabilization routes for NPs in wholly aqueous, nonaqueous and mixed
solvents need to be understood, along with how these routes affect the interparticle forces which
govern colloidal stability. In general, to achieve colloidal stability for particles in suspensions, one of
three dispersion approaches is employed. These are illustrated in Figure 1-2 and include electrostatic,
electrosteric and steric stabilization.35

Figure 1-2. An illustration of the three approaches typically used to stabilize
nanoparticles in suspensions. These include: electrostatic, electrosteric and steric
stabilization routes. As discussed in this chapter, the approach used is dependent
on the solvent environment for a given suspension, with steric and electrosteric
approaches often employed to disperse nanoparticles in nonaqueous and mixed
solvent systems. Adapted from reference 32.
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In the case of electrostatic stabilization in aqueous conditions, researchers primarily rely on
the formation of double layers around particles to generate enough repulsion and keep particles from
agglomerating in suspensions. Since water is a high dielectric constant solvent, particle surfaces
easily acquire surface charge via one of four charging mechanisms: dissociation of surface groups,
adsorption of potential determining ions, adsorption of ionized surfactants, or isomorphic
substitution.36 An illustration of a double layer formed around a particle in water, is given in Figure
1-3. The potential at the plane of shear, also known as the ζ-potential, is often used to approximate
surface charge because it can be determined experimentally for particles in suspension using
electrophoresis. In studies where particles are stabilized electrostatically, the surface charge and the
ζ-potential, can be controlled by varying the concentration of relevant ionic or adsorbing species in
suspension. This is typically by controlling suspension pH and ionic strength. In packed column
studies, the dependence of ζ-potentials on suspension pH has often been used to influence the
deposition and detachment behavior of colloidal suspensions on packed column stationary phases.
Typically, the pH of the suspension is adjusted accordingly so that the ζ-potentials of the NPs in
suspension and stationary phase particles are of opposite sign. This effectively minimizes repulsive
electrostatic interactions, therefore providing favorable conditions for NP deposition from flowing
suspension onto the stationary phase particles. To induce particle release, pH is altered so that the
deposited particles and the stationary phases are then characterized by sufficiently high ζ-potentials of
the same sign. This results in an increase in interparticle repulsive forces due to electrostatic double
layer interactions, and the deposited particles are detached from the stationary phase surfaces.
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Figure 1-3. An illustration of the double layer generated by surface charge for a
spherical particle in an ionic medium. The potential at the plane of shear, also
known as the ζ-potential, is often used to approximate surface charge for
particles in suspensions because it can be determined experimentally.
Schematic courtesy of J.H. Adair.

The dielectric constant of the solvent system in which NPs of interest are suspended has been
shown to be in important parameter in determining the electrostatic repulsion between particles.37 In
nonpolar solvents, like cyclohexane and dioxane, which are characterized by very low dielectric
constants (ε<5), ions, like Na+ and Cl-, do not disassociate.38 As a result, high ζ-potentials measured
in these systems are not attributed to the presence of a double layer similar to one that forms in
aqueous solvent conditions.38 Generally, the stability of nonaqueous colloidal suspensions is affected
by magnitude of ζ-potential, where both the sign and magnitude of ζ-potential are influenced by polar
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impurities and the nature of surfactant present in suspension.39 Charge in these solvents can only be
carried by reverse micelles since ions are only solubilized in the aqueous cores of reverse micelle
systems.38 This has recently been demonstrated for SiO2 suspensions in nonaqueous media, where
reverse micelles were formed at high enough concentrations of added surfactants, resulting in an
increase in measured ζ-potentials.40 It has been shown that sufficiently high ζ-potentials on the order
of 40-50 mV are required to maintain electrostatic dispersion for particle suspensions in low dielectric
constant, nonpolar media and in intermediate dielectric constant polar media like ethanol. Recent
examples are provided by Widegreen and Bergstrom in reported stability studies for alumina, titania
and silicon carbide particles suspended in ethanol.41, 42 In the packed column HPLC approaches
investigated in this dissertation, low and intermediate dielectric constant solvent mixtures are used as
mobile phases to support deposition of NPs onto the stationary phase while removing residual
surfactant and precursors, and higher dielectric constant solvent mixtures (ethanol:water) are used to
collect and disperse the final NP suspensions.
Since electrostatic dispersion can be challenging in nonaqueous solvent environments, steric
or electrosteric dispersion approaches are generally used to ensure stability of particle suspensions.
Usually, surfactants or polymers are used for this purpose, because these molecules can act as a
protective layer on the particle surface by preventing particles from approaching each other.43 For
steric stabilization, nonionic surfactant or polymeric molecules are typically used as dispersants,
while electrosteric stabilization approaches typically utilize ionic surfactants, which have cationic or
anionic groups and can become charged.
The Deraguin-Landau-Verwey-Overbeek (DLVO) theory of colloidal stability is typically
used to predict the colloidal stability of particle suspensions in aqueous, nonaqueous and mixed
solvent systems.44, 45 According to the DLVO theory, the total interaction energy is equal to the sum
of attractive van der Waals and repulsive electrostatic interactions for a particle system suspended in a
given solvent system. The attractive van der Waals forces result from the interactions between

11
fluctuating or permanent dipoles for molecular and macroscopic bodies in close proximity.46 The
magnitude of the attractive van derWaals (vdW) interaction energy is largely dependent on the
Hamaker constant, A, and decreases as separation distance between particles increases.46, while the
Hamaker constant depends on both the particle and solvent properties, including dielectric constant
and refractive index, for a given NP suspension.46 In Figure 1-4, examples of total interaction energy
(kT) curves are shown for two spherical particles in suspension in four different scenarios: when (1)
particles in suspension are uncharged and dispersants are not used to maintain colloidal stability, and
when (2) electrostatic (3) steric and (4) electrosteric dispersion routes are used to stabilize particle
suspensions against agglomeration.
In scenario (1), attractive van der Waals forces dominate at short separation distances, and the
particles in suspension are not expected to remain colloidally stable. As two particles approach each
other, they are trapped in the deep primary minimum, and irreversibly agglomerate. With the use of
electrostatic dispersion routes (scenario (2)), particles remain dispersed as long as there is a high
enough energy barrier to agglomeration. Typically, based on DLVO theory of colloidal stability, ~15
kT is considered to be a sufficient interaction energy barrier to prevent agglomeration for particles in
suspensions.44, 45 With steric and electrosteric dispersion approaches depicted in scenarios (3) and (4)
respectively, the interaction energy curves are truncated due to the protective surfactant or polymer
layer on the surface of the particles and no primary energy minima are observed as seen in the total
interaction energy curves.
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Figure 1-4 .Total interaction energy curves for two spherical particles in aqueous suspension expected for
scenarios: (1) when van der Waals attractive forces dominate interactions between the particles, and when
(2) electrostatic, (3) steric or (4) electrosteric dispersants are used to maintain particle stability in
suspension. The same interaction energy profiles would be expected for similar scenarios where NPs are
interacting with stationary phase microspheres in packed columns under aqueous conditions. The column
packing spheres are generally treated as flat plates if there is a significant size difference between the
stationary phase microspheres and the NPs in suspension. Schematic courtesy of J.H. Adair.

1.4 Objectives and Chapter Summaries

The objective of the work presented in this dissertation is to investigate the laundering and
dispersion routes for Ag-SiO2 and CPS composite NPs synthesized in a cyclohexane/Igepal® CO520/water reverse micelle system using both experimental and theoretical approaches. Laundering
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and dispersion dictate physicochemical properties for NP suspensions synthesized in reverse micelles,
which is why they are deemed important.
Chapter 1 presents a brief background and discussion on the significance of reverse micelle synthetic
approaches, and colloidal stability concepts with respect to packed column laundering and dispersion
approaches.
Chapter 2 reviews the literature on calcium phosphate (CP) based composite nanoparticles (NPs) in
biomedical applications. Emphasis is placed on how improvements in synthesis and dispersion
approaches have dictated various physicochemical properties of CP based NP systems for
applications in biomedicine, including bioimaging and therapeutic delivery.
Chapter 3 examines the deposition and detachment behavior of 5 w/w 3- aminopropyltriethoxy silane
(APTES) dispersed Ag-SiO2 suspensions synthesized in cyclohexane/Igepal® CO-520/water reverse
micelles on 1 w/o, 5 w/o and 15 w/o APTES treated SiO2 column stationary phase microspheres with
respect to final % mass yields for collected NP suspensions. FESEM studies are used to examine
deposition of Ag-SiO2 NPs during loading and retention on the column during laundering stages of
the process based on w/o APTES treatment on stationary phase microspheres. Observations during
column experiments monitored by UV –visible spectroscopy are used to corroborate % mass yields
determined from loss on ignition (LOI) for final suspensions. Finally, a modified DLVO theory is
used to calculate total interaction energies (kT) and attachment efficiencies (in %) for each of the
three stages of the packed column HPLC process.
Chapter 4 examines a packed column HPLC process for the laundering and dispersion of CPSNPs
synthesized in cyclohexane/Igepal® CO-520/water reverse micelles and dispersed with 50 w/w citrate.
FESEM studies are performed on stationary phase samples recovered after loading and laundering
stages to confirm multilayer deposition of CPSNPs. SEM/EDS analysis is carried out on the waste
solution and NP suspension fractions collected during each stage of the process to confirm removal of
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surfactant and spectator ions during the loading and laundering stages of the process, and presence of
Ca, P and Si for the NP suspensions collected during the collecting stage of the process. Modified
DLVO theory calculations are performed for colloidal interactions between the stationary phase
microspheres and the CPSNPs during the loading, laundering and collecting stages of the HPLC
process. The calculated interaction energy (kT) curves are used to approximate attachment
efficiencies (in %) for the loading ,laundering and collecting stages of the packed column HPLC
process.
Chapter 5 summarizes the development of two liquid chromatography tandem mass spectrometry
(LC-MS/MS) techniques for the detection of 5-fluorouracil (5-FU) chemotherapeutic dopant in the
CPSNPs are developed and summarized. The second, improved technique is highlighted and used to
study the effects of synthetic parameters, including micelle exchange time, addition of drug to
microemulsion A versus B, and the tripling of volumes for synthetic precursors, on the concentrations
of 5-FU dopant in the CPSNPs. Based on the studies, an optimal synthetic procedure for maximizing
5-FU encapsulation is determined and used in the studies reported in Chapter 6.
Chapter 6 examines and compares the effects of a differential centrifugation and a packed column
HPLC laundering and dispersion approaches on the physicochemical properties of 5-FU doped
CPSNPs synthesized in the cyclohexane/Igepal® CO-520/water reverse micelle system. Particle size
and morphology, residual surfactant concentrations, drug encapsulation efficiencies and endotoxin
concentrations are determined and compared for 5-FU doped CPSNP suspensions laundered by
centrifugation and packed column HPLC. Same properties are examined for ghost (undoped) CPSNP
suspensions and compared to those of the 5-FU doped particles.
Chapter 7 summaries the work presented in this dissertation and provides suggestions for future
experiments.
A number of appendices are also included to supplement the studies reported in Chapters 2-6. :
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Appendix A - Theoretical Ag-SiO2 NP Yields and APTES Surface Coverage for Ag-SiO2 NPs and
Stationary Phase
Appendix B - Dielectric Constant, Refractive Index and Viscosity Approximations for the Packed
Column HPLC Mobile Phase Solvent Mixtures
Appendix C - Ionic Strength (M) Calibrations for the Packed Column HPLC Laundering and
Dispersion Process Mobile Phase Solvent Mixtures
Appendix D - 5-Fluorouracil (5-FU) Titration and Effects on pH and Micelle Size during CPSNP
Precipitation in Cyclohexane/Igepal® CO-520/Water Reverse Micelles
Appendix E - Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) Analysis of 5FU Doped and Ghost CPSNP Suspensions Laundered by Centrifugation (Sedimentation and
Redispersion)
Appendix F - Zeta Potentials for Astrosil® SiO2 Treated with CTES and Interaction Energies for
CPSNPS Interacting with 1 w/o, 5 w/o and 15 w/o CTES treated SiO2 Microspheres
Appendix G - Centrifugation (Sedimentation and Redispersion) Laundering of Calcium
Phosphosilicate Nanoparticle (CPSNP) Suspensions Synthesized in Cyclohexane/Igepal® CO520/Water Reverse Micelles
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Chapter 2
Literature Review 1

Bioimaging and therapeutic delivery applications are areas of biomedicine where
nanoparticles have had significant impact, but the use of a nanomaterial in these applications can be
limited by its physicochemical properties. Calcium phosphate-based (CP-based) composite
nanoparticles (NPs) are biocompatible and biodegradable, and are therefore considered attractive
candidates for bioimaging and therapeutic delivery applications. Also, the pH-dependent solubility
profiles of CP materials make this class of NPs especially useful for in vitro and in vivo delivery of
organic dyes, oligonucleotides and drug molecules. In this chapter the relevant physicochemical
properties of CP-based composite NPs intended for intracellular delivery are reviewed and discussed.
The improvements in physicochemical properties of CP materials, resulting from a better
understanding of synthetic and dispersion approaches, are examined, with a focus on how these have
affected the use of CP-based NPs in biomedical applications, particularly cancer treatment. Recently
published studies in bioimaging and therapeutic delivery are highlighted as examples.
2.1 Introduction

To overcome limitations of current imaging and drug delivery techniques, many NP systems
have been studied as potential candidates in bioimaging and therapeutic delivery applications.
Among these are: biodegradable polymeric NPs, liposomes, non-resorbable ceramic NPs, metallic
NPs, semiconductor NPs, polymeric micelles, dendrimers, and resorbable CP-based NP systems. A
summary and comparison of some of the current NP delivery systems is given in Table 2-1, with

A significant portion of this chapter has been published in Tabaković A, Kester M, and Adair JH.,
WIREs Nanomed Nanobiotechnol 2012, 4:96-112 and is reproduced here with permission. Copyright
© 2011, John Wiley and Sons.
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specifics on NP size range, type of therapeutics carried, and specific advantages and limitations for
each system. This literature review chapter specifically focuses on CP-based composite NPs.
Table 2-1. Comparison of current nanoparticle systems used for drug delivery. Modified from refs 1 and 2.
Size
(nm)
10100

Therapeutic
agent(s) carried
Nucleic acids,
proteins, peptides,
chemotherapeutic
agents

50100

Non resorbable
ceramic NPs,
examples include:
zirconia (ZrO2), silica
(SiO2) titanium oxide
(TiO2) and iron oxide
(Fe2O3)

Nanoparticle system

Advantages

Limitations

High encapsulation
efficiencies, controlled and
sustained therapeutic delivery,
prolonged in vivo circulation
times

Exocytosis of
undissolved NPs,
fixed functionality
after synthesis may
require new synthetic
pathways for alternate
surface functionalities

Chemotherapeutic
agents, proteins,
nucleic acids

Reduced systemic toxicity,
prolonged circulation times

<100

Proteins, nucleic
acids,
chemotherapeutic
agents

Metallic NPs,
examples include:
gold (Au), silver (Ag)
and nickel (Ni)

<50

Proteins, nucleic
acids,
chemotherapeutic
agents

Well established synthetic
approaches, colloidally stable
in aqueous solvent
environments and biological
environments, established
surface functionalization
schemes allow for both surface
decoration with therapeutics
and active targeting
Size control results in unique
optical properties, surface
functionalization allows for
covalent linkage of therapeutic
molecules of interest, small
particles present a large surface
area for surface decoration
delivery

Fixed functionality
after synthesis, some
leakage of
encapsulated agent,
lack of colloidal
stability, burst release
in vivo
Potential toxicity of
materials, exocytosis
of undissolved NPs,
time consuming
synthesis, surface
decoration instead of
encapsulation

Semiconductor NPs,
examples include:
cadmium selenide
(CdSe) and zinc
sulphide (ZnS)
composite NPs,
known as Quantum
DotsTM

<20

Nucleic acids,
chemotherapeutic
agents, peptides

Biodegrable
polymers, examples
include: poly(D,Llactide-co-glycolide)
(PLGA), poly(lactic
acid) (PLA), and
poly(glutamic acid)
(PGA)
Liposomes

Unique optical properties,
ability to track delivery of
therapeutic due to imaging
capabilities, surface decoration
allows for multifunctionality

Toxicity of materials
unless coated,
exocytosis of
undissolved NPs,
time consuming
synthesis, surface
decoration instead of
encapsulation,
accumulation in
tissues
Significant toxicity
unless coated by
protective polymeric
or inorganic (e.g.
SiO2) layer to
passivate the surface,
limited to in vitro use
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Table 2-1. Comparison of current nanoparticle systems used for drug delivery. Modified from refs 1 and 2.

Polymeric micelles

Size
(nm)
<100

Therapeutic
agent(s) carried
Proteins, nucleic
acids,
chemotherapeutic
agents

Dendrimers

<10

Chemotherapeutic
agents, antibacterial, anti-viral
agents, nucleic
acids, high MW
organic
compounds

Bioresorbable
calcium phosphate
based NPs, including
amorphous calcium
phosphate and
calcium
phosphosilicate, and
crystalline
hydroxyapatitie NPs

20200

Nucleic acids,
chemotherapeutic
agents, dopants for
bioimaging
including various
organic dyes in
amorphous and
lanthanide ions in
crystalline calcium
phosphates

Nanoparticle system

Advantages

Limitations

Suitable for water-insoluble
drugs due to hydrophobic core,
can be used for pH dependent
drug delivery by tailoring
composition, suitable for both
passive and active targeting
Suitable for hydrophobic or
hydrophilic drugs

Toxicity of materials,
fixed functionality
after synthesis

Simple preparation via aqueous
precipitation, suitable for
doping with both hydrophilic
and hydrophobic drug
molecules, colloidal stability in
physiological environments,
pH-dependent dissolution
allows for intracellular delivery
of drugs, low toxicity,
bioresorbable

May use toxic
materials, time
consuming synthesis,
fixed functionality
after synthesis may
require new synthetic
pathways for alternate
surface functionalities
Encapsulated
materials limited to
solubility in water or
organic solvent

While CP-based composite NPs have not yet been implemented in bioimaging and drug
delivery applications in a clinical setting, improvements in synthesis and dispersion strategies and
knowledge of biological consequences for encapsulation of active agents within the NPs can certainly
improve chances of clinical implementation. As a biodegradable and biocompatible material and the
principal component of human bones and teeth, CP has been widely studied and used in bone and
dental repair applications.3, 4 In addition to use in this area of biomedicine, CP-based composite
materials have also shown to be attractive candidates for intracellular bioimaging and therapeutic
delivery applications. There are 11 known non-substituted phases of CP materials as characterized by
specific Ca:P ratios, chemical formulas and solubilities, and the various CP phases have been
documented in recently published reviews on CP materials.5-7 Discussion in this chapter primarily
focuses on amorphous calcium phosphate (ACP) and crystalline hydroxyapatite (HAp) phases since
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these are the most relevant CP phases when considering CP-based composite NPs intended for
intracellular delivery of therapeutics.
The early development and characterization of a synthetic amorphous calcium phosphate
(ACP) material is attributed to the work of Eanes, Posner and co-workers first reported in 1965.8-10
This phase of calcium phosphate is unique because it is not characterized by the long-range order
associated with crystalline CP phases and can have a Ca:P ratio anywhere in the 1.2-2.2 range.11-13 A
schematic of the structure proposed by Eanes and Posner for randomly packed ACP (Posner’s)
clusters in an ACP particle is shown in Figure 2-1.14 These neutral ion clusters are approximately 9.5
Å in diameter and are represented using the formula Ca9(PO4)6.14 Each cluster consists of a central
calcium (Ca2+) ion coordinated by oxygens (O) of six surrounding phosphate groups, which, are
stabilized by eight Ca2+ ions spherically distributed around the outer boundary of the subset.10 The
packing arrangement of clusters in an ACP-based composite NP results in a porous particle structure
and is believed to permit a variety of therapeutic molecules to be trapped and encapsulated inside the
ACP matrix for delivery.
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Figure 2-1. Schematic of randomly packed Posner’s clusters in an
amorphous calcium phosphate (ACP) particle. The neutral ion
clusters are ~ 9.5 Å in diameter and are represented using the formula
Ca9(PO4)6. Clusters are thought to consist of a central calcium (Ca2+)
ion coordinated by oxygens (O) of six surrounding phosphate groups,
which, are stabilized by eight Ca2+ ions spherically distributed around
the outer boundary of the subset. Adapted from reference 14.

Although the structure of the ACP material presents an advantage for encapsulation of
therapeutics in ACP-based NPs, this phase of CP is thermodynamically unstable. While it is the first
solid phase that forms during aqueous precipitation with Ca2+ and PO43- containing synthetic
precursors, it eventually transforms to the most thermodynamically stable crystalline HAp phase.11, 12
Solution pH, ionic strength and temperature have all been shown to influence the lifetime of the ACP
phase in aqueous solution and the formation of intermediate phases.11, 12 Studies have also shown that
the lifetime of the ACP phase in aqueous solution can be extended and the formation of HAp
prevented via the addition of various molecule and inorganic ions during precipitation, including:
adenosine triphosphate (ATP), magnesium (Mg2+), silica (SiO2), silicate (SiO32-), zirconia (ZrO2) and
carbonate (CO32-).14-16 Si-based dopants, including both silica and silicate, have been of particular

23
interest in doping of CP materials for bone repair applications since it was demonstrated by Carlisle
that Si promotes bone mineralization and plays an important role in the early stages of bone
formation.17, 18 As a result, studies have mostly focused on silica and silicate doping in bulk
crystalline HAp materials, but recently Adair and co-workers have shown that silicate can be
successfully incorporated into CP-based composite NPs using a double reverse micelle synthetic
approach to yield spherical and presumably amorphous calcium phosphosilicate – based composite
NPs (Caw(HxPO4)y(Si(OH)zOa)b.cH2O, CPSNPs) for imaging and therapeutic delivery.19, 20 In this
instance, silicate is believed to stabilize the ACP phase and prevent transformation to HAp, but
further studies are necessary to confirm this hypothesis. While surface adsorption of therapeutics is
typically utilized in HAp-based composite NPs, it has been shown that CPSNPs can be doped with a
variety of organic dyes and drug molecules, resulting in encapsulation of therapeutics and protection
from degradation inside the CPS matrix during in vitro and in vivo delivery.19, 20, 21, 22 However, in
contrast to their ACP-based NP counterparts, including CPNPs and CPSNPs, crystalline HAp NPs
have been shown to exhibit improved fluorescence properties when doped with lanthanides due to the
rigid confinement of the dopant ions in the crystalline structure of these NPs as a result of ion
substitutions.23, 24, 25 Also, composite NPs utilizing lipids and polymers in combination with CP cores
or shells have been reported as promising materials for the delivery of hydrophobic dyes and
oligonucleotides.26,27 Effectively, the use of all of these NP compositions and architectures in
imaging and drug delivery applications has taken advantage of the recent improvements in
physicochemical properties of CP-based composite NP materials, which have resulted from advances
in both synthetic and dispersion approaches.

2.2 Physicochemical Properties of CP-Based Composite NPs in Drug Delivery Applications
While many physicochemical properties must be considered when evaluating the efficacy of
an NP system in biomedical applications, certain characteristics have been highlighted as
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requirements to ensure its success as a delivery agent. A comprehensive list of desired characteristics
for drug delivery platforms is given in Table 2-2, and this list includes: small particle diameter (20200 nm), colloidal stability in physiological conditions, lack of toxicity, encapsulation of active agent
and targetability to cells of choice, and effective clearance from the body.2 This section is a review of
how some of these requirements are met for CP-based composite NPs in bioimaging and therapeutic
delivery applications via improvements in synthesis and dispersions approaches.

Table 2-2. Desired characteristics for an NP drug delivery platform. Adapted from reference 2.
Desired Characteristic
Inherently non-toxic
materials and
degradation products

Comments
The initial material selection should be based on non-toxic materials,
especially with an aim toward human health care

Small particle
diameter, ideally 10 to
100 nm

There is not a particular size that seems most efficacious particularly
based on in vivo studies. This is the range of particle diameters that
have proven most effective for a wide variety of delivery systems. Also
of note is the debate around the influence of particle shape.
To be effective, the active agent must be encapsulated within the
nanoparticle vehicle. Surface decoration (i.e., adsorption) will often be
effective in vitro but falls short for in vivo studies because of the
reticuloendothelial (RES) system
The nanoparticle vehicle and surface functionalization must be resistant
to agglomeration for the solution pH values, ionic strength,
macromolecular interactions, and temperature encountered in the
physiological environment
The nanoparticle vehicle must have a ready clearance mechanism to
avoid the cumulative and/or systemic effects of the drug laden particles
Resistance to agglomeration and other effects that remove the
nanoparticle encapsulated drug from the patient must be avoided to
promote long circulation times in the circulatory system for as much of
the NPs to find and sequester in the cancer cells as possible
There should be a trigger mechanism, such as the acidic pH within the
tumor or during endosome maturation, designed into the nanoparticle
platform to ensure the release of the encapsulated drug into the targeted
tissue
The nanoparticle platform needs to be surface bioconjugated to target
molecules for a specific cancer and to provide the greatest uptake within
the cancer lesions while eliminating side effects to healthy tissues

Encapsulation of
active agent

Colloidally stable in
physiological
conditions
Clearance mechanism
Long clearance times

Biologically or
extrinsically controlled
release of therapeutic
agents
Can be targeted to
cell/tissue of choice
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2.2.1 Colloidal Stability and Control of Particle Size

Although a CP-based particle system was first studied as a non-viral candidate material in
DNA delivery more than 35 years ago, this earliest aqueous co-precipitation synthetic scheme did not
produce colloidally stable particles with a well-defined size and morphology due to a lack of control
over synthetic parameters.28 These properties are deemed essential, especially for in vivo therapeutic
delivery. For example, a particle size of ≤ 100 nm is desired for an NP to travel through the vascular
system without impedance.29 The state of dispersion or agglomeration also affects the biological
activity of NPs and has been studied in a number of inorganic and metallic NP systems.30,31,32 As
with any NP system that is used in biomedical applications, the colloidal stability and particle sizes of
CP-based NPs have been dictated by improvements in synthesis and dispersion approaches.
While numerous fabrication routes for CP-based biomaterials have been reported in the
literature as reviewed by Ferraz et al., wet chemistry synthetic approaches, including controlled
aqueous precipitation33, 34 and precipitation in double reverse micelles27, 35-44 have been the preferred
routes for synthesizing CP-based composite NPs for therapeutic delivery of oligonucleotides and drug
molecules. Approaches utilizing double reverse micelles have received significant attention since
studies have shown that these syntheses yield controlled particle sizes and morphologies, not only for
CP-based composite NPs, but also for other inorganic particle systems, including silver chloride,
copper oxalate monohydrate, calcium hydroxide and calcium carbonate.1, 45-48
A challenge associated with reverse micelle synthetic approaches is using an effective
laundering technique to remove synthetic precursors and surfactants. Studies have reported the use of
a packed column HPLC and centrifugation (sedimentation and redispersion) methods to disperse the
NP suspensions, minimize residual surfactant concentrations and remove toxic synthetic precursors
such as cyclohexane.19, 20, 37, 49-51 However, maintaining colloidal stability after syntheses is especially
important since agglomeration due to lack of appropriate dispersants has been reported for some of
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the CP-based composite NP synthesized in reverse micelles.43, 50 Colloidal stability has been
improved via dispersion approaches which provide adequate electrostatic or steric stabilization of
NPs either prior to or immediately after laundering.20,52 Choice of dispersants for CP-based NPs is
especially important since the reported isoelectric point (IEP) for aqueous suspensions of CPs is near
the physiological pH range of pH 7-7.4.53 Of the current dispersion schemes, those yielding
negatively or neutrally charged NPs are especially desirable because positively charged NPs are
known to interact with negatively charged, phosphate rich cell membranes and to be taken up in the
reticuloendothelial system (RES).29 Both negatively charged CP-based NPs with citrate surface
functionalization and neutrally charged CP-based NPs with secondary methoxy-terminated
polyethylene glycol (PEG) surface functionalization have been reported for NPs synthesized in
double reverse micelles.19, 20, 21, 52 It has also been reported that the colloidal stability for these NPs is
maintained when the suspensions are redispersed after drying.52 As an example of a CPSNP
suspension synthesized using a double reverse micelle approach, a bright field transmission electron
microscopy (TEM) micrograph of an indocyanine green (ICG) dye doped CPSNP suspension with
citrate as dispersant is shown in Figure 2-2. The CPSNPs are observed to be well dispersed with a
spherical morphology.
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Figure 2-2. Bright field TEM micrograph of CPSNPs doped with
organic indocyanine green (ICG) dye (A), with inset (B) showing
detailed view of spherical particle morphology. A schematic of the
CPSNP architecture is shown in inset (C) where green =
encapsulated dye, red = alternate encapsulant, and blue = surface
functional groups). Adapted from reference 17.

2.2.2 pH-dependent Solubility and Cytotoxicity
NPs that dissolve in acidic environments can be used to selectively deliver therapeutics at
organ, tissue and subcellular levels.54 Consequently, the pH-dependent solubility profiles of CPs
make these materials especially useful as in vitro and in vivo NP delivery vehicles. All CPs,
regardless of Ca:P ratio, crystallinity, or phase, are sparingly soluble at pH 7.4 and become
increasingly soluble below pH 6.55, 56 This is evident in Figure 2-3, where the solubility phase
diagrams at 37°C are shown for the ternary system Ca(OH)2-H3PO4-H2O with log of (A) Ca and (B) P
concentrations as a function of pH in the 3-13 pH range for seven phases of CP.57 While the ACP
phase is not amenable to solubility measurements due to instability, it is widely accepted that it is the
most soluble CP phase.
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As a result of the recognized pH-dependent solubility behavior, CP-based composite NPs are
useful in intracellular delivery since these NPs will remain intact at physiological pH conditions (pH
7.4) and dissolve during delivery to cells where NPs encounter a rapid decrease in pH while in the
endolysosomal compartment (pH 4.6-5)58, as well as during delivery to the low pH solid tumor
environment.59 Most importantly, CPs dissolve into their ionic constituents, which actively prevents
undesirable NP accumulation in cells and tissues, a setback often encountered with nonresorbable
inorganic, semiconductor and metallic NP systems. The dissolution of CP-based composite NPs in
the endosomal compartment has recently been demonstrated in vitro using both amorphous CPSNPs
and crystalline HAp NPs using fluorescence microscopy and transmission electron microscopy
(TEM) respectively, as shown in Figures 2-4 (A-D) and 2-5 (a-d). As shown in Figure 2-4 (C),
CPSNPs doped with organic Cy3 dye dissolved and stained the bovine aortic endothelial cells only
when endosome to lysosome maturation was allowed to occur. When lysosome formation was
prevented using the drug Cytochalasin-D, the CPSNPs remained intact, as shown in Figure 2-4 (D).
In Figure 2-5 (a-d), the gradual dissolution of acicular, crystalline HAp particles is demonstrated.
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A

B

Figure 2-3. Solubility phase diagrams for the ternary system Ca(OH)2H3PO4-H2O at 37°C showing log of concentration of (A) Ca and (B) P as a
function of solution pH in the 3-13 pH range. Solubility diagrams are
shown for seven phases, including: dicalcium phosphate dehydrate (DCPD),
dicalcium phosphate anhydrous (DCPA), octacalcium phosphate (OCP),αtricalcium phosphate (α-TCP), β-tricalcium phosphate (β-TCP), tetracalcium
phosphate (TTCP) and hydroxyapatite (OHAp). Red vertical line denotes
physiological pH of 7.4, while green rectangle denotes pH range of 4.6-5
which NPs encounter in the endolysosomal compartment. Red arrows
indicate increase in solubility for CP materials corresponding to drop in pH
from physiological to endolysosomal pH. Modified from reference 57.
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Figure 2-4. Endocytosis of Cy3 encapsulated in calcium
phosphosilicate NPs (CPSNPs) versus free dye in bovine aortic
endothelial cells. Cells were treated with free dye (A), free dye and
Cytochalasin-D to inhibit fusion of endosomes to lysosomes (B), Cy3
CPSNPs (C) and Cy3 CPSNPs and Cytochalasin-D (D). The internal
organelles are stained in the case of free dye (A), free dye and
Cytochalasin-D (B) and Cy3 CPSNPs (C). Cy3 CPSNPs did not stain
the organelles when treated with Cytochalasin-D (D) indicating that
the particles remained undissolved. Adapted from reference 20.

Both calcium and phosphate ions are present in the bloodstream at millimolar (mM)
concentrations.60 Concentrations of calcium in extracellular biological fluid, including blood serum,
are usually in the 1.6 - 2 mM range, with about 50% bound to proteins and other constituents,61 while
levels of total PO4 are generally in the 0.81-1.45 mM range.62 In contrast, the concentration of
unbound Ca2+ in the cell cytosol is maintained at 100 nM when cells are at rest,61, 63 with the
dangerous threshold for unbound Ca2+ in the cell cytosol being around 500 nM.61, 64
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Figure 2-5. A series of transmission electron microscopy (TEM) micrographs
showing progressive dissolution of crystalline HAp NPs in macrophage lysosomes. At
24 hours, the particles are taken up by the cells and localize in the phagosomes (a) and
become compacted (b). The NPs then undergo gradual dissolution, first with some
particles still intact (c) and with all particles eventually completely dissolved
(d).Adapted from reference 67.

Since rapid increases in intracellular Ca2+ above physiological concentrations can lead to
apoptosis,64 cytotoxicity of CP- based NPs has been investigated via in vitro proliferation and
cytotoxicity assays in a number of different cell lines. 65-70 Reported in vitro studies with CP-based
particle suspensions have indicated that the cellular cytotoxicity response is dependent on particle
concentration66, 67, 69, size65, 70, composition65 and surface charge68, and that it is related to changes in
intracellular [Ca2+] concentrations.65, 71 For example, a study by Motskin et al. on the cytotoxicity of
crystalline HAp NPs in human monocytes’-derived macrophages (HMMs) concluded that toxicity
occurred for NP concentrations above 250 µg/ml, suggesting that interference with intracellular
[Ca2+] homeostasis would be the primary cause of toxicity.67 In contrast, Kester et al.. demonstrated
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that fluorescein doped CPSNPs did not produce any cytotoxicity or change in metabolism in mouse
stellate ganglia neurons as measured by calcium pumping currents.21

2.2.3 Encapsulation versus Surface Decoration of Active Agent
The encapsulation of active agents, such as oligonucleotides and chemotherapeutic drugs,
inside NPs is an important feature of NP delivery agents since it prevents degradation while in the
bloodstream and improves retention in the tumor environment.72 The other, more traditional strategy
for CP-based NPs is that of decoration or coating of the active agent onto the surface of the particle
via surface adsorption. This approach has largely been ineffective due to the lack of shielding of the
therapeutic agent of interest. Studies have best demonstrated this with CP-based NPs for the delivery
of oligonucleotides, where transfection efficiency is decreased for the surface decorated DNAs and
siRNAs as a result of degradation.73, 33
Different synthetic approaches have been reported in the literature as a way to shield and
protect the active agents via encapsulation, and these have resulted in different composite particle
architectures. Examples include a double reverse microemulsion synthesis of CPSNPs for
encapsulation of organic dyes and drugs19, 20, 21 and a controlled aqueous precipitation synthesis of a
multi shell CPNPs for encapsulation of DNA, siRNA, and immunoactive oligonucleotides.33, 74 A
schematic of the controlled aqueous precipitation multi-shell synthetic approach reported for the
encapsulation of oligonucleotides is shown in Figure 2-4. This synthetic method is also described in
Table 2-3.
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Figure 2-6. A schematic illustrating the steps of the multi shell calcium phosphate
nanoparticle precipitation approach employed to shield oligonucleotides for
therapeutic delivery. A CPNP is precipitated via controlled mixing of calcium nitrate
and diammonium phosphate solutions and decorated with oligonucleotides (step 1),
followed by precipitation of a second shell of CP via mixing of same precursor
solutions to shield the oligonucleotides on the surface of the initial CPNP (step 2).
Finally, this CP shell is decorated with oligonucleotides to facilitate dispersion (step
3). In vitro transfection is studied in cells of choice (step 4). Adapted from reference
74.

As an alternative encapsulation approach, some investigators have used polymeric and
liposomal coatings to shield the active agents adsorbed to CP cores and have created new composite
NP structures, as recently reported by Li et al., who used a lipid coated CPNP formulation to
encapsulate siRNA.27, 49 The most common CP-based composite NP architectures are summarized in
Table 2-3, with differentiation among architectures that demonstrate encapsulation and those that
demonstrate surface decoration/coating of the active agent. Synthetic/fabrication methods are also
included for each NP architecture.
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Table 2-3. Examples of calcium phosphate-based composite nanoparticle architectures reported in the literature
Nanoparticle composites featuring encapsulation/embedding of active agent
Composite
nanoparticle
architecture

Synthetic/ fabrication methods

Encapsulated/
embedded agent

Demonstrated
application

Remarks

Refs

Spherical CPSNPs

Room temperature aqueous co-precipitation
with calcium chloride and disodium
hydrogen phosphate as precursors in the
presence of disodium silicate using a waterin-oil double reverse microemulsion system;
encapsulation of active agent(s) is achieved
via addition of dopant into aqueous core of
micelles during precipitation; dispersion of
NPs is facilitated via addition of sodium
citrate after precipitation and laundering is
performed via the packed column vdW
HPLC method or via centrifugation

Organic dyes
including
fluorescein,
rhodamine WT,
Cy3 amidite
cascade blue,
SAB and ICG,
therapeutic
molecules Cer6
and Cer10, pDNA
and siRNA

In vitro imaging in
bovine aortic
endothelial cells and
stellate ganglion
neurons , in vivo
imaging in breast and
pancreatic cancers and
in vitro therapeutic
delivery (Cer6 and
Cer10), in vivo PDT of
leukemia

Demonstrated improved
fluorescence emission intensity,
quantum efficiency and
photostability for dyes as a
result of encapsulation as well
as potential for deep tissue
imaging; showed passive and
active targeted in vivo imaging
of breast and pancreatic cancers,
as well as in vivo PDT of
leukemia

19-22,
52, 7678, 80,
81

Double and triple
shell CPNPs

Single shell NPs prepared via controlled
room temperature co-precipitation in
aqueous solution using calcium nitrate and
diammonium hydrogen phosphate as
precursors, followed by mixing with
oligonucleotide solution; double shell
architecture achieved via another addition of
calcium nitrate and diammonium hydrogen
phosphate to precipitate additional shell of
calcium phosphate and triple shell
architecture achieved via addition of
oligonucleotide to disperse NPs

Oligonucleotides
including DNA,
pDNA and siRNA

In vitro transfection

Agglomeration due to lack of
appropriate dispersant on
surface and decreased
transfection efficiency in serum
containing media due to
agglomeration for double shell
NPs; demonstrated colloidal
stability over two weeks and
added protection for therapeutic
due to shielding by additional
shell of calcium phosphate for
triple shell NPs

33, 73,
74
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Table 2-3. Examples of calcium phosphate-based composite nanoparticle architectures reported in the literature
Nanoparticle composites featuring encapsulation/embedding of active agent
Composite
nanoparticle
architecture

Synthetic/ fabrication methods

Encapsulated/
embedded agent

Demonstrated
application

Remarks

Refs

Phosphatidylcholi
ne liposome core
with calcium
phosphate shell

Formation of carboxySNARF-1 doped
liposome cores via lipid hydration in
carboxySNARF-1 solution, followed by
coating with calcium phosphate via addition
of liposome suspension into a pH adjusted
calcium chloride solution; initial liposome
suspension is prepared in phosphate buffer at
pH 9.5; CEPA is added as a dispersant to the
final nanoparticle suspension

carboxySNARF-1
dye

In vitro pH sensing

Demonstrated pH measurements
in complex biological fluids and
shielding of dye from possible
protein interactions via
encapsulation

26

Calcium
phosphate core
with DOTAP
liposome shell

Room temperature co-precipitation of
calcium chloride and sodium hydrogen
phosphate in presence of siRNA in a waterin-oil reverse microemulsion system,
followed by addition of sodium citrate as
dispersant and laundering using van der
Waals HPLC method reported by references;
siRNa doped CP nanoparticle suspension is
mixed with DOTAP/cholesterol liposomes to
form shell

siRNA

In vivo targeted
therapeutic delivery in
lung cancer

Added protection for siRNA
from enzymatic degradation by
liposome shell and nanoparticle
tissue specificity due to targeted
moeity on surface; toxicity of
liposomal shell alleviated with
PEGylation

27, 49

36
Table 2-3. Examples of calcium phosphate-based composite nanoparticle architectures reported in the literature
Nanoparticle composites featuring encapsulation/embedding of active agent
Composite
nanoparticle
architecture

Synthetic/ fabrication methods

Encapsulated/
embedded agent

Demonstrated
application

Remarks

Refs

Calcium
phosphate core
with CMC shell
and PEI coating

Room temperature co-precipitation using
aqueous solutions of calcium lactate and
diammonium hydrogen phosphate with
addition of mTHPP in 2-propanol, followed
by coating of NPs in suspension using
aqueous solution of cationic polyelectrolyte
PEI and mTHPP, again in 2-propanol

mTHPP dye

In vitro photodynamic
therapy in colon
cancer

Demonstrated in vitro efficacy;
exhibited cytotoxicity due to
PEI coating and high
concentrations of dye

82, 83

Calcium
phosphate core
with PEG and
Eudragit S 100
coating

Room temperature aqueous co-precipitation
by addition of dibasic sodium phosphate
solution to pH-adjusted, premixed solution of
calcium chloride and trisodium citrate
followed by secondady functionalization
with PEG and coating with Eudragit S 100;
NPs were loaded with insulin by addition of
insulin solution to NPs before coating with
Eudragit S 100

Insulin

In vitro therapeutic
delivery

Demonstrated lack of
cytotoxicity; showed that
insulin molecules retain size and
conformation after release from
NPs

92

Acicular
hydroxyapatite

Continuous co-precipitation at 80 °C using
aqueous solutions of calcium nitrate and
diammonium hydrogen phosphate with
addition of aqueous solution of either
europium nitrate or terbium nitrate to ensure
lanthanide doping with DNA added as
dispersant

Lanthanides
including
europium and
terbium

In vitro fluorescent
probing

Enhanced fluorescence
properties when lanthanides
substituted in apatite lattice,
potential toxicity caused by
lanthanide ions; lack of
colloidal stability as shown by
transmission electron
microscopy analysis of NPs

23
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Table 2-3. Examples of calcium phosphate-based composite nanoparticle architectures reported in the literature
Nanoparticle composites featuring encapsulation/embedding of active agent
Composite
nanoparticle
architecture

Synthetic/ fabrication methods

Encapsulated/
embedded agent

Demonstrated
application

Remarks

Refs

Acicular
hydroxyapatite
with silica shell

Co-precipitation at 60 ° C using aqueous
calcium nitrate solution containing europium
nitrate and varying amounts of yttrium
nitrate mixed with diammonium hydrogen
phosphate; PEI is added as a dispersant
followed by addition of TEOS to form silica
shell

Lanthanides
including
europium and
yttrium

In vitro fluorescent
probing

Enhanced fluorescence
properties of europium as a
result of co-doping with optimal
amount of yttrium; doubled
fluorescence intensity for NPs
coated with silica shell

25

Hydroxyapatite
core with oleic
acid coating and
DSPE-PEGCOOH lipid shell

Core made by co-precipitation synthesis
approach in a reverse microemulsion using
calcium nitrate and phosphoric acid as
precursors, followed by heating at 120° C
and centrifugation laundering; followed by
oleic acid coating and addition of DSPEPEG2000-COOH; final step involved
addition of docetaxel solution to nanoparticle
suspension to ensure partitioning of drug into
oleic acid shell

Docetaxel

In vitro therapeutic
delivery

Demonstrated sustained drug
release over 30 days and in vitro
therapeutic efficacy in prostate
cancer cells

97
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Table 2-3. Examples of calcium phosphate-based composite nanoparticle architectures reported in the literature
Nanoparticle composites featuring surface decoration of active agent
Composite
nanoparticle
architecture

Synthetic/ fabrication methods

Encapsulated/
embedded agent

Demonstrated
application

Remarks

Refs

Single shell
calcium phosphate
NPs

Controlled room temperature co-precipitation
in aqueous solution using calcium nitrate and
diammonium hydrogen phosphate as
precursors, followed by mixing with DNA
solution

DNA, pDNA,
siRNA

In vitro transfection

Demonstrated effective
transfection into cells, but
limited due to agglomeration in
serum containing media and
degradation of surface
decorated oligonucleotides
prone to enzymatic attack

33, 34,
73, 74

Spherical calcium
phosphate NPs

Room temperature co-precipitation of
calcium chloride and sodium hydrogen
phosphate in presence of methotrexate in a
water-in-oil reverse microemulsion system
followed by centrifugation laundering and
sonication

Methotrexate

In vitro therapeutic
delivery

Demonstrated long term drug
retention by NPs; showed lack
of colloidal stability over time
due to poor dispersion
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Acicular
hydroxyapatite

Co-precipitation at 80° C in aqueous solution
using solutions of calcium
nitrate and ammonia and diammonium
hydrogen phosphate

Cisplatin

In vitro and in vivo
therapeutic delivery

Showed drug dose dependent
cytotoxicity in vitro43;
demonstrated lack of particle
retention by target tissue when
delivered in vivo to lymph
nodes44

93, 94

SAB - 10-(3-sulfopropyl) acridinium betaine; ICG - indocyanine green; PDT – photodynamic therapy; CEPA – carboxyethyl phosphonic acid; CMC carboxylmethyl cellulose; mTHPP - 5,10,15,20-tetrakis(3-hydroxyphenyl)-porphyrin; PEI - poly(ethyleneimine); TEOS – tetraethyl orthosilicate; PEG polyethyleneglycol; DOTAP - 1,2-dioleoyl-3-trimethylammonium-propane chloride salt; DSPE-PEG-COOH - [1,2-distearoyl-sn-glycero-3phosphoethanolamine-N-carboxy(polyethylene glycol)]2000, cisplatin - cis-diamminedichloroplatinum;
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2.2.4 Targetability to Specific Tissues
One of the most significant improvements in CP-based NP delivery systems is the
demonstrated targeted, localized delivery, which ensures that a minimum systemic dosage can be
used to produce a maximum amount of therapeutic or bioimaging agent at the site of interest without
affecting healthy cells or losing any therapeutic efficacy. This can especially improve conventional
chemotherapy, where systemic delivery of drugs not only decreases drug efficacy, but also causes
harmful side effects for the patient receiving the treatment. The expression of surface markers which
distinguish tumor cells from healthy cells provides an ideal avenue for targeted drug delivery.29
Without a specific cell target, NPs rely on passive diffusion and/or leaky tumor vasculature, known as
the enhanced permeability and retention (EPR) effect, to reach the site of interest, which is not always
effective and may cause degradation and/or elimination from the circulation.29
In vivo studies in mice have shown that passively targeted methoxyPEG functionalized
CPSNPs accumulated in solid tumors via the EPR effect within 24 hours after injection,19 and that
clearance of the NPs occured via the hepatobiliary system through the liver, which was confirmed as
early as 10 minutes post tail vein injection.19 According to the study, the CPSNPs were excreted
through intestines as fecal matter, and this was confirmed 24 hours post tail vein injection.22 As an
improvement to this and similar studies which rely on passive tageting of NPs, actively targeted CPbased NPs have been studied by a number of investigators. Since targeting to specific tissues would
significantly increase the effectiveness of CP-based composite NPs as imaging and drug delivery
vehicles, various strategies have been employed to bioconjugate targeting moieties while maintaining
colloidal stability.22, 27, 49, 75, 76 For example, Barth et al.. reported effective approaches to
bioconjugate CPNPs with human holotransferrin, anti-CD71 antibody, and gastrin 10 peptide using
both avidin-biotin and maleimide polyethylene glycol amine (PEG-maleimide) coupling strategies.22
For the avidin-biotin strategy, 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDCI)
and avidin were added to citrate functionalized CPSNPs suspended in phosphate buffered saline
(PBS), followed by the addition of either biotin-conjugated human holotransferrin or biotin-
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conjugated anti-CD71 antibody for targeting of transferring receptor.22 In order to target gastrin
receptors, biotin-conjugated pentagastrin was added to the avidin-CPNP suspension.22 For the PEGmaleimide strategy, citrate functionalized CPSNPs were first conjugated with PEG-maleimide
through an ethyl-N-(3-dimethylaminopropyl)-N-hydrochloride carbodiimide (EDAC) reaction,
followed by addition of gastrin 10 (g10) peptide to produce gastrin 10-PEG-CPSNPs.22
Studies have demonstrated the in vivo targeting efficacy of bioconjugated CP- based NPs in
different types of cancers. Zhang et al. studied conjugates of CP with tumor tissue-specific suicide
gene promoter carcinoembryonic antigen (CEA) fused to a suicide gene Escherichia coli cytosine
deaminase (CD) for in vivo targeting and treatment of colon cancer.75 Barth et al. investigated
bioconjugation of CPSNPs for in vivo imaging and targeting of both breast and pancreatic cancers.22
The CPSNPs were doped with both fluorescein and ICG dyes and bioconjugated with human
holotransferrin and anti-CD71 antibody via an avidin-biotin and PEG coupling strategies for breast
xenograft tumor targeting, and gastrin peptides via a PEG-maleimide coupling strategy for orthotopic
pancreatic tumor targeting.22 Figure 2-7 shows the in vivo targeting of the orthotopic tumor model of
pancreatic cancer via gastrin 10 and pentagastrin conjugated ICG doped CPSNPs. Pentagastrin does
not contain the complete array of polypeptides and failed to target the pancreatic cancer, while gastrin
10 demonstrated large specific uptake of the CPSNPs in the pancreatic cancer. Barth et al. have also
expanded their studies to include CPSNPs for active targeting and photoimmuno nanotherapy of
leukemia and a variety of other cancers including breast, pancreatic and metastatic osteosarcoma.76-78
Li et al.. utilized a lipid coated CPNP formulation with a PEG containing anisamide receptor ligand
to demonstrate in vivo targeted delivery of small interfering RNA (siRNA) to lung xenograft
tumors.27, 49 Most recently, Temchura et al. have demonstrated active targeting of a CP-based
composite system using a model antigen Hen Egg Lysozyme (HEL) in a HEL-specific B-cell

receptor transgenic mouse model for potential application in vaccines.79
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Figure 2-7. Example of passively and actively targeted ICGdoped CPSNPs delivered to an in vivo orthotopic tumor model of
pancreatic cancer (A) with PEG (i), gastrin 10 (ii) and pentagastrin
(iii) on the nanoparticle surface. Pancreases from each mouse
were excised and imaged (B) along with the brain from mouse
receiving gastrin 10 targeted NPs (ii). Adapted from reference 22.

2.3 CP-based Composite NPs in Bioimaging and Sensing Applications
The use of CP-based composite NPs in bioimaging and sensing applications is promising
since encapsulation of organic dyes and lanthanide chelates in amorphous and crystalline CP-based
systems improves the optical properties of the encapsulated imaging agents. 19-21, 23-25, 80 Organic dyes
typically suffer from lack of photostability and are prone to photobleaching due to solvent effects,
which limits the use of these molecules both in vitro and in vivo.19 When encapsulated inside a rigid
nanoparticle matrix, dye dopants are shielded from interactions with solvent molecules and do not
undergo conformational changes, resulting in improved photostability and quantum yield.19, 81 It is
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also possible to encapsulate multiple dye molecules within a single particle, sometimes dramatically
increasing fluorescence emission intensity.19 Most importantly, the use of a biocompatible CP
particle matrix provides an alternative delivery system when compared to other inorganic or metallic
nanoparticle systems. Recent work on encapsulation in CP-based composite NPs for bioimaging and
is reviewed and discussed in this section in the context of potential in vitro and in vivo diagnostic
imaging applications.

2.3.1 In Vitro Sensing and Imaging
In terms of lanthanide doping, a recent study addressed the challenges of synthesizing
europium and terbium doped crystalline CP NPs via a continuous precipitation approach at lower
temperatures to yield a smaller particle size so that the NPs are more amenable to cellular uptake.23
NPs were stabilized with DNA to prevent agglomeration and tested in T-HUVEC cells in vitro to
examine their performance as fluorescent probes which exhibit different fluorescent spectra than
organic dye encapsulants.23 While the NPs were successfully internalized by the cells as
demonstrated by confocal microscopy, morphological changes were observed in some cells via
electron microscopy,23 indicating that the future use of lanthanide doped CP NPs may be limited to in
vitro sensing studies due to potential toxicity. In addition to this study on fluorescent probes via
lanthanide CP NPs, organic dye doped CP based composite NPs have also been investigated as pH
sensing probes. A recent study on nanocomposites of carboxySNARF-1 loaded phosphatidylcholine
liposome with a CP shell demonstrated their use in pH measurements in complex biological fluid
solutions of plasma, 3% human albumin and 1.5% human IgG.26 Once encapsulated,
carboxySNARF-1 dye was shielded from possible protein interactions in these solutions.26
To investigate encapsulation of photoactive dye for use in photodynamic therapy, a CP-based
composite NP consisting of a carboxylmethyl cellulose (CMC) stabilized CP core with an outer layer
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of poly(ethyleneimine) PEI has been investigated as a carrier for 5,10,15,20-tetrakis(3hydroxyphenyl)-porphyrin (mTHPP) dye.82, 83 The goal of the studies was to demonstrate in vitro
efficacy of the carrier in three different cells lines: human colon adenocarcinoma, rabbit synoviocytes,
and murine macrophages.82, 83 The NPs exhibited a certain level of cytotoxicity, which was attributed
to the presence of the PEI coating on the nanoparticle surface and higher concentrations of mTHPP
dye, and improvements in development were necessary before proceeding to in vivo studies.82, 83
Thus, biocompatible surface functionalization is an additional requirement in the design of CP based
composite NPs.
Lastly, a series of organic dyes have been encapsulated in CPSNPs and the fluorescence
spectra of typical dye doped CPSNPs are shown in Figure 2-6. CPSNPs doped with rhodamine WT,
fluorescein and Cy3 amidite, were studied as candidates for intracellular imaging in melanoma and
vascular smooth muscle cells, respectively, with simultaneous drug delivery,20, 21 while fluorescein
CPNPs were used to image stellate ganglion neurons without any apparent toxicity.21 Similarly, Cy3
amidite CPNPs were used to demonstrate nanoparticle dissolution during endocytosis inside the low
pH lysosomal compartment, as already shown in Figure 2-4.20 Cy3 amidite CPNPs were also
characterized to determine the encapsulation yield and quantum efficiency of the encapsulation dye
molecules versus those of free dye molecules. The study showed improvements in these properties
with quantum efficiency for the encapsulated Cy3 amidite improved from ~5% for the free dye to
over 20%. for the encapsulated dye because dye molecules were shielded from solvent effects once
inside the CPNPs.80 All of these studies demonstrated the versatility of dye doped CPNPs in in vitro
studies with little or no cytotoxicity, and opened an avenue for these NPs to be used in in vivo studies.
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Figure 2-8. Examples of fluorescence spectra for five organic dyes
encapsulated in calcium phosphosilicate NPs (CPSNPs): Cascade blue
(dark blue), 10-(3-sulfopropyl) acridinium betaine (SAB: light blue),
fluorescein (green), rhodamine WT (orange) and Cy3 amidite
(magenta), with inset image showing vials of fluorescent dye doped
CPSNPs under a UV lamp. Adapted from reference 20.

2.3.2 In Vivo Imaging of Cancer
Efficacy of CPNPs as in vivo bioimaging agents has been demonstrated by doping the NPs
with indocyanine green (ICG), a near-infrared (NIR) organic dye that can be used in deep tissue
imaging and is U.S. Food and Drug Administration (FDA) approved for human use.19 The
advantages and disadvantages of the NIR dye doped CPNP system when compared to other NIR
emitting nanoparticle systems have recently been reviewed in detail.84 The study demonstrated in
vivo bioimaging with the CPSNP system and reported multiple dye doped nanoparticle properties
which are advantageous for in vivo bioimaging applications, such as: improved fluorescence emission
intensity, quantum efficiency and photostability for ICG doped CPNPs when compared to free dye in
water, phosphate buffered saline, dimethyl sulfoxide and Dulbecco’s Modified Eagle Medium,
possibility of deep-tissue imaging demonstrated in porcine muscle tissue, and evidence of
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nanoparticle localization in subcutaneous human breast adenocarcinoma tumors with no apparent
toxicity.19 This experimental evidence demonstrated the potential use of the ICG-doped CPNP
system for early tumor detection and diagnostic imaging and the potential of calcium phosphosilicate
composite NPs as in vivo imaging probes for breast and pancreatic cancers. Recently, a method has
been reported to determine the fluorescent quantum efficiency for the ICG dye molecules
encapsulated within the CPNP matrix relative to the quantum efficiency of free dye molecules.81

2.4 CP-based Composite NPs in the Delivery of Therapeutics
The potential for CP based NPs in both gene and drug delivery is significant. Thus, these
systems have been studied in vitro and in vivo as carriers of oligonucleotides and drug molecules.
Even though CP-based composite nanoparticle systems have shown efficacy, studies are still
exploring new approaches to improve current synthetic and delivery techniques. Here some of the
challenges faced in using CPs as gene and drug delivery vehicles are discussed, with a focus on how
specific issues are being addressed via improvements in synthetic approaches.

2.4.1 Oligonucleotide Delivery
As mentioned above, the use of CP-based composite NPs as a nonviral in vitro gene delivery
vehicle was first demonstrated in 1973 by Graham and Van Der Eb.28 CP is still used for this
application because the negatively charged, phosphate rich backbone of DNA readily binds to
positively charged calcium surface sites, and, as CP is a nontoxic material, provides substantial
advantages to the more toxic viral delivery agents.85 While early studies successfully demonstrated
the efficacy of CP as a DNA delivery agent, the synthetic method used has been limited due to poor
reproducibility and lack of control over morphology, particle size and stability of the DNA/CP coprecipitates. Studies have shown that transfection efficiency depends on these properties of the
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delivery system, as well as the ability of the NP to protect the payload from enzymatic attack once
inside the cell.31-33, 41, and 42
To address the inherent limitations of the surface decoration approach and increase the
transfection efficiency of CP based composite NPs, recent work on the delivery of DNA, plasmid
DNA (pDNA) and small interfering RNA (siRNA) has focused on synthesizing smaller NP sizes and
finding approaches to shield the genetic material within the NP.27,33, 73, 74,86- 44, 49, 44 This has been a
significant challenge because synthetic approaches using aqueous precipitation generally resulted in
the accumulation of DNA on the surface of the NPs.33, 73 While this was initially thought to prevent
agglomeration by imparting a steric dispersing layer with negative charge on the CP particle surface,
the DNA payload was not protected from enzymatic attack and studies showed that agglomeration
occurred in serum containing media, significantly reducing transfection efficiency.73 This was
demonstrated via the single shell precipitation method of CP/DNA complexes, which yielded small
particle sizes in the range of 10 to 20 nm, but exhibited considerably lower transfection efficiency
when compared to the commercial transfection agent Polyfect, especially in serum containing
media.34 Improvements to the single shell precipitation approach have been made via the double and
triple shell CP/DNA NP synthetic approaches, with these approaches extended to synthesizing
CP/siRNA and CP/immunoactive oligonucleotide NPs.33, 73, 74, 87 In Figure 2-7 (A-E) a comparison of
transfection efficiency via the single, double and triple shell NPs as reported by Sokolova et al. and
monitored via transmission light and fluorescence microscopy is shown.
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Figure 2-9. Transmission light microscopy (TEM) (top row) and enhanced green fluorescent
protein (EGFP) fluorescence microscopy (bottom row) showing cell morphology and
fluorescence after transfection with single shell (C), double shell (D) and triple shell (E) CP
pcDNA3-EGFP constructs when compared to commercial agent Polyfect® (A) and standard CP
precipitation method (B). Increased fluorescence in (E) indicates increased transfection for the
triple shell CP particles when compared to the single and double shell CP particles in (C) and (D)
respectively. Adapted from reference 33.

The double shell approach afforded no way to stabilize the NPs from agglomeration, and the triple
shell approach was studied to alleviate this problem by adding an additional layer of DNA, siRNA or
immunoactive oligonucleotides on the outside of the NPs.33 In the case of DNA delivery, adding
additional layers of CP significantly improved transfection efficiency over the single shell CP/DNA
NPs, and the triple shell CP/DNA NPs exhibited a transfection efficiency comparable to that of
Polyfect® when tested in serum free media. 31-33,43 However, due to agglomeration in serum
containing media, transfection efficiency was significantly lower, and the addition of another layer of
CP resulted in an increase in particle size.73 Also, in vivo studies have not been conducted, with the
full potential of the multi shell CP delivery vehicles not yet realized.
In addition to multi shell CP-based composite NP controlled precipitation techniques,
reported studies have also utilized reverse microemulsion synthetic routes to control particle size and
shield the genetic material.27, 44, 49, 51 One microemulsion approach yielding CP/DNA NPs has
demonstrated a DNA transfection efficiency similar to Polyfect® and shielding of genetic material
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from DNAase attack.51 More recently, an improvement to the microemulsion approach for more
effective siRNA delivery has been reported by Li et al.. who synthesized CP/siRNA NPs in reverse
microemulsions and surface functionalized these with citrate to then add a 1,2-dioleoyl-3trimethylammonium-propane chloride salt (DOTAP) liposome coating onto the outside of the NPs.27,
49

This approach provided added protection of the siRNA from degradation since the liposomal

coating afforded shielding for the genetic material contained within the CP core. As mentioned
earlier, this study also demonstrated in vivo targeting via DSPE-PEG-anisamide with a 50% down
regulation effect in H-460 lung cancer cell xenografts in nude mice, suggesting that this approach can
be further exploited for tissue specific delivery of siRNAs.27, 49

2.4.2 Drug Delivery
NPs offer many advantages to conventional drug delivery approaches due to their size and
protection of therapeutic from inactivation during transport. This is especially important in
chemotherapy, where barriers are encountered at the tumor and cellular levels as well as in the body
when trying to deliver a chemotherapeutic substance.88 CP- based systems have been studied
extensively in drug delivery applications, but the majority of studies have focused on growth factor
and drug delivery to bone using CP ceramics and cements. Recently, a number of reviews have
highlighted some of the CP based systems used in these applications.6, 7, 89-91 In this literature review,
we will focus on CP-based composite NPs primarily intended for intracellular delivery of
therapeutics. Challenges faced with these systems include poor colloidal stability and lack of
protection from degradation for surface decorated drug molecules, but improvements in synthetic
approaches for CP and calcium phosphosilicate NPs allow researchers to address and overcome these
challenges. This is especially significant for in vivo drug delivery studies, where, for example, the
protection of drug molecules from degradation via encapsulation prolongs drug retention, leading to
more effective apoptosis of diseased cells.72 Examples of in vitro and in vivo drug delivery studied
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with CP-based composite nanoparticle systems have included delivery of insulin, cisplatin, 7hydroxy-2-dipropyl-aminotetralin (7-OH-DPAT), methotrexate, hexanoyl-ceramide (Cer6), decanoylceramide (Cer10) and docetaxel.
In a study on the oral delivery of insulin, Ramachandaran et al. developed a CP
nanocomposite formulation with enteric coatings as an approach to overcome the disadvantages of
traditional delivery via subcutaneous injections.92 PEG and Eudragit 100 copolymer coatings were
applied onto the CP NPs and in vitro delivery of insulin was studied over time in phosphate buffered
saline (PBS) solution.92 No cytotoxicity was reported as confirmed via an in vitro MTT assay and the
released insulin molecules maintained the same size and conformation as before delivery.92
Cisplatin apatite NPs were studied in vitro as drug delivery agents, where drug induced
cytotoxicity was assessed in K8 mouse osteosarcoma cells.93 Furthermore, in another study, cisplatin
apatite particles were studied in vivo for lymph node delivery, but results showed poor retention of
nanosized particles in tissue of interest.94 For the in vivo studies with ocular hypotensive agent 7-OHDPAT CP nanoparticle formulations, it was shown in rabbits that the NPs exhibited improved
efficacy when compared to the free drug.95
Microemulsion synthetic approaches, noted earlier, also allow control over nanoparticle
morphology and size, and researchers have used such approaches to develop CP-based composite
NPs for drug delivery. For example, Morgan et al. and Kester et al. utilized a reverse microemulsion
synthetic route to encapsulate Cer6 and Cer10, experimental, hydrophobic therapeutic molecules,
inside a calcium phosphosilicate composite nanoparticle (CPNP) formulation.20, 21 Previous studies
have identified ceramide analogues as selective apoptotic agents for transformed cancerous cell
types.96 Equimolar doses of ceramide in nontransformed cells exhibited cell senescence without
appreciable apoptosis, strengthening the case for the agent as a selective antineoplastic
chemotherapeutic.96 To show simultaneous in vitro drug delivery and imaging capabilities, the
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researchers encapsulated fluorescein and rhodamine WT dyes inside the NPs along with the drugs.20,
21

The studies demonstrated that Cer6-fluorescein CPNPs induced 80% growth inhibition in human

vascular smooth muscle cells at a 0.2 µM ceramide concentration, which was a 25-fold lower
concentration than when administering ceramide in dimethyl sulfoxide (DMSO). Most importantly,
no cell morphology changes that could be attributed to nanoparticle toxicity were seen.20 In the case
of Cer10-rhodamine WT CPNP in vitro studies in UACC 903 melanoma cells, it was demonstrated
that melanoma cell survival was reduced to less than 5% at 5 µM concentrations of delivered
therapeutic as shown in Figure 2-8.21 Cer10-CPNPs were also tested in both drug sensitive and drug
resistant breast cancer cell lines, and it was shown that the NPs exhibited significantly greater
efficacy when compared to Cer10-DMSO controls.21 These studies suggest that the same synthetic
approaches, where the drug is shielded from degradation via encapsulation inside the CPNP matrix,
could be further used to fabricate NPs for in vitro and in vivo delivery of other hydrophobic
chemotherapeutics.
A double reverse microemulsion approach has also been used by Mukesh et al. to synthesize
composite CPNPs containing methotrexate.43 This approach used the drug of choice as both an
encapsulant and a dispersant. The study reported successful drug retention by the NPs over a 90 day
period at 2-8° C, but the particles agglomerated, with measured particle sizes of 823 nm at room
temperature at the end of the 90 day period.43 This indicated that a more adequate dispersion schemes
was needed during synthesis to ensure long term colloidal stability.
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Figure 2-10. The effects of calcium phosphosilicate NPs (CPNPs) with
encapsulated Cer10 on cell survival and viability of UACC 903 melanoma cells.
UACC 903 cells were exposed to rhodamine WT doped CPNPs without Cer10
(A) and with Cer10 (B). Cytotoxicity of NPs both with and without drug was
monitored in a dosage dependent manner using an MTS assay (green bar
represents Cer10 in DMSO, purple bar represents CPNPs without Cer10, and blue
bar represent CPNPs with Cer10). Adapted from reference 21..

More recently, composite NPs consisting of a hydroxyapatite core with a combination of an
oleic acid and [1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-carboxy(polyethylene
glycol)]2000 (DSPE-PEG-COOH) lipid shell were studied by Luo et al. as delivery vehicles for
docetaxel in the treatment for hormone refractory prostate cancer (HRPC).97 The study reported
cytotoxicity of the nanoparticle formulations in both the PC3 and DU145 prostate cancer cell lines,
but the transmission electron microscopy analysis revealed agglomeration of the NPs.97
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2.5 Summary and Conclusions
Published reports for in vitro and in vivo studies using CP-based composite NPs have
demonstrated that CP-based systems, specifically when imaging and therapeutic agents are
encapsulated rather than surface decorated, have great potential as diagnostic and therapeutic delivery
agents. In vitro and in vivo studies addressing imaging applications have exploited CP as a nontoxic
matrix to deliver lanthanides and organic dyes into cells and have reported improvements in the
optical properties of these agents as a result of encapsulation. CPSNP suspensions with encapsulated
organic dyes, especially the FDA approved NIR dye ICG, have been shown to permit in vivo
diagnostic imaging of breast and pancreatic cancers. Additionally, gene and drug delivery studies
have demonstrated the potential of these NP systems for the delivery of molecular therapeutics.
While delivery of DNA, pDNA, siRNA and drug molecules with CP-based composite NPs
has been limited due to insufficient colloidal stability, control over particle size and protection of the
genetic material from enzymatic degradation, recent studies have addressed these challenges by
adapting more controlled precipitation and double reverse micelle synthetic routes to shield the
therapeutic material from the surrounding environment via encapsulation. With specific targeting to
particular cancerous lesions, CP-based composite NPs have the potential to create a seed change with
simultaneous seeking, tracking and treating of oncological and cardiovascular diseases. CP-based
composite NPs are the only inorganic NP system that is biocompatible, bioresorbable, and benignly
cleared from the body. Even with the burgeoning body of drug delivery studies over the past three
decades, only a few, such as Abraxane and Doxil, have achieved clinical status, and even then, only
with marginal results.98 The use of CP-based composite NPs, particularly combined with FDA
approved drug and imaging agents, likely face far fewer regulatory hurdles than new materials, either
organic or inorganic. A recent review on the status of FDA clinical trials for various NP delivery
platforms indicated an increasing awareness of the value of these systems in human healthcare.98
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Chapter 3
Influence of SiO2 Stationary Phase APTES Treatment on NP Yields and
Colloidal Interactions in the Packed Column HPLC Laundering and Dispersion
Process for APTES Treated Ag-SiO2 NPs Synthesized in Reverse Micelles

3.1 Introduction
Core-shell composite nanoparticles (NPs) have attracted much attention lately due to the
growing demands for NP multifunctionality in a number of research areas, including electronics,
optics, catalysis, and biomedicine. A recent comprehensive review of core-shell NP systems
highlighted a steady increase in publications on this class of NPs since the early 1990s.1 This
growing interest in core-shell NPs, especially for applications in biomedicine, has coincided with
improvements in synthetic and dispersion approaches for core-shell NP structures consisting of both
inorganic and organic materials.
Thus far, multiple core-shell NP structures which utilize SiO2 as the shell material have been
synthesized and studied for applications in biomedicine due to their unique optical properties. These
include: CdSe/ZnS core-SiO2 shell NPs2, fluorescent organic dye core-SiO2 NPs3-5, and metal coreSiO2 NPs with Ag and Au as examples core materials6, 7. Ag is used most often as the metallic core
material because it exhibits the highest efficiency of plasmon excitation of the three metals with
plasmon resonances in the visible spectrum (Ag, Au and Cu).8 In biomedical applications, Ag-SiO2
composite NPs, especially with organic dyes incorporated into the NP structure, are of particular
interest because of their potential use as antibacterial agents9, 10 and as diagnostic probes in surfaceenhanced Raman scattering (SERS) spectroscopy for cancer immunoassays.11-13 The addition of a
SiO2 shell in Ag-SiO2 composite NP structures is advantageous for multiple reasons. The SiO2 shell
is optically transparent, results in improved chemical and colloidal stability for the NPs, allows for a
variety of NP targeting schemes due to ease and versatility of chemical modification for the SiO2
surface, and decreases cytotoxicity due to improved biocompatibility of the overall NP structure.
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Most importantly, the recent FDA approval of 5-7 nm organic dye-SiO2 NPs for human trials14
suggests that other core-SiO2 shell composite NPs like Ag-SiO2 have a future in the diagnosis and
treatment of serious diseases, especially cancer.
A number of synthetic approaches for Ag-SiO2 NP composites have been utilized and
reported in the literature. One of the first synthetic schemes for the controlled addition of SiO2 shells
onto Ag core NPs was introduced by Mulvaney et al., who used a silane coupling agent to prime the
Ag core surface for silicate deposition.7 Other similar synthetic approaches which specifically utilize
modifications of the Stöber method15 for the controlled condensation of SiO2 shells with varying
thicknesses have been reported by multiple researchers.16-19 While the use of these schemes generally
permits precise control of the SiO2 shell thickness, these approaches are also time-consuming since
the Ag core NPs must first be stabilized in aqueous conditions before transfer to ethanol for the SiO2
shell deposition process using tetraethyl orthosilicate (TEOS). Lastly, water-in-oil (reverse) micelle
routes for synthesis and dispersion of Ag-SiO2 NPs have been explored.12, 13, 20-22 These synthetic
approaches allow for control of NP size, functionality and colloidal stability, and do not require
stabilization of the Ag NP core since TEOS is introduced directly into the Ag NP containing the
aqueous pool of the reverse micelles for the formation of an SiO2 shell. In spite of these advantages,
reverse micelle synthetic routes still require additional laundering and dispersion steps to ensure
colloidal stability and biocompatibility of the Ag-SiO2 NPs after micelle disruption due to the
presence of the oil phase and surfactant in the as synthesized suspensions.
For a variety of inorganic NPs synthesized in reverse micelles, including Ag-SiO2 NPs12, 13,
centrifugation (sedimentation and redispersion) remains the most commonly used laundering and
dispersion approach with water and ethanol most often being reported as the laundering and
dispersion solvents. In addition to centrifugation, other laundering and dispersion approaches were
previously evaluated in our research group by Wang et al. for the Ag-SiO2 composite NP system,
including: sedimentation, filtration, Soxlet extraction, and a high performance liquid chromatography
(HPLC) approach.21 The HPLC laundering and dispersion approach yielded well dispersed
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suspensions of Ag-SiO2 NPs, while the other approaches were found less suitable for dispersion due
to the formation of irreversible agglomerates.21, 22
This chapter expands on the previous work and examines the final mass NP yields and
colloidal interactions for 3-aminopropyltriethoxysilane (APTES) functionalized Ag-SiO2 NPs
synthesized in a cyclohexane/ polyoxyethylene (5) nonylphenyl ether/water tertiary system during a
packed column HPLC laundering and dispersion process where 1 w/o, 5 w/o or 15 w/o APTES is
used to treat the surface of the column SiO2 stationary phase microspheres. It is hypothesized that,
independent of the w/o of APTES used during SiO2 stationary phase functionalization, the relatively
low dielectric constants for the mobile phase solvent mixtures of 15.5% cyclohexane/77.7%
ethanol/6.2% Igepal® CO-520/ 0.5% water (approximated as 17:83 cyclohexane:ethanol (by
volume)) and neat ethanol (approximated as 95:5 ethanol:water (by volume)) during the loading and
laundering stages of the packed column HPLC process are favorable for Ag-SiO2 NP deposition onto
the APTES treated SiO2 stationary phase microspheres due to appreciable attractive van der Waals
(vdW) colloidal interactions and diminished repulsive electrostatic interactions among the Ag-SiO2
NPs in suspension and the APTES treated SiO2 stationary phase microspheres. In contrast, it is
predicted that, during the collecting stage of the process, the increase in dielectric permittivity with
the use of 70:30 ethanol:water (by volume) mobile phase relative to the loading and laundering stage
mobile phases will facilitate the highest degree of Ag-SiO2 detachment from the SiO2 stationary phase
with 15 w/o APTES treated SiO2 stationary phase. More extensive surface coverage with positively
charged amine sites due to 15 w/o APTES treatment on SiO2 stationary phase column packing is
predicted to result in increased electrostatic repulsion between positively charged amine surface sites
on the stationary phase and the 5 w/w APTES treated Ag-SiO2 NPs during the collecting stage of the
packed column HPLC process. Subsequently, collected mass yields (mg) of Ag-SiO2 NPs in the final
suspensions are expected to be highest for 15 w/o APTES treated SiO2 stationary phase columns
when compared to columns packed with 1 w/o and 5 w/o APTES functionalized SiO2 stationary
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phases. Colloidal interactions are calculated for each stage of the process to investigate if the
deposition and detachment behavior of Ag-SiO2 NPs for each stage of the process is explained using
a modified DLVO dispersion theory.
3.2 Materials and Methods
3.2.1 Materials
Silver nitrate (AgNO3, ≥ 99%, ACS reagent), hydrazine hydrate (N2H4, 50-60%, reagent
grade), ammonium hydroxide (NH4OH, 28-30%), tetraethyl orthosilicate (TEOS, 98%, reagent grade)
and 3-aminopropyltriethoxy silane (C9H23NO3Si, ≥98%) were purchased from Sigma-Aldrich Co.
Glacial acetic acid was purchased from J.T. Baker and used as received. All AgNO3 aqueous
solutions were made using deionized H2O and stored in clean amber glass bottles. Cyclohexane
(C6H12, 99%, BHD Chemical Co.), polyoxyethylene(5) nonylphenylether (Igepal® CO-520,
C13H20O(C2H4O)n=5, Rhodia Chemical Co.) and ethanol (200 proof, VWR International) were used
without further purification. Astrosil® silica spheres were purchased from Stellar Phases Inc.,
Langhorne, PA and used as HPLC column stationary phase. HPLC column assembly materials were
purchased as follows: polycarbonate tubing from McMaster Carr, Aurora, OH, stainless steel fittings
and PFA ferrules from Pittsburgh Valve and Fitting Co, Pittsburgh, PA and stainless steel frits from
IDEX Health and Science, Oak Harbor, WA. All pH measurements were performed using an ISFET
pH probe purchased from Sentron Inc., the Netherlands, calibrated against aqueous buffers at pH 4, 7
and 10 purchased from Ricca Chemical Company, Arlington, TX.

3.2.2 Synthesis of Ag-SiO2 NPs
All syntheses were carried out in clean glass round bottom flasks because initial syntheses of
NP suspensions in disposable Falcon® cups resulted in significant collapse of cups due to solvent
incompatibility. The synthetic approach for Ag-SiO2 composite NP suspensions was modified from
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work previously reported in our research group by Li et al. and Wang et al..20-22 A flow chart of the
synthetic approach is provided in Figure 3-1. The reverse micelle synthetic parameters R=2
(R=[water]/[surfactant]), H=100 (H=[water]/[TEOS]) and X=1 (X= [NH4OH]/[TEOS]) were used for
all syntheses reported here for the cyclohexane/ polyoxyethylene (5) nonylphenylether/water tertiary
system 23. Typically, a single water-in-oil microemulsion (reverse micelle) was prepared using
cyclohexane as the oil phase and polyoxyethylene (5) nonylphenylether (Igepal® CO-520) as the
nonionic surfactant. A reverse microemulsion was formed by adding 324 µl of 10-2 M of AgNO3 (aq)
into a round bottom flask containing 14 ml of 29 vol% Igepal® CO-520 in cyclohexane, immediately
followed by the addition of 10 µl of hydrazine hydrate as reducing agent. The microemulsion was
then allowed to equilibrate under constant stirring (< 100 rpm) for 3 minutes to ensure formation of
the Ag cores. At the end of the equilibration period, 7 µl of NH4OH as catalyst for SiO2 shell
formation was added and the microemulsion was again allowed to equilibrate for 3 minutes. Finally,
40 µl of tetraethyl orthosilicate (TEOS) was added. The reverse microemulsion was then allowed to
equilibrate for 24 hours under constant stirring to ensure condensation of a SiO2 shell on the Ag core
material. After a 24 hour equilibration, 57 µl of 1% (by volume) premixed 3aminopropyltriethoxysilane (APTES) solution (1.013 ml ethanol, 0.525 µl acetic acid, 0.105 µl DI
water and 10.2 µl of APTES) was added as a dispersing agent. This amounted to 5 w/w of APTES
with respect to the calculated theoretical mass yield of 21 mg for the Ag-SiO2 NPs, and was predicted
to allow for 10% surface coverage for a calculated 6.75·1015 NPs with r = 15 nm. The % of APTES
surface coverage was calculated using a reported 40 Å2 footprint for an APTES molecule24 as
explained in Appendix A. After APTES addition, the microemulsion was allowed to equilibrate for
24 hours to ensure adequate coupling of APTES to the surface of the NPs. The reverse
microemulsion was then disrupted via the addition of 50 ml neat ethanol containing 2x10-2 M acetic
acid. After micelle disruption, the final (unlaundered) Ag-SiO2 NPs were suspended in a mixture of
15.5% cyclohexane/77.7% ethanol/6.2% Igepal® CO-520/ 0.5% water (by volume) with 1.55x10-2 M
acetic acid present.
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14 ml cyclohexane – Igepal CO-520® mixture
324 µl 0.01 M AgNO3 (aq)
10 µl N2H4
Stir 3 min (<100rpm)

Formation of Ag NPs inside
reverse micelles
7 µl of NH4OH
Stir 3 min. (<100 rpm)
40 µl of TEOS

24 hour equilibration for
condensation of SiO2 shell
57 μl 1 v/o APTES in EtOH

24 hour silane agent coupling
50 ml EtOH with 2·10-2M HAc

Ag core SiO2 composite NP suspension in
disrupted reverse micelle solution
Figure 3-1. A flow chart of the single reverse micelle synthetic procedure used to synthesize
Ag-SiO2 composite NP suspensions at room temperature. First, Ag NPs are formed using
hydrazine hydrate as a reducing agent. TEOS is then added to condense SiO2 onto the surface
of Ag with NH4OH as catalyst. NPs are dispersed via addition of 3-aminopropyltriethoxy
silane (APTES) to impart positive charge on the surface of the NPs. The micelles are
disrupted via the addition of ethanol with 2·10-2 M acetic acid before laundering.
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3.2.3 Laundering and Dispersion of Ag-SiO2 Composite NP Suspensions using Packed Column
HPLC
All Ag-SiO2 NP suspensions were laundered immediately after micelle disruption using a
packed column HPLC approach modified from previous work by Wang et al.21, 22 to ensure removal
of residual surfactant and precursors and ensure adequate dispersion of NP suspensions. Astrosil®
SiO2 spheres were treated with APTES to produce varying degrees of amine surface coverage and
used as stationary phase in the HPLC column. Based on the certificate of analysis (COA) provided
by the manufacturer, the as received Astrosil® SiO2 microspheres had a 65 Å pore size and 440 m2/g
surface area. The range of [APTES] was 1 w/o, 5 w/o and 15 w/o APTES in the studies reported
herein, which amounted to approximately 6.2, 31 and 108 % surface coverage respectively estimated
for an SiO2 sphere with an average 17 µm diameter using a reported APTES molecule footprint of 40
Å2 based on calculations provided in Appendix A24. The desired APTES mass and subsequently
volume were calculated based on the desired w/o (weight % with respect to total weight of SiO2
material + solution) using the following expression:
weight % APTES = (m

mAPTES

APTES + methanol +mwater + macetic acid )+mSiO2

x 100

(3.1)

An appropriate amount of APTES solution for the desired final w/o (1, 5 or 15 w/o) was mixed with
8.33 ml of neat ethanol, 0.417 ml of deionized H2O and 0.083 ml of acetic acid in a Nalgene® bottle,
followed by the addition of 5 g of Astrosil SiO2 powder. The mixture was agitated on a shaker table
for 24 hours, followed by drying in an oven for 14 hours at 70º C.
The relevant conditions for the experimental setup used in the packed column HPLC
laundering and dispersion process of Ag-SiO2 NP suspensions with 1, 5 and 15 w/o APTES
functionalized column stationary phases are summarized in Table 3-1. Briefly, a Waters Delta Prep
3000 HPLC system pump (Milford, MA) was used to feed the unlaundered Ag-SiO2 NP suspensions
in 15.5% cyclohexane/77.7% ethanol/6.2% Igepal® CO-520/ 0.5% water (by volume) with 1.55x10-2
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M HAc, preconditioning/laundering neat ethanol solution and collecting 70:30 ethanol:water (by
volume) solution into the column connected to a Shimadzu SPD-6A UV-visible spectrophotometric
detector (Shimadzu North America). HPLC columns with the following specifications were
constructed in the lab: (1) polycarbonate tubing with 3/8 in OD and 1/4 in ID was sectioned into 5
cm pieces and used as column tubing, (2) stainless steel column end fittings and PFA ferrules for 3/8
in OD tubing were used to secure both ends of HPLC column tube, and (3) 2 um stainless steel mesh
frits with .188 in disc diameter, .062 in disc thickness and .254 in ring OD were used to contain the
stationary phase inside the column tubing. Detector response (V) was monitored for the duration of
the HPLC process, including loading, laundering and collecting stages using a digital multimeter and
recorded as a function of time (sec) using ScopeView software (v. 1.03, Radioshack Inc). In each
given experiment, the HPLC column was dry packed and neat ethanol (operational pH 6) was first
pumped through the column to establish a zero baseline on the UV-visible spectrophotometric
detector. The packed column HPLC process was monitored at λmax = 405 nm, the wavelength
associated with the Ag surface plasmon peak. Each unlaundered Ag-SiO2 NP suspension was loaded
onto 1 w/o , 5 w/o or 15 w/o APTES modified SiO2 stationary phase in a single loading stage,
laundered with neat ethanol (operational pH 6) for approximately one hour, and collected with 70:30
ethanol:water (by volume, operational pH 6).
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Table 3-1. Relevant conditions used during the packed column HPLC procedure for the laundering
and dispersion of Ag-SiO2 NP suspensions discussed in this chapter
Volume of unlaundered
suspension:
64.4 ml
Pump:
Waters Delta Prep 3000 HPLC
Detector:
Shimadzu SPD-6A UV-visible spectrophotometer
Detection wavelength:
Chromatogram collection:
Column tubing material:
Column stationary phase:
Loading flow rate:
Laundering flow rate:
Collecting flow rate:
Laundering solvent:
Laundering time:
Collecting solvent:
Volume of initial load:
Number of loads:
Number of laundering steps:
Collecting time:
Collected suspension volume:

405 nm
Radioshack Digital Multimeter with ScopeView v.1.03 software
Polycarbonate (5 cm L x 3/8" OD x 0.245" ID)
1 w/o, 5 w/o or 15 w/o APTES treated Astrosil® SiO2
2 ml/min
3 ml/min
3 ml/min
Neat ethanol
~1 hour
70:30 ethanol:water
64.4 ml
1
1
~1-2 mins (based on peak duration in 70:30 ethanol:water)
~10-15 ml

3.2.4 Characterization
Field emission electron microscopy (FESEM) was used to examine 1 w/o, 5 w/o and 15 w/o
APTES treated Astrosil® SiO2 stationary phase spheres in the dry state after silanization and after
recovery from the HPLC column during the packed column HPLC laundering process for Ag-SiO2
NPs. Samples of stationary phase spheres were recovered after (1) completion of loading and
laundering stages and (2) completion of loading, laundering and collecting stages of the packed
column HPLC process. The samples were recovered as follows: the HPLC pump was stopped, the
column was disconnected from the HPLC system and allowed to dry overnight at room temperature.
A sample of stationary phase microspheres was then taken from the top of the column using a clean
stainless steel spatula. Spheres were placed on carbon film and sputter coated with Au/Pd for 20
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seconds. Samples were imaged in backscatter mode using a JEOL FESEM instrument. Imaging was
performed at 3 kV unless noted otherwise.
ζ-potentials (mV) were determined from electrophoretic mobilities (10-8 m2/V·s) measured by
phase angle light scattering (PALS) using a Brookhaven Instruments Zeta Potential Analyzer
(Brookhaven Instruments Corporation, Holtsville, NY) in the ZetaPLUS software (ver.3.23) for
particle suspensions in the loading stage solvent mixture, and in the ZetaPALS software (ver.3.19) for
particle suspensions in the laundering and collecting stage solvent mixtures. Measurements were
conducted on as received and 1 w/o, 5 w/o and 15 w/o APTES treated 1000 ppm suspensions of
Astrosil® SiO2 stationary phase spheres and also on 5 w/w APTES treated Ag-SiO2 NPs. For this
instrument, the electrophoretic mobility of an NP is related to the frequency shift of scattered light
from the NP moving in an applied electric field. A detailed description of the relevant theory and
equations for the electrophoretic mobility measurements and calculations with this instrument has
been given in the literature.25 Since measurements were carried out in mixed solvents, an unspecified
liquid was selected as the solvent environment before each measurement. Values for ε, n and η
(cPoise) for each solvent mixture were interpolated from the literature and inputted as specified in
Table 3-2.
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Table 3-2. The interpolated ε, n and η values for the mobile phase solvent mixtures for the
loading, laundering and collecting stages of the packed column HPLC process used for the
laundering and dispersion of Ag-SiO2 NP suspensions
Stage of packed column
HPLC process
Loading

Mobile phase (ratio by
volume)
17:83
cyclohexane:ethanol**

ε*

n*

η (cP)

20.91

1.366

1.010

Laundering

95:5:ethanol:water

27.29

1.354

1.418

Collecting

70:30 ethanol:water

30.76

1.358

2.183

* ε, n and η values for the mobile phase solvent mixtures were interpolated from values
reported in the literature as given in Appendix B; **17:83 cyclohexane:ethanol (by volume)
ratio used as solvent mixture in interpolation of ε, n and η values for loading phase mixture of
15.5% cyclohexane/77.7% ethanol/6.2% Igepal® CO-520/ 0.5% water (by volume)

The pH of all Ag-SiO2 NP and SiO2 stationary phase suspensions was adjusted with 0.01 M
HAc and KOH solutions, and suspensions were equilibrated for 24 hours at a given pH prior to each
measurement. Since nonaqueous buffer standards corresponding to mobile phase solvent mixtures
were not readily available, all pH probe calibrations were conducted using aqueous buffers at pH 4, 7
and 10. Fundamental concepts relating to pH measurements in both aqueous and nonaqueous
solutions, including ethanol:water mixtures, have been discussed by Bates26, 27 and Popovych and
Tompkins28. The pH values reported here for the ζ-potentials in 95:5 and 70:30 ethanol:water (by
volume) mixtures are the operational pH values recorded during pH measurements.
The mass of solids in final NP suspensions was determined via loss on ignition (LOI). A 200
µl volume of each final Ag-SiO2 NP suspension in 70:30 ethanol:water was heated for 14 hours on a
programmable hot plate at 105º C in glass vials. Actual yield mass (mactual) was determined from
dried mass (mg) of product and yield percent (%) was calculated using the following expression
% yield mass =

mactual
mtheoretical

x 100

(3.2)
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A theoretical yield mass of 21 mg was used in all % yield calculations as determined in theoretical
yield calculations presented in Appendix A.
Absorbance (A.U.) of final Ag-SiO2 suspensions was measured using a Pharmacia UVvisible spectrophotometer with 70:30 ethanol:water (by volume) as background solvent.
Measurements were conducted in the 250-500 nm wavelength range to determine residual surfactant
concentrations (mol/l) and to confirm presence of Ag plasmon resonance peaks.

3.2.5 Calculations of Colloidal Interactions for Ag-SiO2 NP and Astrosil® SiO2 Stationary Phase
During Packed Column HPLC Laundering Process
The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory of colloidal stability29, 30 was used
to assess colloidal interactions between the Ag-SiO2 composite NPs and the 1 w/o, 5 w/o and 15 w/o
APTES modified Astrosil® SiO2 stationary phase microspheres by calculating the total interaction
energies during the loading, laundering and collecting stages of the packed column HPLC process.
According to DLVO theory, the total interaction energy between the NPs and the stationary phase
microspheres is equal to the sum of the attractive van der Waals (vdW) and repulsive electric double
layer interactions for each stage of the process, and is calculated using the expression
VT = VA + VR

(3.3)

Since the SiO2 stationary phase microspheres were approximately 550 times larger in diameter than
the Ag-SiO2 NPs, it was appropriate to use expressions for NPs adhering to a flat plate to calculate
both the attractive and repulsive interaction energies. The attractive vdW energy was calculated using
equation31
VA = −

A132 r
6d

(3.4)
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where A132 is the Hamaker constant for the SiO2 – mobile phase – Ag-SiO2 composite NPs system, r
is the radius of Ag-SiO2 NPs and d is the separation distance. The effective non-retarded Hamaker
constant A132 values for each stage of the process were calculated using the Lifshitz theory of
macroscopic vdW interactions using expression31
3
4

ε1 −ε3
ε −ε
3hνe
� � 2 3� +
ε1 +ε3
ε2 +ε3
8√2

A132 ≈ kT �

(n21 −n23 )(n22 −n23 )
1
1
1
1
(n21 +n23 )2 (n22 +n23 )2 {(n21 +n23 )2 +(n22 +n23 )2 }

(3.5)

where k is the Boltzman constant, T is the temperature, h is Planck’s constant, νe is the UV absorption
frequency, ε1 and n1 are the dielectric constant and refractive index values respectively for SiO2, ε2
and n2 are the dielectric constant and refractive index values respectively for Ag-SiO2 NPs, and ε3 and
n3 are the dielectric constant and refractive index values for the solvent mixtures constituting the
mobile phase during the loading, laundering and collecting stages of the packed column HPLC
process. Based on absorption frequencies (s-1) for cyclohexane, ethanol, water and silica31, an
absorption frequency of 3 x 1015 s-1 was used for all media for the purpose of the A132 calculations.
The ε1 and n1 values for SiO2 were 3.82 and 1.448 respectively as estimated from optical data using
Lifshitz theory and reported in the literature by Bergstrom et al.32 An ε2 value of 3.87 for Ag-SiO2
NPs was approximated using the expression reported by Quinsaat et al.18
εAg−SiO2 = εSiO2

2εSiO2 + εAg + 2α(εAg − εSiO2 )
2εSiO2 + εAg − α(εAg − εSiO2 )

(3.6)

where εSiO2=3.8232, εAg = 10,00018, and α is the volume fraction of Ag core in an Ag-SiO2 core shell
NP. The volume fraction of Ag core is calculated using the expression18
r

3

α = � Ro �

(3.7)

Values of ro = 2.5 nm and R=15 nm were used for the Ag core and Ag-SiO2 NP radii, respectively, as
previously determined by Wang et al.22 for NPs synthesized using the reverse micelle parameters
reported in this chapter. An n2 value of 1.968 for the Ag-SiO2 NPs was approximated by taking the
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square root of the calculated ε2 value. For the solvent mixtures which constituted the mobile phase
during the loading, laundering and collecting stages of the packed column HPLC process, the ε and n
values used in the calculations were interpolated from those reported in the literature for
cyclohexane:ethanol33 and ethanol:water34 mixtures as explained in Appendix B. Values used in the
calculations were given earlier in Table 3-2 for each stage of the process.
The electrical double layer repulsive energies between the Ag-SiO2 NPs and the 1 w/o, 5 w/o
and 15 w/o APTES treated SiO2 stationary phase microspheres were calculated using the expression
developed by Hogg, Healy and Furstenau35 with r→∞ for the SiO2 stationary phase microspheres
1+e−κd
�]
1−e−κd

VR = πεo εr�� ψ2SiO2 + ψ2Ag−SiO2 � ln(1 − e−2κd � + 2ψSiO2 ψAg−SiO2 ln �

(3.8)

where ε is the dielectric constant of the mobile phase solvent mixture, εo is the permittivity of
vacuum, r is the radius of Ag-SiO2 NPs, ΨSiO2 and ΨAg-SiO2 are the surface potentials of the SiO2
stationary phase microspheres and Ag-SiO2 composite NPs respectively, κ is the inverse Debye
length and d is the separation distance. Calculated mean ζ-potentials (mV) were used in place of
ΨSiO2 and ΨAg-SiO2 to approximate and compare repulsive interaction energies during the collecting
stage of the packed column HPLC process at pH 6 and at pH 7. The Debye-Hückel parameter κ
(1/m) and, subsequently, the Debye length κ-1 (nm) were calculated based on ionic strength (mol/m3)
using the expression31
2NA e2 I
�
ε εo kT

κ = ��

(3.9)

where NA is Avogadro’s number, e is elementary charge, I is the ionic strength in mol/m3, and ε is the
dielectric constant of the mobile phase solvent mixture. I (mol/m3) values were estimated from
measured conductance (µS) values obtained in ZetaPALS and calibrated again specific conductivities
(µS/cm2) for a series of known HCl concentrations (mol/l) as the 1:1 electrolyte in relevant
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cyclohexane:ethanol and ethanol:water solvent mixtures. Further details are given in Appendix C
along with calibration curves.
Since the APTES molecules on the particle surfaces are predicted to provide an electrosteric
barrier to agglomeration during the collecting stage of the packed column HPLC process, the
calculated total interaction energies were truncated to account for the APTES layer on the surface of
the 1 w/o, 5 w/o and 15 w/o APTES treated SiO2 stationary phase microspheres and the surface of the
Ag-SiO2 composite NPs. The structure of an APTES molecule is shown in Figure 3-2 (A). The
thickness of the APTES layer was estimated to be 0.74 nm using a 3D ball and stick model generated
with ACD ChemSketch freeware36 (Advanced Chemistry Development Inc., Toronto, Ontario) as
shown in Figure 3-2 (B).

A

B

Figure 3-2. Structures of 3-aminopropyltriethoxy silane (APTES) molecule generated in ACD
ChemSketch freeware36 are shown for (A) unbound state (in 2D) and (B) when bound to SiO2
surface (in 3D). The atoms are colored as follows: C – blue, O – red, Si – gray, N– green and H
– yellow. While an unbound APTES molecule as shown in (A) is approximately 1 nm in
diameter, it is estimated to have an approximate spherical diameter of 0.74 nm when bound to an
SiO2 surface based on the internuclear distances between the outermost atoms measured using a
3D ball and stick model as shown in (B).
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Attachment efficiencies αa (as %) for the 5 w/w APTES dispersed Ag-SiO2 NPs and 1 w/o, 5
w/o and 15 w/o APTES treated SiO2 stationary phase particle columns were approximated for the
loading, laundering and collecting stages of the process using the expression
𝛼𝛼𝑎𝑎 =

1
𝑊𝑊

≈

1

V
� max �
e kT

(3.10)

where Vmax is the height of the interaction energy barrier for a given interaction energy curve VT
calculated using modified DLVO theory described earlier in equations 3.4 and 3.8. This expression is
derived from Fuch’s equation for the stability ratio (W)37, where W=1/αa, and is a valid
approximation since Verwey and Overbeek demonstrated that the W is almost entirely determined by
the Vmax value for a given VT curve.30

3.3 Results and Discussion
3.3.1 Analysis of the Ag-SiO2 NP packed column HPLC process and final NP suspensions by
UV-visible spectrophotometry
Column experiments were performed using 1 w/o, 5 w/o and 15 w/o APTES treated SiO2
stationary phases to monitor the detachment of Ag-SiO2 NPs during the loading and laundering
staged of the packed column HPLC process and collect final Ag-SiO2 NP suspensions to compare
final NP yields for the three APTES treated stationary phases. During the column experiments, the
formation of a distinct brown band of deposited Ag-SiO2 particles was observed at the top of the
column for all APTES treated stationary phases during the loading stage of process. It was also
observed that a fraction of the initial band of Ag-SiO2NPs remained irreversibly agglomerated on the
top portion of the column at the end of the collecting stage of the process independent of w/o APTES
treatment on the SiO2 stationary phase. Both of these observations were confirmed via FESEM for 1
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w/o, 5 w/o and 15 w/o APTES treated stationary phase samples recovered during different stages of
the process as discussed in the next section.
The duration of the packed column HPLC process for the laundering and dispersion of AgSiO2 suspensions used here to study NP yields was monitored at the column outlet using a UV-visible
spectrophotometric detector operating in absorbance mode at λmax = 405 nm, the Ag core surface
plasmon peak. A comparison of chromatograms recorded for Ag-SiO2 suspensions laundered and
dispersed using a 1 w/o, 5 w/o and 15 w/o APTES treated SiO2 packed column is shown in Figure 33. The peaks recorded during the three stages of the packed column HPLC process for 1 w/o, 5 w/o
and 15 w/o APTES treated stationary phase columns are summarized in Table 3-3. The recorded
peaks indicate Ag-SiO2 NP detachment during the packed column HPLC laundering and dispersion
process. Based on the chromatogram data for the 1 w/o APTES treated SiO2 stationary phase
column, no Ag-SiO2 detachment was observed or recorded during the loading and laundering stages
of the process in 15.5% cyclohexane/77.7% ethanol/6.2% Igepal® CO-520/ 0.5% water (by volume)
and neat ethanol respectively. Only a fraction of the loaded and laundered Ag-SiO2 NPs was
detached and collected as the final Ag-SiO2 suspension during the collecting stage in 70:30
ethanol:water (by volume) as evidenced by a 0.692 V peak at 6073 seconds. However, the opposite
was observed and recorded for the 5 w/o and 15 w/o APTES treated stationary phases. Based on the
chromatograms collected for both 5 w/o and 15 w/o APTES packed columns, a fraction of Ag-SiO2
NPs detached from the column during the loading stage of the HPLC process in 15.5%
cyclohexane/77.7% ethanol/6.2% Igepal® CO-520/ 0.5% water (by volume) mobile phase and again
during the initial part of the laundering stage of the process in neat ethanol. For the 15 w/o APTES
treated stationary phase, a peak shoulder was recorded between peaks detected during loading and
laundering stages, indicating that a fraction of the Ag-SiO2 NPs suspended in 15.5%
cyclohexane/77.7% ethanol/6.2% Igepal® CO-520/ 0.5% water (by volume) mobile phase did not
initially attach onto the column stationary phase.
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Figure 3-3. Chromatograms collected during the packed column HPLC laundering and
dispersion process for Ag-SiO2 suspensions at λ=405 nm for columns packed with 1
w/o (blue), 5 w/o (red) and 15 w/o (black) APTES treated SiO2 stationary phase
spheres. The loading and laundering stages are indicated with horizontal arrows for
each chromatogram (blue – 1 w/o APTES, red - 5 w/o APTES, black – 15 w/o APTES).
Collection stage peaks are boxed in for emphasis.
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Table 3-3. Summary of chromatogram peaks from Figure 3-3 obtained for Ag-SiO2
suspensions at λmax = 405 nm during the loading, laundering and collecting stages of the
packed column HPLC process using 1 w/o, 5 w/o and 15 w/o APTES treated SiO2 as
stationary phase
APTES w/o on
stationary phase

1

5

15

Stage of packed column
HPLC process

Peak time (sec)

Detector response
(V)

Loading

-

-

Laundering

-

-

Collecting

6073

0.692

Loading

169

0.053

Laundering

2026

0.094

Collecting

6696

1.493

Loading

567

0.166

Laundering

~2449

> 2.0

Collecting

~7983

> 2.0

UV-visible spectra were collected in absorbance mode for the final Ag-SiO2 NP suspensions
in 70:30 ethanol:water (by volume) in the 250-500 nm wavelength range. The spectra are shown in
Figure 3-12 (A-C) for suspensions laundered and dispersed using columns packed with 1 w/o, 5 w/o
and 15 w/o APTES treated SiO2 stationary phase microspheres. Four Ag-SiO2 NP suspensions
laundered and dispersed with a given stationary phase are shown for comparison. The peaks recorded
at λmax = 276 nm are attributed to residual Igepal CO- 520® surfactant, while the peaks at λmax = 405
nm are due to the Ag core plasmon resonance. Residual surfactant concentrations (M) in the final
Ag-SiO2 suspensions are determined to be in the 3-4 10-4 M range based on a Beer-Lambert linear
regression fit (R2>0.99) generated for a range of Igepal CO- 520® surfactant concentrations (M) in
70:30 ethanol:water (by volume). There are no visible peaks recorded at 405 nm for suspensions
collected using 1 w/o APTES treated SiO2 packed columns, indicating low Ag-SiO2 NP yields in the
final suspensions consistent with relatively low intensity peaks recorded via absorbance during
collection stage for 1 w/o APTES SiO2 column experiments. Peaks recorded at 405 nm for the final
suspensions collected using 5 w/o and 15 w/o APTES treated SiO2 packed columns vary between
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suspensions for each stationary phase, suggesting a lack of reliability in this packed column HPLC
process.
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Absorbance

A

B

C

Wavelength (nm)
Figure 3-4. UV-visible spectra collected in absorbance mode for final Ag-SiO2 suspensions in 70:30
ethanol:water (by vol) laundered and dispersed using (A) 1 w/o , (B) 5 w/o and (C) 15 w/o APTES
treated SiO2 stationary phases. The peaks recorded at 276 nm are attributed to residual Igepal® CO520 surfactant, while the peaks at 405 nm are attributed to the Ag core plasmonic resonance. No Ag
peaks are detected for suspensions laundered using a 1 w/o APTES treated stationary phase columns,
which is consistent with no yields determined for these suspensions using loss on ignition.
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Loss on ignition was used to quantify final Ag-SiO2 NP yields for the collected suspensions.
The measured actual mass mactual (mg) and % yields for final Ag-SiO2 NP suspensions laundered and
dispersed via packed column HPLC process using columns packed with 1 w/o, 5 w/o and 15 w/o
APTES treated SiO2 stationary phase microspheres are given in Table 3-4. The mean % yields are
also given as calculated for 4 suspensions collected using identical process conditions for each
stationary phase. While laundering and dispersion with 1 w/o APTES treated SiO2 stationary phase
HPLC columns resulted in 0% yields for the collected Ag-SiO2 suspensions, the 5 w/o and 15 w/o
APTES treated SiO2 stationary phases produced 1.1 ± 0.4 and 1.2 ± 0.8 % yields respectively. These
results suggest that there is no significant advantage in increasing the SiO2 stationary phase [APTES]
treatment from 5 to 15 w/o, but results of colloidal interaction calculations must be considered to
corroborate these findings.
Table 3-4. Measured mactual (mg) and calculated % yields for final Ag-SiO2 NP suspensions
laundered and dispersed via packed column HPLC process using columns packed with 1
w/o, 5 w/o and 15 w/o APTES treated stationary phases. Mean % yields are based on 4
suspensions for each stationary phase with ± values denoting calculated 95% confidence
intervals.*Note: considered an outlier and excluded from mean % yield calculations
APTES w/o on
stationary phase

1

5

15

Sample ID

mactual (mg)

% Yield

AT 4-47
AT 4-49
AT 4-51
AT 4-53*
AT 4-37
AT 4-39
AT 4-41
AT 4-45
AT 4-31
AT 4-33
AT 4-35
AT 4-59

0
0
0
3.3
0.30
0.30
0.10
0.20
0.50
0.20
0.10
0.20

0
0
0
16
1.4
1.4
0.48
0.95
2.4
0.95
0.48
0.95

Mean % Yield

0

1.1 ± 0.4

1.2 ± 0.8
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3.3.2 Assessment of Ag-SiO2 NP Deposition on Stationary Phases via FESEM
Samples of stationary phase microspheres were recovered from columns packed with 1 w/o, 5
w/o and 15 w/o APTES treated SiO2 and imaged via FESEM after loading and laundering and after
collecting stages of the packed column HPLC process to investigate if: (1) Ag-SiO2 NP were
deposited during loading and NPs remained attached after laundering, (2) Ag-SiO2 NP were deposited
in single or multiple layers on the surface of the three stationary phases, and (3) irreversible
agglomeration occurred and Ag-SiO2 NPs remained attached on the stationary phases after the
collecting stage as was observed during column experiments.
Representative FESEM micrographs for 1 w/o, 5 w/o and 15 w/o APTES treated SiO2
stationary phases are shown in Figure 3-5 (A-I) for stationary phase samples recovered after APTES
treatment (A-C), and loading and laundering stages (D-F) and collecting stage (G-I) of the packed
column HPLC process. The dry APTES treated SiO2 sphere surfaces appear relatively smooth
without any areas characterized by visible surface roughness or irregularities. In comparison to the
FESEM micrographs for dry 1 w/o, 5 w/o and 15 w/o APTES treated SiO2 microspheres, micrographs
obtained for samples recovered after loading and laundering stages of the HPLC process show
significant areas of Ag-SiO2 NP deposits for the three stationary phases independent of w/o APTES
treatment, suggesting favorable conditions for Ag-SiO2 NP deposition and retention on the SiO2
stationary phases during both loading and laundering stages respectively. Favorable conditions for
deposition are a result of minimized repulsive electrostatic interactions between the NPs and the
stationary phase. In this case, this is most likely due to the relatively low dielectric constants of the
15.5% cyclohexane/77.7% ethanol/6.2% Igepal® CO-520/ 0.5% water (by volume) and neat ethanol
mobile phases during the loading and laundering stages respectively, which are predicted to promote
Ag-SiO2 NP adhesion by enhancing attractive vdW interactions between the NPs and the stationary
phase independent of w/o APTES surface treatment on the stationary phase SiO2 microspheres.
Furthermore, neither the loading stage mobile phase nor the laundering stage mobile phase are
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believed to support significant charge formation for either the NPs or the stationary phase leading to
little or no electrostatic repulsion. Deposition of Ag-SiO2 NPs after loading and laundering appears
to be relatively patchy, especially on the 5 w/o APTES treated stationary phase (Figure 3-5. (E)).
This suggests that surface heterogeneity may be present on the stationary phases due to incomplete
surface coverage during the surface treatment with APTES molecules. Consistent with observations
during column experiments, the FESEM micrographs for 1 w/o, 5 w/o and 15 w/o APTES treated
SiO2 stationary phases recovered after the collecting stage of the HPLC process confirm that fractions
of Ag-SiO2 NPs remained deposited on the APTES treated SiO2 stationary phase microspheres, even
for 15 w/o APTES treated SiO2 material. This suggests that fractions of the loaded and laundered
NPs are irreversibly agglomerated onto the SiO2 stationary phase during the loading and laundering
stages independent of the w/o APTES treatment used on the microspheres.
Areas of Ag-SiO2 NP deposits for samples from columns packed with 5 w/o and 15 w/o
APTES treated SiO2 microspheres recovered after loading and laundering stages were imaged at
higher magnifications to investigate if single or multiple layer deposition of NPs occurred. Lower
magnification FESEM micrographs are shown in Figure 3-6 (A and B), and higher magnification
micrographs for marked areas are shown in Figure 3-6 (C-F). Images collected at 30,000X (Figure 36 C and D) confirm that multiple layers of Ag-SiO2 NPs are observed within each deposit area,
suggesting that the loading stage mobile phase solvent conditions do not promote particle blocking
and are favorable for multilayer deposition. Further magnifications of deposited Ag-SiO2 NP layers,
as shown in Figure 3-6 (E and F), reveal that individual Ag-SiO2 NPs within each multilayered
deposit are approximately 20-30 nm in diameter. This range of diameters is consistent with diameters
previously obtained for final collected suspensions of Ag-SiO2 NPs in 70:30 ethanol:water (by
volume) via TEM analysis22.
Two important observations are made in regards to the irreversible agglomeration of the AgSiO2 NPs in the packed columns independent of APTES treatment used on the stationary phases,
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which are especially relevant to the FESEM analysis of 5 w/w APTES dispersed Ag-SiO2 NPs
deposited on the surfaces of 15 w/o APTES treated SiO2 stationary phase microspheres after loading
and laundering stages of the packed column HPLC process (sample ID AT 4-92). Examples of
collected micrographs are shown in Figure 3-7 (A-D). SiO2 stationary microspheres with
approximate 1-2 m diameters are observed within the deposited Ag-SiO2 NP layers (Figure 3-7. (A)
and (B)). Also, in some areas, islands of Ag-SiO2 NPs are observed on the SiO2 stationary phase
microspheres, most likely due to NPs deposited within spaces between SiO2 stationary phase
microspheres (Figure 3.7. (C) and (D)). Both of these phenomena can be linked to irreversible
agglomeration (deposition) and lack of detachment observed during column experiments for the 15
w/o APTES treated stationary phase microspheres, which resulted in low (~1%) yield mass collected
for the final Ag-SiO2 NP suspensions.
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5 w/o APTES

15 w/o APTES

APTES
treated

After
loading and
laundering
stages

After
collecting
stage

Figure 3-5. Representative FESEM micrographs of 1 w/o (A, D, G), 5 w/o (B, E, H) and 15 w/o (C, F, I) APTES treated SiO2 stationary
phase spheres after APTES treatment (first row), and after loading and laundering (second row) and collecting (third row) stages of the
packed column HPLC process for Ag-SiO2 NP suspensions. The Ag-SiO2 NP deposits shown here after the collecting stage of the process
for all three stationary phases are consistent with the irreversibly agglomerated band of Ag-SiO2 NPs which was observed on top of the
columns after collection of final suspensions in 70:30 ethanol:water.
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Figure 3-6. FESEM micrographs of 5 w/w APTES dispersed Ag-SiO2 NPs deposited on the
surfaces of (A) 5 w/o APTES (5,000X mag) and (B) 15 w/o APTES (3,500X mag) treated SiO2
stationary phase microspheres after loading and laundering stages of the packed column HPLC
process. Micrographs collected at 30,000X magnification for areas marked by dashed yellow
lines in (A) and (B) as shown in (C) and (D) respectively revealed multiple layers of Ag-SiO2
NPs within a single deposit. Further magnification of marked area in micrograph (B) as shown in
micrographs (E) (95,000X mag) and (F) (170,000X mag) confirmed presence of individual AgSiO2 NPs in deposited layers with NP diameters measured to be on the order of 20-30 nm as
indicated in micrograph (F)
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Figure 3-7. FESEM micrographs of 5 w/w APTES dispersed Ag-SiO2 NPs deposited on the
surfaces of 15 w/o APTES treated SiO2 stationary phase microspheres after loading and
laundering stages of the packed column HPLC process (sample ID AT 4-92). Micrographs
taken at magnifications of 1100x and 6500x as shown in (A) and (B) respectively reveal SiO2
stationary microspheres approximately 1-2 um in diameter logged within the deposited Ag-SiO2
NP layers. Micrographs taken at magnifications of 5500x and 9000x as shown in (C) and (D)
respectively confirm islands of Ag-SiO2 NPs most likely due to NPs deposited within spaces
between SiO2 stationary phase microspheres. Both of these phenomena are believed to
contribute to irreversible agglomeration (deposition) observed during column experiments for
the 15 w/o APTES treated stationary phase microspheres, resulting in low (~1%) yield mass
collected for the final Ag-SiO2 NP suspensions.
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3.3.3 ζ-Potentials for the APTES treated SiO2 stationary phase
ζ-potentials (mV) were determined for the SiO2 stationary phase microspheres in the mobile
phase solvent mixtures for the loading, laundering and collecting stages of the packed column HPLC
process. For the loading stage mobile phase solvent mixture of 15.5% cyclohexane/77.7%
ethanol/6.2% Igepal® CO-520/ 0.5% water (by volume) with 1.55·10-2 M HAc, ζ-potential (mV)
distributions were calculated using the ZetaPLUS software for 1 w/o, 5 w/o and 15 w/o APTES
treated SiO2 stationary phase microsphere suspensions and Gaussian area fits of the distribution data
were obtained in PeakFit v 4.12. The solvent environment was approximated as a 17:83
cyclohexane:ethanol (by volume) mixture and ε, n and η (cPoise) were interpolated for the
measurements based on published data for cyclohexane:ethanol mixtures33 as explained in Appendix
B. The fitted ζ-potential (mV) distributions are shown in Figure 3-8 for 1 w/o, 5 w/o and 15 w/o
APTES treated SiO2 stationary phases. A ζ-potential of 0 mV was determined for all three APTES
surface treatments as evidenced by the peaks for distribution fits located at 0.67 mV, 0 mV and -0.64
mV for suspensions of 1 w/o, 5 w/o and 15 w/o APTES treated SiO2 stationary phase microspheres
respectively. While the loading stage mobile phase solvent mixture consisted mostly of ethanol (78%
by volume), which is a polar solvent and may support charging of the surface groups through acidbase interactions, the 0 mV ζ-potentials determined here for all three APTES treated stationary phases
are most likely due to the presence of cyclohexane (15.5% by volume) and/or Igepal® CO-520
nonionic surfactant (6% by volume) in the loading phase solvent mixture. A previous study by
Vincent et al. on the stability of SiO2 NP suspensions in ethanol and ethanol:cyclohexane mixtures
indicated that irreversible agglomeration of the NPs occurred with the addition of sufficiently high
volume fractions of cyclohexane due to a reduction in ζ-potential.38 It is also possible that some
degree of adsorption of nonionic Igepal® CO-52O surfactant occurs on the surface of the stationary
phase microspheres. In previous studies by Kitahara et al., 0 mV ζ-potentials were determined for
nonaqueous suspensions of both carbon black and BaSO4 in both heptane and cyclohexane when
Igepal® CO-52O surfactant was used as a dispersant.39 However, additional experiments are needed
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to confirm that adsorption of surfactant occurs here and results in reduction in ζ-potentials for APTES
treated SiO2 microspheres.

Figure 3-8. ζ-potential (mV) distributions obtained for 1 w/o, 5 w/o and 15 w/o APTES treated SiO2
microspheres in the mobile phase solvent mixture for the loading stage of the packed column HPLC
process used to launder and disperse Ag-SiO2 NPs. The solvent mixture consisting of 17%
cyclohexane/78% ethanol/6% Igepal® CO-520/1% water (by volume) was approximated as a 17:83
cyclohexane:ethanol (by volume) mixture for the measurements. Distributions shown here are
Gaussian fits obtained in PeakFit for raw zeta potential distribution data collected using a Brookhaven
Zeta Potential Analyzer in ZetaPLUS software v.3.23.
For the laundering and collecting stage mobile phase solvent mixtures of the packed column
HPLC process, mean ζ-potentials (mV) were determined using the ZetaPALS software for 1 w/o, 5
w/o and 15 w/o APTES treated SiO2 stationary phase microsphere suspensions and compared to mean
ζ-potentials (mV) for the as received, untreated material in the 6-8 operational pH range. Solvent
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mixtures of 95:5 ethanol:water and 70:30 ethanol:water (by volume) were used for the laundering and
collecting stage mobile phase measurements respectively and ε, n and η (cPoise) were interpolated
based on published data for ethanol:water34 mixtures as explained in Appendix B. The mean ζpotentials (mV) for as received and 1 w/o, 5 w/o and 15 w/o APTES treated SiO2 are shown in Figure
3-9 for the 95:5 ethanol:water laundering stage solvent mixture and in Figure 3-10 for the 70:30
ethanol:water mixture collecting stage of the packed column HPLC process.
The dependence of ζ-potentials for both native silanol and amine treated SiO2 surfaces on
suspension pH in purely aqueous conditions is expected as protonation and deprotonation of terminal
–SiOH and –NH2 surface groups respectively dictates changes in surface charge. The presence and
adsorption of different ionic species, which are sometimes used to control ionic strength of SiO2
aqueous suspensions, can result in shifts in measured isoelectric points (IEP) and ζ-potential values.
For example, specific cases of Cl- and NO3- have -been reported in studies by Kosmulski with HClO4
and HNO3 as sources.40 Similar pH and ionic species dependent behavior for ζ-potentials has also
been reported for both SiO2 and TiO2 suspensions in mixed ethanol:water and methanol:water
conditions in studies by Kosmulski and Matijević.41-44 In the ζ-potential experiments reported here
for the laundering and collecting stage solvent mixtures only HAc and KOH used for pH adjustment
are present in the suspensions and no other ionic species are added. The recorded pH values of SiO2
suspensions are operational pH values measured by a pH probe calibrated against aqueous buffers.
During pH measurements for experiments reported here, it was observed that the operational pH
readings took longer (15-30 minutes) to stabilize compared to suspensions measured in purely
aqueous conditions. This is consistent with previously reported observations by Wang et al. during
pH adjustments of Al2O3 suspensions in ethanol.45
Positive mean ζ-potential values in the 20-40 mV were determined for all three APTES
treated stationary phases in the operational pH range of interest for the laundering stage mobile phase
solvent mixture of 95:5 ethanol:water (by volume), suggesting that –NH3+ are most likely the primary
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surface groups present on the SiO2 surfaces. In contrast, for the as received SiO2 material a ~ 0 mV
mean ζ-potential was determined in the operational pH range of interest, suggesting that the IEP for
the untreated material in 95:5 ethanol:water was in the 6.5-7.5 operational pH range.
A shift from negative to positive mean ζ-potential was observed for 1 w/o, 5 w/o and 15 w/o
APTES treated stationary phases for the collecting stage mobile phase solvent mixture of 70:30
ethanol:water (by volume) in comparison to the as received material at all measured operational pH
values with the exception of the 1 w/o APTES treated material at operational pH 7.5 and 8 where
mean ζ-potential was ~ 0 mV. The highest positive values for ζ-potentials (~30-40 mV) were
determined for the 5 w/o APTES treated material in the given operational pH range, which did not
coincide with the prediction that the 15 w/o APTES treatment would result in the most positively
charged SiO2 microspheres. This suggests that cross-polymerization in solution or multilayer
coupling of the APTES molecules may occur during the silane treatment process for the highest 15
w/o APTES concentration, effectively preventing uniform silane deposition on the surfaces of the
SiO2 stationary phase microspheres.
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Figure 3-9. Mean ζ-potentials (mV) versus operational pH determined for as received, 1w/o, 5 w/o
and 15 w/o APTES treated SiO2 stationary phase spheres in the laundering stage mobile phase solvent
mixture consisting of 95:5 ethanol:water (by volume). Mean ζ-potentials (mV) for the as received
SiO2 stationary phase material are shown for comparison. Each mean ζ-potential (mV) data point is
an average of 5 ζ-potential (mV) values (25 cycles each) obtained from measured electrophoretic
mobilities using ZetaPALS with error bars representing calculated 95% confidence intervals. Solid
lines connecting data points are added as a guide to the eye.
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Figure 3-10. Mean ζ-potentials (mV) versus operational pH determined for 1w/o, 5 w/o and 15 w/o
APTES treated SiO2 stationary phase spheres in the collecting stage mobile phase solvent mixture
consisting of 70:30 ethanol:water (by volume). Mean ζ-potentials (mV) for the as received SiO2
stationary phase material are shown for comparison. Each data point is an average of 5 ζ-potential
(mV) values (25 cycles each) calculated from measured electrophoretic mobilities using ZetaPALS
software with error bars representing calculated 95% confidence intervals. Solid lines connecting data
points are added as a guide to the eye.

3.3.4 DLVO Theory Calculations of Colloidal Interactions for CPSNPs and SiO2 Stationary
Phase Microspheres
Total interaction energies (kT), VT, were calculated using DLVO theory by summing
attractive vdW (VA) and repulsive electrostatic (VR) interactions between the 5 w/w APTES treated
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Ag-SiO2 NPs and the 1 w/o, 5 w/o and 15 w/o APTES treated stationary phase SiO2 microspheres.
Calculations were performed separately for each of the three packed column HPLC process stages,
including loading, laundering and collecting, and are discussed here in the context of the experimental
results presented in the previous sections for AgSiO2 suspensions laundered and dispersed using the
three APTES treated SiO2 materials. The relevant parameters, including ε and n values for the mobile
phase solvent mixtures, calculated A132 (J) values, ζ-potentials (mV) determined for both 5 w/w
APTES Ag-SiO2 NPs and the 1 w/o, 5 w/o and 15 w/o APTES treated stationary phases (at
operational pH 6 and 7 only for laundering and collecting stages), and estimated κ (1/m) are given in
Table 3-5 for the three stages of the HPLC process. While the laundering and collecting column
experiments reported in the previous sections were performed at operational pH 6, colloidal
interactions are also calculated at operational pH 7 for comparison. The SiO2 stationary phase
microspheres are treated as flat plates for the DLVO calculations due to the significantly larger
diameter for the microspheres (d = 17 µm) in comparison to the synthesized Ag-SiO2 NPs (r = 15
nm), while a 30 nm diameter is used for the Ag-SiO2 NPs for all calculations.
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Table 3-5. Summary of relevant parameters used to calculate attractive van der Waals and repulsive electrostatic interactions via DLVO theory of colloidal stability for
the loading, laundering and collecting stages of the packed column HPLC laundering and dispersion process for APTES treated Ag-SiO2 NP suspensions using 1 w/o, 5
w/o and 15 w/o APTES treated column stationary phases
Stage of
Mobile phase
ε*
n*
A132
pH
SiO2 ζ-potential (mV)
AgSiO2
κ (1/m)
packed
composition (by
(·10-20 J)
ζcolumn
volume)
potentia
Bare
1
5
15
Bare
1 w/o
5 w/o
15 w/o
HPLC
l (mV)
w/o w/o
w/o
process
Loading

Laundering

Collecting

17:83
cyclohexane:ethanol**

95:5 ethanol:water

70:30 ethanol:water

20.91

27.29

30.76

1.366

1.354

1.358

1.31

-

-

0

0

0

-

-

-

-

-

6

14

38

32

17

35

7.6x107

5.3x107

1.0x108

1.3x108

7

0

41

21

13

31

5.9x107

6.5x107

8.9x107

1.0x108

6

-10

27

26

23

38

8.3x107

2.2x107

6.7x107

1.2x108

7

-33

14

30

14

33

3.0x107

2.6x107

3.8x107

8.2x107

1.54

1.49

* ε and n values were interpolated from the literature for cyclohexane:ethanol and ethanol:water mixtures as explained in Appendix B; **17:83 cyclohexane:ethanol (by
volume) ratio used to approximate loading stage mobile phase composition for 15.5% cyclohexane/77.7% ethanol/6.2% Igepal® CO-520/ 0.5% water (by volume) with
1.55·10-2 M HAc present; A132 (·10-20 J) was calculated using equation 3.3 and used to estimate attractive van der Waals interactions energies for each stage of the HPLC
process; ζ-potentials (mV) for SiO2 and Ag-SiO2 were calculated from measured electrophoretic mobilities in ZetaPLUS (loading stage) and ZetaPALS (laundering and
collecting stages) software using a Brookhaven Zeta Potential Analyzer instrument and used in place of surface potentials to estimate repulsive electrostatic interaction
energies; κ (1/m) values were approximated from specific conductivities measured for known concentrations of HCl as 1:1 electrolyte in 95:5 and 70:30 ethanol:water (by
volume) solutions as explained in Appendix C
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Figure 3-11. Total interaction energy (kT) as a function of separation distance (nm) calculated using
DLVO theory for the loading stage of the packed column HPLC process for 30 nm Ag-SiO2 NPs
interacting with SiO2 stationary phase microspheres in 15.5% cyclohexane/77.7% ethanol/6.2%
Igepal® CO-520/ 0.5% water mobile phase solvent mixture. An approximation of 17:83
cyclohexane:ethanol (by volume) was used as the solvent mixture for the calculations. The relevant
parameters used in the calculations are given in Table 3-4.

3.3.4.1 Loading stage
VT (kT) curves calculated as a function of separation distance (nm) for the loading stage of
the packed column HPLC process for 30 nm 5 w/w APTES treated Ag-SiO2 NPs and the 1 w/o, 5 w/o
and 15 w/o APTES treated SiO2 stationary phases are given in Figure 3-11. Colloidal interactions
based on DLVO theory for the loading stage are calculated to be purely attractive vdW interactions.
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The type of interactions are independent of the w/o APTES treatment since no repulsive electrostatic
contributions are present due to 0 mV ζ-potentials determined from Gaussian area fits of ζ-potential
distributions for all three APTES treated SiO2 stationary phases. This suggests that conditions for the
loading stage solvent mixture are favorable for Ag-SiO2 NP deposition independent of w/o APTES
treatment on the stationary phase, which is in agreement with the FESEM experiments presented
earlier where Ag-SiO2 NP deposition is confirmed for all three APTES treated stationary phases.
However, it does not corroborate the detachment of Ag-SiO2 NPs recorded by UV-visible
spectroscopy at the beginning of the process loading stage for the 5 w/o and 15 w/o APTES treated
SiO2 stationary phase column experiments. The calculated VT (kT) curves are characterized by a
relatively deep primary energy minimum, suggesting that some fractions of the Ag-SiO2 are likely to
irreversibly agglomerate onto the stationary phase. This prediction is supported by the presence of
visible bands of attached Ag-SiO2 NPs independent of stationary phase APTES treatment at the end
of the collecting stage for packed column HPLC laundering and dispersion process as confirmed by
FESEM experiments discussed.

3.3.4.2 Laundering stage
Plots for VT (kT) as a function of separation distance (nm) for 30 nm Ag-SiO2 NPs and the 1
w/o, 5 w/o and 15 w/o APTES treated SiO2 stationary phases at operational pH 6 and operational pH
7 are given in Figure 3-12 for the laundering stage of the packed column HPLC process. Colloidal
interactions based on DLVO theory for the laundering stage are calculated based on both attractive
vdW and repulsive electrostatic contributions for the three APTES treated SiO2 stationary phases.
The primary goal of the laundering stage of the HPLC process with 95:5 ethanol:water (by volume)
as the mobile phase solvent mixture is to remove synthetic precursors and surfactant while retaining
deposited Ag-SiO2 NPs on the SiO2 stationary phase for detachment during the collecting stage.
Generally, a 15kT interaction energy barrier is considered sufficient for colloidal stability of NPs in
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suspension, but in this instance a sufficient energy barrier is desired in order to prevent detachment of
deposited Ag-SiO2 NPs during the laundering stage without inducing a significant degree of
irreversible agglomeration.

Figure 3-12. Total interaction energy (kT) as a function of separation distance (nm) calculated using
DLVO theory for the laundering stage of the packed column HPLC process for 30 nm Ag-SiO2 NPs
interacting with SiO2 stationary phase microspheres in 95:5 ethanol:water (by volume) mobile phase
solvent mixture at pH 6 and 7. The relevant parameters used in the calculations are given in Table 34.

Based on the calculated VT (kT) curves,the energy barrier for the interaction of Ag-SiO2 NPS
and the three APTES treated stationary phases decreases in the following order at both operational pH
6 and 7 for the NPs closest to the stationary phase surfaces: 1 w/o > 5 w/o > 15 w/o . This suggests
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that the highest degree of Ag-SiO2 NP detachment is expected for the 15 w/o APTES treated
stationary phase during the laundering stage, which is supported by the increase in recorded detector
response (>2 V) for Ag-SiO2 NP peaks during the laundering stage of the 15 w/o APTES stationary
phase column experiments at operational pH 6 in comparison to 1 w/o and 5 w/o APTES treated SiO2
columns. This also suggests that, due to the presence of sufficient repulsive electrostatic interactions,
the laundering stage solvent mixture is not sufficient for maintaining Ag-SiO2 attachment when 5 w/o
and 15 w/o APTES treated SiO2 stationary phases are used as column packing material, which is in
disagreement with the original prediction.

3.3.4.3 Collecting stage
VT (kT) plots for the collecting stage of the packed column HPLC process are given in Figure
3-13 as a function of separation distance (nm) for 30 nm Ag-SiO2 NPs and the 1 w/o, 5 w/o and 15
w/o APTES treated SiO2 stationary phases at operational pH 6 and operational pH 7 for comparison.
Same as in the calculations presented earlier for the laundering stage of the process, colloidal
interactions for the collecting stage are based on both vdW attractive and electrostatic repulsive
contributions for the Ag-SiO2 NPs and the three APTES treated SiO2 stationary phases. The primary
goal of the collecting stage of the HPLC process with 70:30 ethanol:water (by volume) as the mobile
phase solvent mixture is to facilitate detachment of the deposited Ag-SiO2 NPs from the SiO2
stationary phase in order to maximize final NP yields in collected suspensions. Based on the
calculated VT (kT) curves, a trend of decreasing calculated interaction energy barriers with increasing
w/o APTES treatment for the Ag-SiO2 NPs and the three APTES treated stationary phases at
operational pH 6 is observed. This is the same trend that was observed for the laundering stage of the
process, suggesting that, once again, the highest degree of Ag-SiO2 NP detachment is expected for the
15 w/o APTES treated stationary phase during the collecting stage. An increase in detachment for
Ag-SiO2 is supported by the increase in recorded detector response (>2 V) for Ag-SiO2 NP peaks
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during the collecting stage of the 15 w/o APTES stationary phase column experiments at operational
pH 6 in comparison to 1 w/o and 5 w/o APTES treated SiO2 columns. This supports the prediction
that the use of 15 w/o APTES treated SiO2 stationary phase results in the highest yields of NPs in
collected suspensions, but does not explain the irreversibly agglomerated Ag-SiO2 NPs observed
during column experiments and during FESEM analysis of the 15 w/o APTES stationary phase.

Figure 3-13. Total interaction energy (kT) as a function of separation distance (nm) calculated using
DLVO theory for the collecting stage of the packed column HPLC process for 30 nm Ag-SiO2 NPs
interacting with 1 w/o, 5 w/o and 15 w/o APTES treated SiO2 stationary phase microspheres in 70:30
ethanol:water (by volume) mobile phase solvent mixture at operational pH 6 and 7. The relevant
parameters used in the calculations are given in Table 3-4.

3.3.4.4 Attachment Efficiencies
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Attachment efficiencies αa (%) are approximated for the loading, laundering and collecting
stages of the packed column HPLC process based on the VT (kT) curves calculated for Ag-SiO2 NPs
and 1 w/o, 5 w/o and 15 w/o APTES treated SiO2 stationary phases at operational pH 6. The
calculated αa (%) values are given in Figure 3-14. Based on the approximations, 100% attachment
efficiencies are calculated for Ag-SiO2 during the loading stage of the process, once again suggesting
favorable conditions for deposition of Ag-SiO2 NPs independent of APTES treatment on the
stationary phase. However, the low αa values calculated for the laundering stage at operational pH 6
with 1 w/o and 5 w/o APTES treated stationary phases are not in agreement with observations or
experimental results obtained during column experiments. Low collecting stage αa values suggest
detachment of Ag-SiO2 NPs is favored independent of APTES treatment, which is also in
disagreement with experimental results, since final Ag-SiO2 mass yields determined by LOI are
especially low for 1 w/o APTES treated stationary phases. This further suggests that the observed
deposition and detachment of Ag-SiO2 NPs cannot be explained by DLVO theory alone, which is
supported by previous work reported in the literature where theoretical predictions of attachment
efficiencies were not in agreement with those determined experimentally. In general, due to the
exponential dependence of the attachment efficiency, αa, on the height of the interaction energy
barrier, Vmax, low attachment efficiencies are predicted for interaction energy barriers above a few
kT. Previous studies have suggested this to be a result of surface heterogeneity, which applies here
since calculations indicate incomplete surface coverage with APTES for the 1 w/o and 5 w/o
stationary phase microspheres. It is also important to note that the attachment efficiency calculations
do not take into account hydrodynamic interactions or multilayering of NPs, which need to be
considered in any future modifications of the theoretical approach employed here.
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Figure 3-14. Attachment efficiencies (αa) (%) approximated for Ag-SiO2 NPs and 1 w/o,
5 w/o and 15 w/o APTES treated SiO2 stationary phase microspheres during the loading,
laundering and collecting stages of the packed column HPLC laundering and dispersion
process. High (100%) αa approximated for the loading stage suggest favorable
conditions for deposition of Ag-SiO2 NPs independent of APTES treatment on stationary
phase. Low αa are obtained for both the laundering and collecting stages, especially for
the 1 w/o and 5 w/o APTES stationary phases. This is not in agreement with
experimental observations discussed earlier for the laundering stage of the process.

3.5 Summary and Conclusions
A packed column HPLC process used to launder and disperse Ag-SiO2 NPs synthesized in
cyclohexane/Igepal® CO-520/water reverse micelle system is studied here. The deposition and
detachment behavior of 5 w/w APTES dispersed Ag-SiO2 suspensions on 1 w/o, 5 w/o and 15 w/o
APTES treated SiO2 column stationary phase microspheres is investigated with respect to final %
mass yields for collected suspensions. Column experiments, along with % yield calculations, suggest
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that 15 w/o APTES treated stationary phase increases overall Ag-SiO2 NP yield in the final collected
suspensions when compared to 1 w/o and 5 w/o APTES treated materials when using 70:30
ethanol:water (by volume) at operational pH 6 as the collecting stage mobile phase solvent mixture.
FESEM micrographs confirm multilayer deposition of Ag-SiO2 NPs during loading and retention on
the column during laundering stages of the process independent of w/o APTES treatment on
stationary phase, with individual deposited Ag-SiO2 NPs observed to be in the 20-30 nm diameter
range. Irreversible agglomeration is also confirmed via FESEM, as fractions of loaded Ag-SiO2 NPs
remain attached on the 1 w/o, 5 w/o and 15 w/o APTES stationary phases post after completion of the
collecting stage of the process.
Modified DLVO theory of colloidal stability is employed to compare the total interaction
energies for the Ag-SiO2 NPs and the three APTES treated stationary phases during each stage of the
process. Due to 0 mV ζ-potentials determined for the stationary phases in the loading stage mobile
phase solvent mixture of 15.5% cyclohexane/77.7% ethanol/6.2% Igepal® CO-520/ 0.5% water (by
volume), interactions are predicted to be purely attractive independent of w/o APTES, suggesting
favorable conditions for NP deposition for all three stationary phases during the loading stage. For
the laundering stage, the VT curve for Ag-SiO2 NPs interacting with 15 w/o APTES stationary phase
is found to have the lowest energy barrier, indicating a higher degree of NP detachment during the
laundering stage for this stationary phase. For the collecting stage, interaction energy curves between
the Ag-SiO2 NPs and the 15 w/o APTES stationary phase are once again found to have the lowest
interaction energy barrier, suggesting NP detachment is most likely with this stationary phase.
Approximations of attachment efficiencies predict 100% efficiencies for the loading stage for all three
stationary phases, while low attachment efficiencies are calculated for both the laundering and
collecting stages of the process. This is not necessarily in agreement with what is observed
experimentally during the column experiments, especially for the 1 w/o APTES treated stationary
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phase column packing. As a result, DLVO theory alone is not sufficient for predicting Ag-SiO2 NP
deposition and detachment during the packed column HPLC process described here.
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Chapter 4
Role of Colloidal Interactions in the Packed Column HPLC Laundering and
Dispersion of CPSNP Suspensions Synthesized in Reverse Micelles

4.1 Introduction
Current bioimaging and drug delivery methods for cancer treatment can be improved by
using biocompatible and bioresorbable nanoparticle (NP) systems, such as calcium phosphate (CP) based composite materials, to encapsulate and deliver chemotherapeutics to cancer cells. Recent
discussions in the literature have emphasized that physicochemical properties, such as morphology,
particle size and colloidal stability, of CP - based composite NPs significantly influence the overall
efficacy of these systems in both in vitro and in vivo studies.1, 2 Consequently, the use of novel
synthetic routes and dispersion schemes which allow control of NP physicochemical properties for
CP-based systems can significantly improve the performance of these NPs in biomedical applications,
particularly chemotherapeutic drug delivery.
Recently, our research group has reported on double reverse micelle synthetic approaches
using a cyclohexane/ polyoxyethylene(5) nonylphenyl ether (Igepal CO-520)/water tertiary system as
potential routes to producing colloidally stable CP-based NP suspensions in <50 nm NP diameter
range.3-5 It has been shown that a variety of organic dye and drug molecules, which are soluble in
water and organic solvents, can be added along with synthetic precursors during CPNP and CPSNP
precipitation in double reverse micelle systems and be encapsulated into the CPNP and CPSNP
matrix while maintaining colloidal stability and small NP diameters (<100 nm) for the final doped
CPSNP suspensions.3-7 As discussed in Chapter 2, this has been highlighted as an advantage over the
more traditional synthetic routes which generally utilize controlled aqueous precipitation for CPbased composite NPs. With traditional precipitation approaches, the therapeutic molecules of
interest, such as nucleic acids and small drug molecules are adsorbed onto the NP surface during
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precipitation, generally resulting in lack of colloidal stability, reduced control over NP size due to
agglomeration in suspension, and decreased therapeutic efficacy.
While double reverse micelle synthetic approaches are advantageous, as discussed in Chapter
1 and also in Chapter 3 for the Ag-SiO2 NP system, one aspect that still remains a challenge is the
post-synthesis laundering and dispersion of CP-based NP suspensions. This is especially relevant for
CP based systems in biomedical applications, since Ca and P are found in the body and considered to
be relatively benign, but the presence of organic synthetic precursors and surfactants can lead to
increased toxicity of the final NP formulations. Surfactant toxicity is concentration dependent and
has been documented in a number of cell lines, with disruption of cytoplasmic and nuclear
membranes and denaturation of proteins due to interaction with surfactant cited as causes of cell
toxicity.8-10 Also, secondary functionalization with passive (i.e. polyethylene glycol) and active
targeting molecules (i.e. antibodies and aptamers) can become a challenge if the NP surface chemistry
is compromised due to presence of adsorbed surfactant molecules. Ultimately, to address these
concerns, CP-based NP suspensions precipitated in reverse micelle systems need to be adequately
laundered to remove the oil phase, surfactant and spectator ions present during NP precipitation. A
number of separation techniques which are commonly used for the purification of NP suspensions
have recently been reviewed by Kowalczyk et al11. Among them are centrifugation (sedimentation
and redispersion) and packed column chromatography, both of which have been utilized by
researchers as laundering and dispersion approaches for CP-based NP suspensions synthesized in
reverse micelles.3-7 Most recently, a packed column high performance liquid chromatography
(HPLC) technique has been reported by our research group as an alternative to the more traditional
laundering approaches. As discussed in Chapter 3, the packed column HPLC approach has been
utilized to launder and disperse both Ag-SiO2 and CPSNPs, yielding colloidally stable suspensions
with particle diameter in the range of 20-30 nm.3, 5, 12, 13
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Recently reported packed column studies which examine the deposition and detachment of
CP based nanomaterials have been limited to aqueous suspensions of nanosize acicular crystalline
hydroxyapatite (HAp) particles.14-16 Thus far, the deposition and detachment of CP-based NPs in
packed columns under nonaqueous and mixed solvent conditions have not been considered, especially
not in the context of laundering and removal of residual surfactants and precursor ions from CPbased NP suspensions synthesized in reverse micelles. Since deposition and detachment are largely
dictated by colloidal interactions between the NPs in suspension and the column stationary phase
microspheres, this chapter focuses on the role colloidal interactions play in the different stages of the
packed column HPLC process including loading, laundering and collecting, for CPSNP suspensions
synthesized in a cyclohexane/Igepal® CO-520/water reverse micelle system. While surfactants are
often added to particle suspensions in controlled amounts in the form of dispersants, in this case, the
amount of nonionic surfactant in the loading phase is dictated by the synthetic parameters, primarily
the R value, used during the CPSNP double reverse micelle synthetic process. Also, the loading stage
is a disrupted double reverse micelle, with the mobile phase solvent mixture comprised primarily of
ethanol and cyclohexane. Due to the presence of 25 vol% cyclohexane, in the unlaundered CPSNP
suspension, which has a low dielectric constant, ε = 2, and is apolar, the solvent mixture is
characterized by a lower dielectric constant relative to neat ethanol, ethanol:water mixtures or a
wholly aqueous solution.
The primary objective of this chapter is to determine if the predicted deposition of CPSNPs
during the loading stage, retention on the column media during the laundering stage, and the
detachment of CPSNPs during the collecting stage of the process are explained using the DLVO
theory of colloidal stability. Both attractive van der Waals (vdW) and repulsive electrostatic
interactions are calculated since these interactions govern the deposition of colloids in packed
columns close to the stationary phase surfaces (separation distance ≤ 100 nm). The primary
hypothesis is that the disrupted double reverse micelle solvent mixture employed during the loading
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stage provides favorable conditions for CPSNP deposition, while the neat ethanol used during the
laundering stage supports CPSNP retention on the column stationary phase while removing
cyclohexane, residual surfactant and spectator ions. Finally, an increase in electrostatic repulsive
interactions is predicted for the collecting stage of the process due to a 70:30 ethanol:water (by
volume) mobile phase solvent mixture, which is expected to facilitate detachment of the CPSNPs from
the SiO2 stationary phase microspheres. The colloidal interaction calculations are discussed in the
context of: (1) FESEM analyses of stationary phase samples recovered from an HPLC column after
loading and laundering stages of the process, and (2) SEM/EDS analyses of fractions collected during
each stage of the process. In addition to the current process conditions, predictions about colloidal
interactions during the collecting stage are also made for a 30:70 ethanol:water (by volume)
collecting stage mobile phase solvent mixture as a potential improvement for the packed column
HPLC process.

4.2 Materials and Methods

4.2.1 Materials
All chemicals and synthetic precursor powders were purchased from Sigma Aldrich and used
as received unless noted otherwise. Calcium chloride (CaCl2∙2H2O, ≥ 99%, ACS Reagant), disodium
phosphate (Na2HPO4, ≥ 99%, BioXtra) and sodium metasilicate (Na2SiO3, 44-47% SiO2) were used

as synthetic precursors in the precipitation of CPSNPs inside reverse micelles. Sodium citrate
(C6H5Na3O7 · 2H2O, ≥ 99%, ACS Reagant) was used as dispersant and fluorescein sodium salt was
used as organic dye dopants where specified. All aqueous solutions containing synthetic precursors,
organic dye dopants and dispersant were made using deionized H2O (BarnsteadTM NanoPureTM water
system, Thermo Scientific Inc.) which was purged with argon for 1 hour to adequately remove CO2.
Cyclohexane (C6H12, 99%, BHD Chemical Co) and polyoxyethylene(5) nonylphenylether (Igepal®
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CO-520) (C13H20O(C2H4O)n=5, Rhodia Chemical Co.) were used as the oil phase and surfactant
respectively in the double reverse micelle synthetic approach. Ethanol (200 proof, VWR
International) was used to disrupt the micelles prior to laundering. All pH measurements were
performed using an ISFET pH probe purchased from Sentron Inc., the Netherlands calibrated against
aqueous buffers at pH 4, 7 and 10 purchased from Ricca Chemical Company, Arlington, TX. Glacial
acetic acid (HAc, J.T. Baker) and potassium hydroxide (KOH) were used to adjust pH where needed.
Astrosil® silica stationary phase was purchased from Stellar Phases Inc, Langhorne, PA and used as
column packing material. The columns used in the packed column HPLC process experiments were
assembled in the lab and the column materials were purchased as noted in Chapter 3.

4.2.2 Synthesis of Dye Doped and Ghost CPSNPs
CPSNPs were precipitated using the synthetic approach previously reported by our research
group.3, 5 Both doped and ghost CPSNPs were precipitated in reverse micelles of cyclohexane/
polyoxyethylene (5) nonylphenylether (Igepal® CO-520)/water ternary system with R=
[water]/[surfactant])=4 for all syntheses. Two separate reverse micelle suspensions (microemulsions
A and B) were prepared and then mixed to facilitate precipitation of CPSNPs and entrapment of
organic dye dopants via exchange of reverse micelle contents (microemulsion C). To form
microemulsion A, 650 µl of 10-2 M CaCl2 solution was pipetted into 14 ml of 29% v/v solution of
Igepal® CO-520 in cyclohexane under constant stirring. Any organic dye dopants were added to the
side microemulsion B, which contained the Na2HPO4 and Na2SiO3precursors. To form
microemulsion B, 65 µl of 6x10-2 M Na2HPO4, 65 µl of 8.2 x10-3 Na2SiO3 and 520 µl of either 5x10-3
M fluorescein dye aqueous solution for dye doped CPSNPs or deionized CO2 free H2O for ghost
CPSNPs were added to 14 ml of 29% v/v solution of Igepal® CO-520 in cyclohexane. After an initial
3 minute equilibration for microemulsions A and B, the two were mixed to form microemulsion C.
Microemulsion C was allowed to undergo micelle exchange for 2 minutes, followed by the addition
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of 220 µl of 10-2 M aqueous sodium citrate as dispersant (50 w/w with respect to calculated
theoretical mass yield of CPSNPs). Microemulsion C was then allowed to stir for 15 minutes after
the addition of dispersant, followed by disruption of micelles with 50 ml of ethanol with KOH for a
final ionic strength (IS) of 3x10-4 M.
4.2.3 Laundering and Dispersion of Dye Doped and Ghost CPSNP Suspensions using Packed
Column HPLC
CPSNP suspensions were laundered immediately after micelle disruption using a packed
column HPLC approach similar to what has been described in the recent published reports from our
research group.3, 5 The primary goals of laundering were to ensure sufficient removal of residual
surfactant, synthetic precursors and spectator ions, and to ensure adequate dispersion of the final
collected CPSNP suspensions. Experimental column studies for FESEM and SEM/EDS work
reported in this chapter were performed with as received Astrosil® SiO2 stationary phase
microspheres. SiO2 microspheres were also treated with carboxyethylsilanetriol (CTES) to produce
varying degrees of CTES surface coverage on the stationary phase. The relevant data for the CTES
treated SiO2 material is discussed in Appendix F since the treated microspheres were not used in any
column experiments reported in this chapter.
A schematic of the typical HPLC experimental setup used in the packed column HPLC
laundering and dispersion process for CPSNP suspensions is shown in Figure 4-1. A Waters Delta
Prep 3000 HPLC system (Milford, MA) was used to pump the CPSNP suspension in 25%
cyclohexane/63% ethanol/10% Igepal CO-520/2% water (by volume) with 3x10-4 M KOH present
(vessel A), preconditioning/laundering neat ethanol solution at operational pH 7 (vessel B) and
collecting 70:30 ethanol:water (by volume) solution at operational pH 7 (vessel C) into a packed
column connected to a Shimadzu SPD-6A UV-visible spectrophotometric detector (Shimadzu North
America). The column specifications were the same as reported in Chapter 3. The detector output
was monitored and collected via a digital multimeter (Radioshack Inc.) interfaced with a computer for
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the four stages of the packed column HPLC process and plotted as a detector response (V) versus
time (sec) using ScopeView software (v. 1.03, Radioshack Inc).
A schematic of the different stages of the process is given in Figure 4-2. The packed column
HPLC process consists of four stages: (I) silica stationary phase preconditioning with neat ethanol
(operational pH~7, adjusted with 1 M KOH), (II) loading of CPSNPs suspension in 25%
cyclohexane/63% ethanol/10% Igepal CO-520/2% water (by volume) to deposit CPSNPs on the SiO2
stationary phase spheres, (III) laundering of deposited CPSNPs with neat ethanol (operational pH~7,
adjusted with 1 M KOH) to remove surfactant and precursor ions, and (IV) collecting of final CPSNP
suspension in 70:30 ethanol:water (by volume) (operational pH~7, adjusted with 1 M KOH).
The relevant conditions for the experimental setup used in the packed column HPLC
laundering and dispersion process of fluorescein doped CPSNP suspensions with as-received column
stationary phase are summarized in Table 4-1. The packed column HPLC laundering and dispersion
process discussed in this chapter consisted of four stages: the column preconditioning stage, the
loading stage, the laundering stage and the collecting stage. Prior to preconditioning, the column was
dry packed with Astrosil® SiO2 stationary phase and connected to the HPLC pump system (inlet) and
the UV Vis spectrophotometric detector (outlet). A neat ethanol solution was pumped through the
system to saturate the column and stabilize the detector absorbance reading at a minimum zero for the
selected λmax. For fluorescein CPSNPs, λmax = 495nm was used to monitor the process, while the
ghost CPSNP suspensions were typically monitored at λmax = 276 nm for residual surfactant.
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Figure 4-1. A schematic of the experimental setup for the packed column HPLC process used to launder
and disperse doped and ghost CPSNP suspensions is shown. The setup consists of a Waters Delta Prep
3000 HPLC pump, a packed column, a UV-visible spectrophotometer and a digital multimeter.
Fractions of solution and/or suspension are collected at the detector outlet for each stage of the process
(details in schematic in Figure 4-2). The disrupted reverse micelle containing initial unlaundered
CPSNP suspension is pumped through the column from vessel A, while vessels B and C are used for
the preconditioning/laundering neat ethanol solution (operational pH 7) and collecting 70:30
ethanol:water solution (operational pH 7) respectively. Note: schematic not drawn to scale.
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Figure 4-2. A schematic of the four stages of the packed column HPLC process used to launder and disperse doped and
ghost CPSNPs is shown. As noted, the process consists of four stages: (I) silica stationary phase preconditioning with neat
ethanol (operational pH~7, adjusted with 1 M KOH), (II) loading of CPSNPs suspension in 25% cyclohexane/63%
ethanol/10% Igepal CO-520/2% water (by volume) to deposit CPSNPs on the SiO2 stationary phase spheres, (III)
laundering of deposited CPSNPs with neat ethanol (operational pH~7, adjusted with 1 M KOH) to remove surfactant and
precursor ions, and (IV) collecting of final CPSNP suspension in 70:30 ethanol:water (by volume) (operational pH~7,
adjusted with 1 M KOH). Note: schematic not drawn to scale.
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Table 4-1. Relevant conditions used during the packed column HPLC procedure for the laundering
and dispersion of CPSNP suspensions discussed in this chapter
Volume of unlaundered
79.3 ml
suspension:
Pump:
Waters Delta Prep 3000 HPLC
Detector:
Shimadzu SPD-6A UV-visible spectrophotometer
Detection wavelength:
495 nm
Chromatogram collection:
Radioshack Digital Multimeter with ScopeView v.1.03 software
Column tubing material:
Polycarbonate (5 cm L x 3/8" OD x 0.245" ID)
Column stationary phase:
As received Astrosil® SiO2
Loading flow rate:
3 ml/min
Laundering flow rate:
Collecting flow rate:
Laundering solvent:
Laundering time:
Collecting solvent:
Number of loads:
Number of laundering steps:
Collecting time:
Collected suspension volume:

3 ml/min
3 ml/min
Neat ethanol at operational pH ~7
70:30 ethanol:water @ operational pH 7
3
3
~1-2 mins (based on peak duration in 70:30 ethanol:water)
~10-15 ml

4.2.3. Characterization
Mean ζ-potentials (mV) were determined for as received Astrosil® SiO2 stationary phase
material in water, 95:5 ethanol:water, 70:30 ethanol:water and 30:70 ethanol:water from
electrophoretic mobilities (10-8 m2/V·s) measured by phase angle light scattering (PALS) using a
Brookhaven Instruments Zeta Potential Analyzer (Brookhaven Instruments Corporation, Holtsville,
NY) ) in ZetaPALS software (ver.3.19). All measurements for as-received SiO2 microspheres were
performed on 1000 ppm SiO2 suspensions and pH was adjusted using 0.1 M acetic acid and 0.1 M
KOH aqueous solutions. Since nonaqueous buffer standards corresponding to mobile phase solvent
mixtures were not readily available, all pH probe calibrations were conducted using aqueous buffers
at pH 4, 7 and 10. Fundamental concepts relating to pH measurements in both aqueous and
nonaqueous solutions, including ethanol:water mixtures, have been discussed by Bates17, 18 and
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Popovych and Tompkins19. The pH values reported here for the ζ-potentials in 95:5 and 70:30
ethanol:water (by volume) mixtures are the operational pH values recorded during pH measurements.
All suspensions were equilibrated at a given operational pH for 24 hours, and the suspension
operational pH was measured and adjusted accordingly before each measurement. The dielectric
constant, refractive index and viscosity (cP) values used in the ZetaPALS calculations of the mean ζpotential (mV) values for the ethanol:water mixtures were interpolated from values reported in the
literature (explained in Appendix A). Values used here to approximate the loading, laundering and
collecting stage mobile phase solvent mixture properties are given in Table 4-2. For the neat ethanol
laundering stage solvent, a mixture of 95:5 ethanol:water (by volume) is used to approximately
account for any water that would be present in the neat ethanol during laundering.
Table 4-2. The interpolated ε, n and η (cPoise) values for the mobile phase solvent mixtures for the
loading, laundering and collecting stages of the packed column HPLC process used for the laundering
and dispersion of CPSNP suspensions
Stage of packed column
HPLC process

Mobile phase (ratio by
volume)

ε*

n*

η (cP)

Loading

25:75
cyclohexane:ethanol**

18.37

1.372

0.983

Laundering

95:5 ethanol:water

27.29

1.354

1.418

Collecting

70:30 ethanol:water

30.76

1.358

2.183

Collecting

30:70 ethanol:water

52.55

1.348

2.063

* ε and n values for the mobile phase solvent mixtures were interpolated from values reported in the
literature (given in Appendix B); **25:75 cyclohexane:ethanol ratio used as solvent mixture in
interpolation of ε, n and η (cP) values for loading stage mobile phase mixture of 25 % cyclohexane/63
% ethanol/10 % Igepal CO-520/2% water by volume

Field emission scanning electron microscopy (FESEM) was used to image a sample of as
received Astrosil® SiO2 stationary phase recovered after loading and laundering stages for a ghost
CPSNP suspension. At the end of the laundering stage, the column was disconnected from the HPLC
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setup and allowed to dry completely at room temperature. A sample of the Astrosil SiO2 stationary
phase was recovered from the top of the column, mounted onto carbon tape attached to the FESEM
stub and sputter coated with Au/Pd for 30 seconds. Sample was imaged using a JEOL instrument
operating in backscatter mode. All micrographs were obtained at 3 kV unless noted otherwise.
Scanning electron microscopy and energy dispersive spectroscopy (SEM/EDS) were used to
obtain micrographs and elemental analysis of fractions collected during the loading, laundering and
collecting stages of the packed column HPLC process. Fractions were collected for the duration of
each stage for a 5x10-3 M fluorescein doped CPSNP suspension, and dried at 105º C to remove any
solvent. Dried samples of each fraction were mounted on carbon tape and imaged using an FEI
Quanta 200 environmental SEM instrument. Imaging was performed at 20 kV unless noted
otherwise. EDS spectra were collected in

4.2.4. Calculations of Colloidal Interactions for CPSNPs and Astrosil® SiO2 Stationary Phase
during Packed Column HPLC Laundering Process
Similar to approach outlined in Chapter 3, a modified Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory of colloidal stability20, 21 is used to assess colloidal interactions between the CPSNPs
in suspension and the as received SiO2 Astrosil® stationary phase microspheres by calculating the
total interaction energies during the loading, laundering and collecting stages of the packed column
HPLC process. For the collecting stage, calculations are also performed for CPSNPs and 1 w/o, 5
w/o and 15 w/o CTES treated stationary phase microspheres. According to the DLVO theory, the
total interaction energy between the CPSNPs and the stationary phase microspheres is equal to the
sum of the attractive van der Waals (vdW) interactions and repulsive electric double layer
interactions, and is given by the expression:
𝑉𝑉𝑇𝑇 = 𝑉𝑉𝐴𝐴 + 𝑉𝑉𝑅𝑅

(4.1)
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Since the SiO2 stationary phase microspheres are approximately 400 times larger in diameter than the
CPSNPs in suspension, it was again appropriate to use expressions for particles adhering to a flat
plate in order to calculate the attractive and repulsive energies. The attractive vdW interactions were
calculated using the expression22:
VA = −

A132 r
6d

(4.2)

where A132 is the Hamaker constant for the SiO2- mobile phase solvent mixture-CPSNPs system, r is
the radius of CPSNPs and d is the separation distance. The effective non-retarded Hamaker constant
A132 for each stage of the process was calculated using the Lifshitz theory of macroscopic vdW
interactions for two dissimilar materials (1 and 2) interacting across a medium (3) using the
expression22:
3
4

𝜀𝜀 −𝜀𝜀

𝜀𝜀 −𝜀𝜀

𝐴𝐴132 ≈ 𝑘𝑘𝑘𝑘 �𝜀𝜀1 +𝜀𝜀3 � �𝜀𝜀2 +𝜀𝜀3 � +
1

3

2

3

3ℎ𝜈𝜈𝑒𝑒
8√2

(𝑛𝑛12 −𝑛𝑛32 )(𝑛𝑛22 −𝑛𝑛32 )
1
1
1
1
(𝑛𝑛12 +𝑛𝑛32 )2 (𝑛𝑛22 +𝑛𝑛32 )2 {(𝑛𝑛12 +𝑛𝑛32 )2 +(𝑛𝑛22 +𝑛𝑛32 )2 }

(4.3)

where k is the Boltzmann constant, T is the temperature, h is Planck’s constant, νe is the UV
absorption frequency, ε1 and n1 are the dielectric constant and refractive index values respectively for
SiO2, ε2 and n2 are the dielectric constant and refractive index values respectively for CPSNPs, and ε3
and n3 are the dielectric constant and refractive index values for the solvent mixtures constituting the
mobile phase during the loading, laundering and collecting stages of the packed column HPLC
process. It was assumed that the absorption frequency for all three media was the same and equal to 3
x 1015 s-1. The refractive index and dielectric constant values for SiO2 and CPSNPs were taken from
the literature. Values of 3.82 and 1.448 were obtained from the literature and used as ε1 and n1
respectively for SiO223. Since no reported value was available for the dielectric constant of calcium
phosphosilicate (CPS), a value was approximated based on reported dielectric constant values for
hydroxyapatite (HAp). While a range of ε = 5-20 has been reported for HAp with a Ca:P ratio of 1.67
in the literature depending on the porosity and water content of the HAp material24-28, a value of ε2 = 5
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was selected for the purpose of these calculations. This value is reasonable since the amorphous
CPSNP matrix is believed to be relatively porous and embedded dopants are usually small organic
molecules characterized by a low dielectric constant. For n2, a value of 1.55 was used as measured
and reported for CPSNPs by Russin et al.29 In the case of the solvent mixtures which constitute the
mobile phase during the loading, laundering and collecting stages of the packed column HPLC
process, the ε and n values were interpolated from those reported in the literature for
cyclohexane:ethanol30 and ethanol:water mixtures31 as explained in Appendix B. The interpolated
values are given in Table 4-2 in the previous section.
The electrical double layer repulsive energies between the SiO2 stationary phase
microspheres and CPSNPs in suspension was calculated using the expression developed by Hogg,
Healy and Furstenau assuming r→∞ for the SiO2 stationary phase microspheres32:
1+𝑒𝑒 −𝜅𝜅𝜅𝜅
�]
1−𝑒𝑒 −𝜅𝜅𝜅𝜅

2
2
𝑉𝑉𝑅𝑅 = 𝜋𝜋𝜀𝜀𝑜𝑜 𝜀𝜀𝜀𝜀�� 𝜓𝜓𝑆𝑆𝑆𝑆𝑆𝑆
+ 𝜓𝜓𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
� ln(1 − 𝑒𝑒 −2𝜅𝜅𝜅𝜅 � + 2𝜓𝜓𝑆𝑆𝑆𝑆𝑆𝑆2 𝜓𝜓𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ln �
2

(4.4)

where ε is the dielectric constant of the solvent mixture, εo is the permittivity of vacuum, r is the

radius of CPSNPs, ΨSiO2 and ΨCPSNP are the surface potentials of the SiO2 stationary phase

microspheres and CPSNPs respectively, κ is the inverse Debye length and d is the separation
distance. Mean ζ- potentials (mV) were calculated from the measured electrophoretic mobilities in
70:30 and 30:70 ethanol:water (by volume) solvent mixtures using ZetaPALS software (Brookhaven
Instruments Corp) for the SiO2 stationary phase microspheres and CPSNPs were used in place of
surface potentials to calculate repulsive interaction energies during the collecting stage of the packed
column HPLC process at pH 7 and 7.5. The inverse Debye length κ was calculated from ionic
strength values based on conductance (units?) values obtained using ZetaPALS and calibrated again
conductivities for a series of HCl concentrations (mol/l) as the 1:1 electrolyte in relevant ethanolwater solvent mixtures using the expression:
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2NA e2 I
�
ε εo kT

κ = ��

(4.5)

where NA is Avogadro’s number, e is elementary charge, and I is the ionic strength in mol/m3. The
measured conductance, conductivity and calculated ionic strength values are given in Appendix C.
For CPSNPs interacting with as received SiO2 stationary phase microspheres, VT curves were
truncated to account for the citrate layer on the CPSNP surface. The thickness of the citrate layer was
estimated to be 0.7 nm based on internuclear distances of the outermost atoms using a 3D ball and
stick models generated with ACD ChemSketch freeware33 (Advanced Chemistry Development Inc.,
Toronto, Ontario) as shown in Figure 4-3.

A

B

Figure 4-3. Structures of a citrate molecule generated using ACD ChemSketch freeware are
shown in (A) 2D and (B) 3D. The atoms are colored as follows: C – blue, O – red, Si – gray and
H – yellow. The citrate molecule is estimated to have an approximate spherical diameter of 0.7
nm as shown in (B) based on the internuclear distances between the outermost atoms measured
using 3D ball and stick models. This estimated diameter is used in the truncation of the total
interaction energy (VT) curves calculated here to account for the citrate layer on the surface of
the CPSNPs.
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Attachment efficiencies, αa (in %), for the CPSNPs on the as received SiO2 stationary phase
microspheres were approximated theoretically for the loading, laundering and collecting stages of the
process using the expression
𝛼𝛼𝑎𝑎 =

1
𝑊𝑊

≈

1

V
� max �
e kT

(4.6)

where Vmax is the height of the interaction energy barrier for a given interaction energy curve VT
calculated using DLVO theory as described earlier. This expression is derived from Fuch’s equation
for the stability ratio (W)34, where W=1/αa, and is a valid approximation since Verwey and Overbeek
demonstrated that W is almost entirely determined by the Vmax value for a given VT curve.21

4.3 Results and Discussion
4.3.1 FESEM analysis of CPSNP deposition on as received SiO2 stationary phase
To experimentally confirm CPSNP deposition on the as received SiO2 stationary phase
during the packed column HPLC process, a ghost CPSNP suspension was loaded onto the stationary
phase and subsequently laundered with neat ethanol (operational pH~7). Samples of dried stationary
phase microspheres removed from the column were analyzed using field emission scanning electron
microscopy (FESEM). Imaging of sample confirmed multiple layers of CPSNPs deposited on
recovered SiO2 stationary phase sample, as shown in Figure 4-4 (A-D). The CPSNPs deposited onto
the SiO2 stationary phase as a multilayered shell (Figure 4-4 A) during the loading stage of the packed
column HPLC process. This suggests that the mobile phase solvent conditions during the loading
(25% cyclohexane/63% ethanol/10% Igepal® CO-520/2% water by volume) and laundering (neat
ethanol, operational pH~7) stages of the packed column HPLC process are favorable for CPSNP
deposition onto the as received SiO2 stationary phase. The visible separation of deposited shell of
CPSNP material from the SiO2 stationary phase sphere is attributed to be an artifact of sample drying.
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CPSNPs have diameters in the 20-30 nm range based examination of a single layer of CPSNPs
deposited on another microsphere in the same sample (Figure 4-4 E and F).
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Figure 4-4. FESEM micrographs of CPSNPs deposited on as received Astrosil® SiO2 stationary phase
microspheres after loading and laundering stages of the packed column HPLC process shown at
magnification (A) 7000x (B) 15,000x, (C) 23,000x and (D) 100,000x. Multiple layers of CPSNPs are
deposited from suspension during loading and remain attached to the SiO2 stationary phase during
laundering (A-C). Micrograph (D) reveals a network of nanosize CPSNPs within the deposited shell
structure. Micrograph ( F).obtained from (E) stationary phase sphere with a deposit consisting of a single
layer of particles reveals CPSNPs are in the 20-40 nm range, which is in agreement with diameters reported

123
4.3.2 SEM/EDS analysis of loading, laundering and collecting stage fractions
Scanning electron microscopy with energy dispersive spectroscopy (SEM/EDS) is used to
analyze fractions collected during the packed column HPLC laundering and dispersion process for a
5x10-3 M fluorescein doped CPSNP suspension (sample ID# AT 5-49) using a column packed with as
received Astrosil® SiO2 stationary phase. The objectives of the experiment are to confirm removal of
surfactant and spectator ions during loading and laundering in 25% cyclohexane/63% ethanol/10%
Igepal® CO-520/2% water and neat ethanol (operational pH~7) mobile phase solvent mixtures
respectively, and to assess potential loss of CPSNPs due to detachment from column stationary phase
during the loading and laundering stages of the packed column HPLC process. The CPSNPs
suspension is loaded, laundered and collected three times as described earlier and fractions are
collected for each stage. The detector response (V) is monitored throughout the process at λmax= 495
nm to ensure sufficient removal of free fluorescein dye from the column and to collect the final
CPSNP suspension. The chromatogram collected for the packed column HPLC process is shown in
Figure 4-11 with the duration of each of the three loading, laundering and collecting stage indicated in
the chromatogram.
The collected SEM micrographs with corresponding EDS spectra collected for the three
loading stages of the process are shown in Figure 4-12 (A-F). As expected, based on collected EDS
spectra (Figure 4-12-B, D and F) the fractions contain mostly C and O indicating presence of organic
matter due to adventitious C and residual surfactant that is laundered out through the column during
the loading stage. EDS spectra collected during the second and third loading stages also contain Na,
K and Cl and K and Cl respectively, the presence of which is attributed to spectator ions from
synthetic precursors. A small P peak is detected in the sample collected during the second loading
(Figure 4-11-D), but it is not clear whether it is due to free P or CPSNPs since no Ca or Si peaks are
detected in the analyzed areas for this loading fraction. The SEM micrographs with corresponding
EDS spectra collected for the laundering stages of the process are shown in Figure 4-13 (A-F). Based
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on the appearance of the dried samples, the collected fractions consist mostly of organic matter,
which is also confirmed by the SEM micrographs (A, C and E) acquired for these samples. For the
first laundering stage, C and O peaks are detected confirming presence of organic matter due to
surfactant collected during this stage (A and B). Precipitates which contain Na, K and Cl are formed
upon drying for the fraction collected during the second laundering stage (C and D), confirming
removal of spectator ions during this laundering stage of the HPLC process. Analysis of sample from
the third laundering stage also indicates presence of a small Si peak, but no Ca or P peaks are detected
(E and F). Overall, the results suggest that the neat ethanol mobile phase used during the laundering
stages of the packed column HPLC process is efficient at removing surfactant and spectator ions and
does not lead to the detachment of a significant amount of CPSNPs.
The SEM micrographs with corresponding EDS spectra acquired for the final CPSNP
suspensions from the three collecting stages of the process are shown in Figure 4-14 (A-F). Spectra
collected from selected areas of precipitates (marked in yellow on SEM micrographs) for collecting
stages one (A and B), two (C and D) and three (E and F) exhibit peaks corresponding to Ca, P and Si.
The peaks are attributed to CPSNPs suspended in the 70:30 ethanol:water (by volume) solvent
mixture mobile phase, which are expected to detach from the column stationary phase during this
stage of the process due to electrostatic repulsive interactions between the CPSNPs and SiO2
stationary phase microspheres in the 70:30 ethanol:water solvent mixture. Ratios of Ca:P and Ca:Si
peaks are summarized in Table 4-3. The ratios determined for precipitates from the first and second
collecting stages respectively are within the 1.2:1-2.2:1 Ca:P ratio range typically reported for
amorphous CP materials, but further analysis of precipitates is needed to confirm the nature of the
phase for the collected material. Based on determined Ca:P and Ca:Si ratios of 0.6:1 for the third
collecting stage suspensions, the CPSNPs precipitates collected during this stage are Ca deficient in
comparison to CPSNPs collected during the first and second stages, but elemental analysis of a large
population of individual CPSNPs from each stage is needed to corroborate this finding.

125

Figure 4-5. Chromatogram showing detector response (V) versus time (sec) at λmax = 495 nm for a
5x10-3 M fluorescein doped CPSNP suspension laundered and dispersed using the packed column
HPLC process described in this chapter. The duration of each loading (red) and laundering (blue)
stage of the process is labeled using arrows, with peaks collected as final CPSNP suspension labeled
in orange. The process stages are illustrated in Figure 4-2. Samples (entire fraction) collected
during each stage were analyzed using SEM/EDS to confirm removal of surfactant and spectator
ions in loading and laundering stages, and confirm Ca, P and Si presence in inorganic precipitates
from collecting stage fractions (results presented in Figures 4-6, 4-7, 4-8 and Table 4-3).
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Figure 4-6. Scanning electron microscopy (SEM) micrographs with corresponding energy dispersive
(EDS) spectra obtained for samples collected during the first (A, B), second (C, D) and third (E, F)
loading stage of a 5x10-3M fluorescein doped CPSNP suspension packed column HPLC laundering and
dispersion process. The loading stage is illustrated in Figure 4-2. Samples were collected for the
duration of each of the three loading stages and dried at 250ºC for imaging. As expected, collected EDS
spectra exhibit peaks for C, O, Na, K and Cl, indicating that samples collected during the loading stages
contained only organic matter from surfactant and spectator ions from synthetic precursors. No Ca, P, or
Si peaks were detected in the collected fractions.
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Figure 4-7. Scanning electron microscopy (SEM) micrographs with corresponding energy dispersive
(EDS) spectra obtained for samples collected during the first (A, B), second (C, D) and third (E, F)
laundering stage for a 5x10-3 M fluorescein doped CPSNP suspension packed column HPLC laundering
and dispersion process. The laundering stage is illustrated in Figure 4-2. Collected EDS spectra
contained peaks for C, O, Na, K and Cl, indicating that samples collected during the laundering stages
contained primarily organic matter from surfactant and spectator ions from synthetic precursors. The
sample collected after the third laundering cycle also contained Si, but Ca and P were not detected in
these fractions.
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Figure 4-8. Scanning electron microscopy (SEM) micrographs with corresponding energy dispersive
(EDS) spectra obtained for samples collected during the first (A, B), second (C, D) and third (E, F)
collecting stage of a 5x10-3 M fluorescein doped CPSNP suspension (sample ID# AT 5-49) packed
column HPLC laundering and dispersion process. The collecting stage is illustrated in Figure 4-2.
Samples were collected for the duration of each of the three collecting stages and dried at 105º C for
SEM/EDS analyses. Collected EDS spectra exhibit peaks for Ca, P and Si indicating that precipitates
formed after drying of fractions collected during the collecting stages contained primarily CPSNPs.
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Table 4-3. Ratios of Ca:P and Ca:Si peak intensities for spectra collected for
the bulk dried final CPSNP suspensions from each of the three collecting stages
as given in Figure 4-7
Sample ID
Spectrum Designation
Ca:P ratio
Ca:Si ratio
AT 5-49 C1

B

1.51:1

8:1

AT 5-49 C2

D

1.59:1

4.8:1

AT 5-49 C3

F

0.60:1

0.60:1

4.3.3 ζ-Potentials for the as received SiO2 stationary phases and CPSNPs
The mean ζ- potentials (mV) were determined for as received Astrosil® SiO2 stationary phase
material in water and in 95:5 ethanol:water, 70:30 ethanol:water and 30 :70 ethanol water (by
volume) solvent mixtures in ZetaPALS software. The obtained values are discussed here in the
context of the loading, laundering and collecting stages of the packed column HPLC laundering and
dispersion process used for CPSNP suspensions dispersed with 50 w/w citrate. ζ- potentials (mV) are
generally used to approximate surface charge for both stationary phase particles and NPs in
suspension for the purpose of calculating colloidal interactions and are, therefore, important in
predicting deposition and detachment of NPs in packed columns. Although wholly aqueous
conditions are not relevant to the current HPLC process described in this chapter, measurements were
performed in water to document the isoelectric point (IEP) value of the as received material. The
mean ζ- potentials (mV) determined in water for the as received material in 3-8 pH range are shown
in Figure 4-4. The IEP for the as received material is observed at pH~6.5, which is a higher pH value
than the typically reported IEP pH range of 1.7-3.5 for SiO2 materials.35 It is believed that this is due
to the processing conditions of the SiO2 material, where SiO2 microspheres were possibly exposed to
amines, resulting in a higher IEP than what is typically observed.
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Figure 4-9. Mean ζ-potentials (mV) versus pH determined for as received SiO2 stationary phase
suspensions in water in the 3-8 pH range. Each data point is an average of 5 ζ-potential (mV) values
(25 cycles each) calculated from measured electrophoretic mobilities using ZetaPALS software with
error bars representing calculated 95% confidence intervals. Solid line connecting data points is
added as a guide to the eye.
For the laundering and collecting stage mobile phase solvent mixtures of neat ethanol
(approximated as 95:5 ethanol:water (by volume) for the measurements and calculations), and 70:30
and 30:70 ethanol:water (by volume) respectively, an operational pH range of 6-8 was chosen for the
ζ-potential measurements since this is the pH range most relevant to the CPSNP laundering and
dispersion packed column HPLC process described earlier. The pH scale for the mean ζ- potentials
(mV) is reported as measured with the pH probe calibrated against aqueous buffers, and each pH
values is therefore referred to as operational pH. A comparison of the mean ζ- potentials (mV)
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determined for the as received SiO2 stationary phase material suspended in 95:5 ethanol:water (by
volume), the laundering stage mobile phase solvent mixture, and 70:30 ethanol:water (by volume),
the collecting stage mobile phase solvent mixture, in the 6-8 operational pH range is shown in Figure
4-10. An IEP in operational pH range 6.5-7.5 is determined here, but this value cannot be accurately
compared to the IEP value in wholly aqueous conditions since it is not possible to relate operational
pH measured here to the hydrogen activity measured in aqueous solution. As expected, a shift from
neutral mean ζ-potentials (~0 - 10 mV) for the laundering stage solvent mixture to strongly negative
mean ζ-potentials (~ -30 to -40mV) for the collecting stage solvent mixtures is observed for the as
received SiO2 stationary phase microspheres in the 6-8 operational pH range. This suggests that the
SiO2 stationary phase acquires negative charge with an increase in the dielectric constant for the the
mobile phase, which corresponds to an increase in volume % water in the for the 70:30 and 30:70
ethanol water solvent mixture (collecting stage mobile phases) in comparison to the neat ethanol
(approximated as 95:5 ethanol:water) solvent (laundering stage mobile phase).
A comparison of mean ζ-potentials (mV) for the SiO2 stationary phase microspheres and
CPSNPs for the solvent mixtures corresponding to mobile phases of the loading, laundering and
collecting stages of the packed column HPLC process is shown in Figure 4-11. The ζ-potential
values for the 95:5 ethanol:water, 70:30 ethanol:water and 30:70 ethanol:water (by volume) were
obtained at operational pH 7. Both the SiO2 stationary phase microspheres and the CPSNPs are
neutrally charged in the loading and laundering mobile phase solvent mixtures of 25:75 cyclohexane
ethanol and 95:5 ethanol:water (by volume) respectively, while both acquire robust negative charge in
the collecting stage solvent mixtures of 70:30 ethanol:water and 30:70 ethanol:water (by volume).
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Figure 4-10. Mean ζ-potentials (mV) versus operational pH are given for as received SiO2 stationary
phase microspheres in the 95:5 ethanol:water (approximation for neat ethanol) laundering stage
mobile phase solvent mixture and 70:30 and 30:70 ethanol:water (by volume) collecting stage mobile
phase solvent mixtures in the 6-8 operational pH range. Each mean ζ-potential (mV) data point is an
average of 5 ζ-potential (mV) values (25 cycles each) obtained from measured electrophoretic
mobilities using ZetaPALS software with error bars representing calculated 95% confidence intervals.
Solid lines connecting data points are added as a guide to the eye.
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Figure 4-11. Comparison of mean ζ-potentials (mV) for the CPSNPs dispersed with 50 w/w citrate
and as received SiO2 stationary phase microspheres in 25 % cyclohexane/63 % ethanol/10 % Igepal
CO-520/2% water by volume loading stage mobile phase solvent mixture, and in 95:5 ethanol:water,
70:30 ethanol:water and 30:70 ethanol:water laundering and collecting stage solvent mixtures
determined at operational pH 7. Mean ζ-potentials of 0 mV for the loading stage mobile phase
mixture approximated as 25:75 cyclohexane:ethanol are based on values determines in ZetaPLUS for
CPSNPs and stationary phase suspensions. For the laundering and collecting stage mobile phases,
each mean ζ-potential (mV) data point is an average of 5 ζ-potential (mV) values (25 cycles each)
obtained from measured electrophoretic mobilities using ZetaPALS software with error bars
representing calculated 95% confidence intervals. As expected, an increasing trend in the determined
mean ζ-potentials (mV) for the ethanol:water mixtures is observed with increasing volume % of
water.

4.3.4 DLVO Theory Calculations of Colloidal Interactions for CPSNPs and SiO2 Stationary
Phase Microspheres
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In this section, total interaction energies (kT), VT, are calculated between CPSNPs dispersed
with 50 w/w citrate and the as received Astrosil® stationary phase SiO2 microspheres using modified
DLVO theory by adding attractive vdW (VA) and repulsive electrostatic (VR) interactions.
Calculations are performed for the as received stationary phase separately for each of the three packed
column HPLC process stages, including loading, laundering and collecting, and are discussed here in
the context of the experimental results presented in the previous sections for the as received SiO2
material. The relevant parameters, including ε and n values for the mobile phase solvent mixtures,
calculated A132 (J) values, ζ-potentials (mV) determined for both CPSNPs dispersed with 50 w/w
citrate and as received stationary phase (at operational pH 7 for laundering and collecting stages), and
estimated κ (1/m) are given in Table 4-3 for the three stages of the HPLC process. The dielectric
constant (ε ) of the solvent system in which any colloids are suspended is an important parameter for
predicting the vdW attraction and electrostatic repulsion between particles.36 Nonionic surfactants are
reported to have a dielectric constant in the 6-11 range, making them low polar substances.36
Consequently, in the work discussed here, it is assumed that the presence of 10 vol% Igepal® CO-520
in the unlaundered CPSNPs suspensions does not increase the dielectric constant during the loading
stage of the process. In Table 4-3, the ε for the 25 % cyclohexane/63% ethanol/10 % Igepal® CO520/2% water (by volume) broken reverse micelle mobile phase during the loading stage of the HPLC
process is therefore approximated using a 25:75 cyclohexane:ethanol solvent mixture and the ε value

is interpolated from the literature as explained in Appendix B. Also, since the starting broken reverse
micelle primarily consists of a cyclohexane and ethanol mixture (87 vol% overall), the pH cannot be
accurately measured for the mobile phase during the loading stage of the packed column HPLC
process. The ionic strength is reported to be 3x10-4 M based on the 1 M KOH solution added to
ethanol before disruption of the reverse micelles. Since the FESEM and SEM/EDS experiments
reported in the previous sections were performed at operational pH 7, colloidal interactions are
calculated based on values determined for this operational pH for the laundering and collecting
stages. The SiO2 stationary phase microspheres are treated as flat plates for the DLVO calculations
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due to the significantly larger diameter for the microspheres (d = 17 µm) in comparison to the
synthesized CPSNPs. A range of CPSNP diameters, including 5, 10, 20 and 50 nm is employed in
the calculations for as received SiO2 stationary phase in order to better understand how changes in
CPSNP diameters dictate attractive and repulsive interactions with the stationary phase microspheres,
and, in turn, influence CPSNP deposition and detachment during the HPLC process. This is
especially relevant since the previous work from our group with organic dye doped CPSNPs
laundered by a packed column HPLC process yielded final CPSNP suspensions with mean diameters
in the 15-30 nm range, while centrifugation laundered ghost CPSNP suspensions (preliminary data
presented in Appendix G) were found to have mean diameters as low as 3-5 nm for some
suspensions. Calculations for 30:70 ethanol:water (by volume) solvent mixture for the collecting
stage of the process are included to predict how colloidal, primarily repulsive electrostatic,
interactions during this stage are influenced by an increase in volume % water for the solvent mixture.
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Table 4-4. Summary of relevant parameters used to calculate attractive van der Waals (vdW) and repulsive electrostatic interactions via modified
DLVO theory of colloidal stability for the loading, laundering and collecting stages of the packed column HPLC laundering and dispersion process for
CPSNP suspensions dispersed with 50 w/w citrate and laundered with as received SiO2 column stationary phase
Mobile phase
composition (by
volume)

ε*

n*

A132
(x10-21 J)

pH

SiO2 mean
ζ-potential
(mV)

CPSNP mean
ζ-potential
(mV)

κ (1/m)

25:75
cyclohexane:ethanol**

18.37

1.372

4.7

n/a

0

0

n/a

Laundering

95:5 ethanol:water

27.29

1.354

6.4

7

0

2

5.9x107

Collecting

70:30 ethanol:water

30.76

1.358

6.2

7

-33

-33

3.3x107

Collecting

30:70 ethanol:water

52.55

1.348

7.5

7

-42

-50

8.1x107

Stage of packed
column HPLC
process
Loading

* ε and n values were interpolated from the literature for cyclohexane:ethanol and ethanol:water mixtures as explained in Appendix B; **25:75
cyclohexane:ethanol (by volume) ratio was used to approximate loading stage mobile phase composition for 25% cyclohexane/63% ethanol/10%
Igepal® CO-520/ 2% water (by volume) with 3x10-4 M KOH present; A132 (x10-21 J) was calculated using equation 4-3 and used to estimate attractive
vdW interactions energies for each stage of the HPLC process; ζ-potentials (mV) for SiO2 and CPSNPs were calculated from measured electrophoretic
mobilities in ZetaPALS software using a Brookhaven Zeta Potential Analyzer instrument and used in place of surface potentials to estimate repulsive
electrostatic interaction energies; κ (1/m) values were approximated from specific conductivities measured for known concentrations of HCl as 1:1
electrolyte in 95:5, 70:30 and 30:70 ethanol:water (by volume) solutions as explained in Appendix C
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4.3.4.1 Loading Stage
The total interaction energies (VT) (kT) plots as a function of separation distance (nm) for
CPSNPs in suspension and the as received SiO2 stationary phase during the loading stage of the
process in a 25% cyclohexane/63% ethanol/10% Igepal® CO-520/ 2% water (by volume)
(approximated as 25:75 cyclohexane:ethanol) mobile phase solvent mixture are shown in Figure 4-11
for CPSNPS with 5, 10, 20 and 50 nm particle diameters. The mean ζ-potential is determined to be 0
mV for both the CPSNPs and the stationary phase particles in the loading stage solvent mixture, and
the VT (kT) curves are therefore based only on attractive vdW interactions, suggesting favorable
conditions for CPSNP deposition on the stationary phase. Based on the calculations of colloidal
interactions, the primary energy minima decrease with a decrease in CPSNP diameter, suggesting that
the smallest CPSNPs (r < 10 nm) likely do not deposit onto the SiO2 stationary phase during the
loading stage of the process. This is supported by the measured particle diameters of 20-30 nm for
CPSNPs individually deposited in a single layer as confirmed by FESEM and discussed earlier.
While no Ca, P and Si is detected by SEM/EDS in the collected loading stage fractions as discussed
earlier, it is possible that this is due to the significantly higher organic content compared to inorganic
content of the collected fractions consisting mostly of residual Igepal CO-520 surfactant, which is
laundered through the column during the loading stage of the HPLC process. As mentioned earlier,
any CPSNP loss is most likely not detected since it is below the limits of detection (LOD) for the
SEM/EDS instrument.
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Figure 4-12 Total interaction energy (kT) as a function of separation distance (nm) calculated using
DLVO theory for the loading stage of the packed column HPLC process for 5, 10, 20 and 50 nm
CPSNPs diameters interacting with as received SiO2 stationary phase microspheres in 25%
cyclohexane/63% ethanol/10% Igepal® CO-520/ 2% water (by volume) with 3·10-4 M KOH
mobile phase solvent mixture. A reasonable approximation of 25:75 cyclohexane:ethanol (by
volume) is used to estimate dielectric constant and refractive index values for the solvent mixture for
the purpose of the calculations. The relevant parameters used in the calculations are given in Table
4-4.

4.3.4.2 Laundering Stage
Plots of (VT) (kT) as a function of separation distance (nm) for CPSNPs and the as received
SiO2 stationary phase during the laundering stage of the process in neat ethanol (approximated as 95:5
ethanol:water (by volume)) mobile phase solvent mixture at operational pH 7 are shown in Figure 413 for CPSNPs with 5, 10, 20 and 50 nm particle diameters. Since the mean ζ-potential determined
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for both the as received SiO2 stationary phase microspheres and the CPSNPs in 95:5 ethanol:water is
0 mV, VT = VA. This suggests that the deposited CPSNPs are retained on the stationary phase during
laundering, while residual surfactant and spectator ions are laundered through the column. This is
supported by the SEM/EDS analysis of collected fractions from each of the three laundering stages as
discussed earlier, which confirmed presence of organic matter and NaCl and KCl precipitates from
spectator ions present in collected fraction. Same as with the loading stage mobile phase mixture, a
trend of increasing primary minima with increasing CPSNP diameters is calculated for neat ethanol
during the laundering stage of the HPLC process. Again, this suggests unfavorable conditions for the
continued attachment of any deposited finer CPSNPs.
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Figure 4-13. Total interaction energy (kT) as a function of separation distance (nm) calculated using
DLVO theory for the laundering stage of the packed column HPLC process for 5, 10, 20 and 50 nm
CPSNPs diameters interacting with as received SiO2 stationary phase microspheres in neat ethanol
mobile phase solvent mixture (approximated as 95:5 ethanol:water (by volume)) at operational pH
7. The relevant parameters used in the calculations are given in Table 4-4.
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4.3.4.3 Collecting Stage
Plots of (VT) (kT) as a function of separation distance (nm) for CPSNPs and the as received
SiO2 stationary phase during the collecting stage of the process in 70:30 ethanol water (by volume)
mobile phase solvent mixture at operational pH 7 are shown in Figure 4-14 for CPSNPs with 5, 10,
20 and 50 nm particle diameters. The value for the 70:30 ethanol water solvent mixture is
approximated to be ε ~ 30.76 based on interpolation of values reported in the literature. In contrast to
0 mV ζ-potentials determined for CPSNPs and SiO2 stationary phase microspheres suspended in the

laundering stage neat ethanol (approximated as 95:5 ethanol:water) mobile phase solvent, the mean ζpotentials values determined here for the CPSNPs and the as received SiO2 stationary phase
microspheres are -33 mV, resulting in appreciable repulsive electrostatic interactions during the
collecting stage of the process. Based on the calculated VT curves, finer CPSNPs in the r = 2.5 – 10
nm range are predicted to detach more efficiently due to significantly lower interaction energy
barriers (~2.5 – 4.5 kT) when compared to r=25 nm CPSNPs for which a ~ 12 kT energy barrier is
calculated. This is supported by the typically reported 20-30 nm mean diameters determined via
TEM analysis of doped CPSNP suspensions laundered and dispersed using the current packed
column HPLC process described here.
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Figure 4-14. Total interaction energy (kT) as a function of separation distance (nm) calculated using
DLVO theory for the collecting stage of the packed column HPLC process for 5, 10, 20 and 50 nm
CPSNPs diameters interacting with as received SiO2 stationary phase microspheres in 70:30
ethanol:water (by volume) mobile phase solvent mixture at operational pH 7. The relevant
parameters used in the calculations are given in Table 4-4.
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4.3.4.4 Attachment Efficiencies
Attachment efficiencies αa (%) are approximated for the loading, laundering and collecting
stages of the packed column HPLC process based on the VT (kT) curves calculated for CPSNPs with
5, 10, 20 and 50 nm diameters using equation 4.6. The calculated values are given in Figure 4-15.
Based on the approximations, 100% attachment efficiencies are calculated for CPSNPs during the
loading and laundering stages independent of particle diameter. Along with FESEM and SEM/EDS
experimental results and the VT calculations presented earlier, the αa (%) values approximated here
suggest that the CPSNPs are likely to deposit and remain attached to the SiO2 stationary phase
microspheres during the loading and laundering stages of the HPLC process respectively. For the
collecting stage, the αa (%) values are significantly lower than for the loading and laundering stages,
suggesting CPSNP detachment from the SiO2 stationary phase microspheres. In terms of the different
CPSNP diameter considered here, 20 and 50 nm CPSNP are more likely to detach when compared to
5 and 10 nm CPSNPs.
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Figure 4-15. Attachment efficiencies (αa) (%) approximated for CPSNPs based on
particle diameters (nm) and as received SiO2 stationary phase microspheres during the
loading, laundering and collecting stages of the packed column HPLC laundering and
dispersion process. High (100%) attachment efficiencies approximated for the loading
and laundering stages suggest that deposition and continues attachment of CPSNPs
occur, while the low (<10%) efficiencies for the collecting stage indicate CPSNPs
detach from the stationary phase microspheres.

4.4 Summary and Conclusions
A packed column HPLC process, which is used to launder and disperse CPSNPs synthesized
in cyclohexane/Igepal® CO-520/water reverse micelles, is described and studied in this chapter. The
process consists of a loading, laundering and collecting stage, where solvent mixtures of varying
dielectric constants are used as mobile phases to control colloidal interactions and support either
deposition or detachment of CPSNPs from the packed column SiO2 stationary phase microspheres.
The dielectric permittivity is found to influence the deposition and detachment of CPSNPs, and
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DLVO theory is used to calculate colloidal interactions for the loading, laundering and collecting
stages of process.
Experimentally, deposition of CPSNPs is confirmed via FESEM, with CPSNPs observed to
form multiple layers on the SiO2 stationary phase microspheres. SEM/EDS analysis of fractions
collected at the column outlet during the loading, laundering and collecting stages of the HPLC
process confirms presence of surfactant and Na, K and Cl spectator ions for the loading and
laundering stages of the process. Fractions from the collecting stage are found to contain precipitates
primarily consisting of Ca, P and Si.
Based on DLVO theory calculations for the loading stage of the HPLC process, attractive
vdW interactions are found to dominate this stage of the process, resulting in conditions favorable for
CPSNP deposition on the SiO2 stationary phase in the 25% cyclohexane/63%ethanol/10% Igepal CO520/2% water (by volume) mobile phase solvent mixture. This is further supported by 100%
attachment efficiencies approximated for the loading stage of the process. Purely attractive vdW
interactions are also calculated for the laundering stage of the process due to low (~ 0 mV) ζpotentials determined for both the CPSNPs and the SiO2 stationary phase in 95:5 ethanol:water
mobile phase solvent mixture at operational pH 7. Same as for the loading stage, 100% attachment
efficiencies are determined for this stage of the process, suggesting that CPSNPs are retained on the
SiO2 stationary phase after deposition during loading.
For the collecting stage of the process, DLVO theory calculations indicate that detachment of
CPSNPs is dependent on CPSNP diameter, with detachment favored for 5, 10 and 20 nm particle
diameters due to lower interaction energy barriers (Vmax < 5 kT) when compared to 50 nm CPSNPs
(Vmax = 12 kT). For this stage of the process, low attachment efficiencies are approximated,
indicating CPSNP detachment is expected in the 70:30 ethanol:water (by volume) solvent conditions
at operational pH 7
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Chapter 5
Analysis of 5-Fluorouracil (5-FU) Concentrations in 5-FU Doped Calcium
Phosphosilicate Nanoparticle (CPSNP) Suspensions via Liquid Chromatography
Tandem Mass Spectrometry (LC-MS/MS)

5.1 Introduction
Accurate quantification of chemotherapeutic dopant concentrations in nanoparticle (NP)
formulations is crucial for the success of NP formulations in in vitro and in vivo studies. As different
types of drug doped NP suspensions are developed, more validated analytical techniques for
assessment of drug concentrations in NP formulations are needed. Ultraviolet-visible (UV-vis)
spectroscopy and liquid chromatography (LC) in combination with UV-Vis, fluorescence, or
electrochemical detection are often used to determine drug concentrations in biological matrices.1
However, UV-vis spectroscopy analyses can be limited by poor lower limit of quantification (LLOQ)
for a given compound and interference due to peak overlap from other compounds present in solution
or suspension, while fluorescence and electrochemical detection are only applicable to drug
molecules that are fluorescent or contain electro-active chemical groups.1 To obtain better sensitivity
and selectivity in the analysis of drug dopant concentrations in NPs, characterization approaches
which utilize LC coupled with mass spectrometry (MS), need to be employed.
Today LC-MS is routinely used in labs and clinical settings for the analysis of a variety of
drug molecules, but analysis with LCMS only became possible after the invention of electrospray
ionization (ESI) by Fenn in the 1980s.2 In a typical LC-MS analysis, the molecule of interest is first
separated using high performance liquid chromatography (HPLC) with stationary and mobile phases
tailored to the retention and elution of the molecule of interest. Selection of HPLC mobile phase is
especially important in avoiding contamination of the mass spectrometer. While solvents which are
typically used in LC mobile phases, such as water, methanol, chloroform and acetonitrile, are
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compatible with ESI, contamination of the ion source can occur when buffer molecules are deposited
within the interface and/or mass spectrometer source.3 Volatile buffers, such as ammonium acetate,
ammonium formate or ammonium bicarbonate are preferred.3, 4 Buffers which contain inorganic ions
such as phosphate and sodium acetate are avoided, because they result in significant ion suppression,
can create MS adducts of sodium and potassium, and can lead to ion source contamination.3 At the
LC-MS interface, the HPLC mobile phase is removed. In the mass spectrometer, the molecule of
interest is converted to a charged or ionized state, and the ions and any fragment ions produced during
the ionization process are analyzed on the basis of their mass to charge ratio (m/z).3 To obtain
accurate amounts of the analyte of interest in the original sample, an internal standard is often added,
generally early in the sampling stage, to improve both accuracy and precision of the LC-MS method.4
The molecule of interest analyzed in the work presented in this chapter is 5-fluorouracil (5FU). 5-FU is a chemotherapeutic that has been used to treat a number of common malignancies,
including breast, colon and pancreatic cancers.5 The mechanisms of action and the significance of 5FU molecular structure are discussed in the next chapter. Due to the short half-life resulting from
rapid drug metabolism and potential toxic side effects to the patient associated with systemic delivery
of 5-FU, improvements in 5-FU delivery to cancer cells have been sought via various NP systems.
This is also discussed in more detail in Chapter 6. Due to low costs and ease of analysis associated
with UV-vis absorbance spectroscopy, it has recently been reported as the primary characterization
technique for quantifying 5-FU concentrations in a number of NP systems, including polymeric and
composite NPs.6-9 However, instances of peak overlap for 5-FU and surfactant used during NP
preparation or targeting molecules conjugated to NP surfaces have been reported in studies by Arias
et al. and Zhang et al. Recent examples include: (1) peak overlap between 5-FU (λmax = 265 nm) and
sodium dodecyl sulfate surfactant (λmax = 280 nm) as reported by Arias et al. for a 5-FUiron/ethylcellulose NP formulation and (2) peak overlap between 5-FU (λmax = 265 nm) and folate
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(λmax = 256 and 283 nm) as reported by Zhang et al. for a 5-FU- poly(ε-caprolactone-co-4-maleate-εcaprolactone)-folate NP formulation.6, 8
A recent review of analytical methods for the detection of 5-FU in biological matrices
discussed and compared a number of chromatography based techniques for 5-FU quantification,
including: high performance LC (HPLC), GC, GC-MS and LC-MS.10 LC-MS was highlighted as one
of the more sensitive analytical techniques for 5-FU detection along with GC-MS based on a
comparison of LLOQ values reported in the literature for the four chromatography based
techniques.10 While LC-MS/MS has been used to determine the concentrations of therapeutics
released from doped NPs into plasma in in vivo animal studies, only HPLC methods have been
reported for determining concentrations of therapeutics, including 5-FU, in as synthesized NP
suspensions.11-14 Therefore, LC-MS methods are not yet routinely used in the quantification of
chemotherapeutic drug concentrations in as synthesized NP suspensions.
In this chapter, the sample preparation, development and results for two liquid
chromatography tandem mass spectrometry (LC-MS/MS) methods used in the analysis of 5fluorouracil (5-FU) concentrations in 5-FU doped calcium phosphosilicate (CPSNP) suspensions are
presented and discussed. The primary objective of the studies presented in this chapter is to
determine the dependence of 5-FU concentration in 5-FU doped CPSNP suspensions on CPSNP
synthetic and laundering parameters using LC-MS/MS analysis as the primary characterization
technique for quantifying captured 5-FU concentrations. Studies include measurements to determine
the drug concentration based on: (1) micelle exchange time, (2) addition of drug to microemulsion A
versus microemulsion B during initial reverse micelle formation, and (3) scaling up of synthetic
volume from typical 1x to 3x volumes by tripling volumes of both organic and aqueous synthetic
precursors during the double reverse micelle synthetic procedure. LC-MS/MS analysis was selected
as the primary characterization technique for 5-FU concentrations in CPSNP formulations because
initial attempts to quantify the drug concentrations using UV absorbance spectroscopy were
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inconclusive due to peak overlap between the 5-FU drug (λmax = 265 nm) and residual Igepal® CO520 surfactant (λmax = 276 nm) in suspension (data not shown). Furthermore, based on optical density
(OD) measurements at λmax = 265 nm for a series of 5-FU concentrations in aqueous and 70:30
ethanol:water (by volume) solutions, the LLOQ for the 5-FU drug using UV absorbance spectroscopy
is found to be approximately 1 µM, which is ~3 orders of magnitude higher in comparison to LLOQs
in the nM range reported in the literature for the most sensitive LC-MS/MS methods developed for
analysis of 5-FU concentrations in plasma samples.15

5.2 Methods
5.2.1 Synthesis and Laundering of 5-FU doped CPSNP Suspensions
Both 5-FU doped and ghost CPSNP suspensions were precipitated in a cyclohexane/Igepal®
CO-520/water double reverse micelle system adapted and modified from syntheses developed and
published by our research group.16, 17 The synthetic approach for 5-FU doped CPSNPs is outlined in
detail in Chapter 6 with relevant synthetic parameters given in Figure 6-3. The details for synthesis
and laundering of the CPSNP suspensions analyzed by LC-MS/MS and discussed herein and in
Chapter 6 are summarized in Table 5-1. While the 5-FU doped CPSNP suspensions reported in
Chapter 6 are synthesized by adding a specified concentration of 5-FU drug to the CaCl2 side of
double reverse micelle (labeled microemulsion A in Figure 6-3), in this chapter, the 5-FU drug dopant
is added to either CaCl2 side (microemulsion A) or Na2HPO4/ Na2SiO3 side (microemulsion B) as
indicated in Table 5-1. Laundering is performed using either the packed column high performance
liquid chromatography (HPLC) method or a centrifugation (sedimentation and redispersion) method
as specified in Table 5-1. For the 3x volume 5-FU doped CPSNP suspensions discussed here, the
centrifugation method for 1x volume samples presented in Appendix E is adjusted for the larger
volume suspensions to ensure adequate removal of residual surfactant as confirmed by OD276 nm
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measurements in 70:30 ethanol:water (by volume). A description of the centrifugation method used
to launder and disperse 3x volume 5-FU doped CPSNP suspensions discussed here is given in Figure
5-1.

1
2
3
4
5
6
7

• Divide CPSNP suspension into six sterile 50 ml centrifuge tubes and centrifuge at
6000 rpm (4435 g) for 40 min
• Remove supernatant leaving 10 ml of suspension in each tube, combine contents of
2 into 1 tube for a total of 3 tubes and resuspend in EtOH to 40 ml, centrifuge for
40 min
• Remove supernatant leaving 10 ml of suspension in each of 3 tubes, resuspend in
neat EtOH for a final total volume of 40 ml and centrifuge for 40 min
• Remove supernatant leaving 10 ml of suspension in each of 3 tubes, combine into
one tube, add 15 ml of neat EtOH for a final total volume of 45 ml, centrifuge for
40 min
• Remove supernatant leaving 10 ml of suspension, resuspend in 70:30 ethanol:
water (by volume) for a final total volume of 40 ml, centrifuge for 40 min
• Repeat step 5 three more times and reserve 400 µl of supernatant at the end of each
wash for OD275 nm measurements
• Remove supernatant leaving a 5 ml volume, resuspend with 10 ml of 70:30 ethanol:
water (by volume) for a final 15 ml volume of CPSNP suspension

Figure 5-1. A chart outlining details of the centrifugation method used to launder and disperse 3X
volume CPSNP suspensions for the LC-MS/MS studies of 5-FU concentrations reported in this
chapter. The centrifugation laundering is performed at 6000 rpm (4435g).
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Table 5-1. Summary of relevant synthesis and laundering details for CPSNP suspensions analyzed via LC-MS/MS to determine 5-FU dopant
concentrations.
Sample ID

Sample description

Synthesis details

Laundering details

AT 6-57

5-FU-CPSNP-citrate

10-3 M 5-FU in microemulsion B, 30 min exchange

AT 6-63

5-FU-CPSNP-citrate

10-3 M 5-FU in microemulsion B, 30 min exchange

AT 6-81A

5-FU-CPSNP-citrate

10-3 M 5-FU in microemulsion B, 30 min exchange

AT 6-81B

5-FU-CPSNP-citrate

10-3 M 5-FU in microemulsion B, 30 min exchange

AT 6-81C

5-FU-CPSNP-citrate

10-3 M 5-FU in microemulsion B, 30 min exchange

AT 6-81D

5-FU-CPSNP-citrate

10-3 M 5-FU in microemulsion B, 30 min exchange

AT 6-81E

5-FU-CPSNP-citrate

10-3 M 5-FU in microemulsion B, 30 min exchange

AT 6-81F

5-FU-CPSNP-citrate

10-3 M 5-FU in microemulsion B, 30 min exchange

AT 6-84

5-FU-CPSNP-citrate

1.56 ml of 10-3 M 5-FU in microemulsion B, 30 min exchange,
3x volume

AT 6-86a

5-FU-CPSNP-PEG

PEG conjugated to sample AT 6-84

AT 6-89a

5-FU-CPSNP-g10

Gastrin 10 conjugated to sample AT 6-86a

-

AT 6-90a

5-FU-CPSNP-citrate

10-3 M 5-FU in microemulsion B, 2 min exchange

AT 6-90b

5-FU-CPSNP-citrate

10-3 M 5-FU in microemulsion B, 2 min exchange

AT 6-90c

5-FU-CPSNP-citrate

10-3 M 5-FU in microemulsion B, 2 min exchange

AT 6-92a

5-FU-CPSNP-citrate

10-3 M 5-FU in microemulsion B, 30 min exchange

AT 6-92b

5-FU-CPSNP-citrate

10-3 M 5-FU in microemulsion B, 30 min exchange

Centrifugation method as described
in Appendix E, 6000 rpm
Centrifugation method as described
in Appendix E, 6000 rpm
Centrifugation method as described
in Appendix E, 6000 rpm
Centrifugation method as described
in Appendix E, 6000 rpm
Centrifugation method as described
in Appendix E, 6000 rpm

Packed column HPLC, Astrosil®
SiO2 stationary phase
Packed column HPLC, Astrosil®
SiO2 stationary phase
Centrifugation method as described
in Appendix E, 3000 rpm
Centrifugation method as described
in Appendix E, 3000 rpm
Centrifugation method as described
in Appendix E, 3000 rpm
Centrifugation method as described
in Appendix E, 6000 rpm
Centrifugation method as described
in Appendix E, 6000 rpm
Centrifugation method as described
in Appendix E, 6000 rpm
Centrifugation method as described
in Appendix E, 6000 rpm
Centrifuge filtered to remove free
PEG
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Table 5-1. Summary of relevant synthesis and laundering details for CPSNP suspensions analyzed via LC-MS/MS to determine 5-FU dopant
concentrations.
Sample ID

Sample description

Synthesis details

Laundering details

AT 6-92c

5-FU-CPSNP-citrate

10-3 M 5-FU in microemulsion B, 30 min exchange

AT 6-95

Ghost-CPSNP-citrate

No 5-FU added, 30 min exchange, 3x volume

AT 6-97

Ghost-CPSNP-PEG

PEG conjugated to sample AT 6-95

Centrifugation method as described
in Appendix E, 6000 rpm
Centrifugation method as described
in Appendix E, 6000 rpm
Centrifuge filtered to remove free
PEG

AT 6-98

Ghost-CPSNP-g10

Gastrin 10 conjugated to PEG sample AT 6-97

-

AT 7-16

5-FU-CPSNP-citrate

10-3 M 5-FU in microemulsion A, 30 min exchange, 3x volume

AT 7-18

5-FU-CPSNP-citrate

10-3 M 5-FU in microemulsion A, 30 min exchange, 3x volume

AT 7-20

5-FU-CPSNP-citrate

10-3 M 5-FU in microemulsion A, 30 min exchange, 3x volume

AT 7-22

5-FU-CPSNP-citrate

10-3 M 5-FU in microemulsion B, 30 min exchange

AT 7-24

5-FU-CPSNP-citrate

10-3 M 5-FU in microemulsion B, 30 min exchange

AT 7-26

5-FU-CPSNP-citrate

10-3 M 5-FU in microemulsion B, 30 min exchange

AT 7-28

5-FU-CPSNP-citrate

10-3 M 5-FU in microemulsion B, 30 min exchange, 3x volume

AT 7-30

5-FU-CPSNP-citrate

10-3 M 5-FU in microemulsion B, 30 min exchange, 3x volume

AT 7-32

5-FU-CPSNP-citrate

10-3 M 5-FU in microemulsion B, 30 min exchange, 3x volume

AT 7-34

5-FU-CPSNP-citrate

10-3 M 5-FU in microemulsion A, 2 min exchange, 3x volume

AT 7-36

5-FU-CPSNP-citrate

10-3 M 5-FU in microemulsion A, 2 min exchange, 3x volume

AT 7-38

5-FU-CPSNP-citrate

10-3 M 5-FU in microemulsion A, 2 min exchange, 3x volume

Centrifugation method as described
in Figure 5-1.
Centrifugation method as described
in Figure 5-1.
Centrifugation method as described
in Figure 5-1.
Centrifugation method as described
in Appendix E
Centrifugation method as described
in Appendix E
Centrifugation method as described
in Appendix E
Centrifugation method as described
in Figure 5-1.
Centrifugation method as described
in Figure 5-1.
Centrifugation method as described
in Figure 5-1.
Centrifugation method as described
in Figure 5-1.
Centrifugation method as described
in Figure 5-1.
Centrifugation method as described
in Figure 5-1.
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Table 5-1. Summary of relevant synthesis and laundering details for CPSNP suspensions analyzed via LC-MS/MS to determine 5-FU dopant
concentrations.
Sample ID

Sample description

Synthesis details

Laundering details

AT 7-40

5-FU-CPSNP-citrate

10-3 M 5-FU in microemulsion A, 2 min exchange, 3x volume

Centrifugation method as described
in Figure 5-1.

AT 7-42

5-FU-CPSNP-citrate

10-3 M 5-FU in microemulsion A, 2 min exchange, 3x volume

Centrifugation method as described
in Figure 5-1.

AT 7-44

5-FU-CPSNP-citrate

10-3 M 5-FU in microemulsion A, 2 min exchange, 3x volume

Centrifugation method as described
in Figure 5-1.

AT 7-46a

5-FU-CPSNP-citrate

AT 7-16 filtered

-

AT 7-46b
AT 7-46c
AT 7-47a
AT 7-47b
AT 7-47c

5-FU-CPSNP-citrate
5-FU-CPSNP-citrate
5-FU-CPSNP-citrate
5-FU-CPSNP-citrate
5-FU-CPSNP-citrate

AT 7-18 filtered
AT 7-20 filtered
AT 7-28 filtered
AT 7-30 filtered
AT 7-32 filtered

AT 7-79A

5-FU-CPSNP-citrate

2.5x10-3 M 5-FU in microemulsion A, 2 min exchange

AT 7-79B

5-FU-CPSNP-citrate

2.5x10-3 M 5-FU in microemulsion A, 2 min exchange

AT 7-79C

5-FU-CPSNP-citrate

2.5x10-3 M 5-FU in microemulsion A, 2 min exchange

AT 7-79AF

5-FU-CPSNP-citrate

AT 7-79A filtered

AT 7-79BF

5-FU-CPSNP-citrate

AT 7-79B filtered

AT 7-79CF

5-FU-CPSNP-citrate

AT 7-79C filtered

AT 7-81A

5-FU-CPSNP-citrate

2.5x10-3 M 5-FU in microemulsion A, 30 min exchange

AT 7-81B

5-FU-CPSNP-citrate

2.5x10-3 M 5-FU in microemulsion A, 30 min exchange

Centrifugation method as described
in Chapter 6
Centrifugation method as described
in Chapter 6
Centrifugation method as described
in Chapter 6
Centrifugation method as described
in Chapter 6
Centrifugation method as described
in Chapter 6
Centrifugation method as described
in Chapter 6
Centrifugation method as described
in Chapter 6
Centrifugation method as described
in Chapter 6
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Table 5-1. Summary of relevant synthesis and laundering details for CPSNP suspensions analyzed via LC-MS/MS to determine 5-FU dopant
concentrations.
Sample ID

Sample description

Synthesis details

Laundering details

AT 7-81C

5-FU-CPSNP-citrate

2.5x10-3 M 5-FU in microemulsion A, 30 min exchange

AT 7-83A

5-FU-CPSNP-citrate

2.5x10-3 M 5-FU in microemulsion B, 2 min exchange

AT 7-83B

5-FU-CPSNP-citrate

2.5x10-3 M 5-FU in microemulsion B, 2 min exchange

AT 7-83C

5-FU-CPSNP-citrate

2.5x10-3 M 5-FU in microemulsion B, 2 min exchange

AT 7-85A

5-FU-CPSNP-citrate

2.5x10-3 M 5-FU in microemulsion B, 30 min exchange

AT 7-85B

5-FU-CPSNP-citrate

2.5x10-3 M 5-FU in microemulsion B, 30 min exchange

AT 7-85C

5-FU-CPSNP-citrate

2.5x10-3 M 5-FU in microemulsion B, 30 min exchange

AT8-1A

5FU-CPSNP-citrate

2.5x10-3 M 5-FU in microemulsion A, 2 min exchange

AT8-1B

5FU-CPSNP-citrate

2.5x10-3 M 5-FU in microemulsion A, 2 min exchange

AT8-1Af
AT8-1Bf

5FU-CPSNP-citrate
5FU-CPSNP-citrate

AT 8-1A filtered
AT 8-1B filtered

AT8-6A

5FU-CPSNP-PEG

PEG conjugated to sample AT 8-1A

AT8-6B

5FU-CPSNP-PEG

PEG conjugated to sample AT 8-1B

AT8-7A
AT8-7B
WSL 1-521A
WSL 1-522A

5FU-CPSNP-g10
5FU-CPSNP-g10

Gastrin 10 conjugated to PEG sample AT 8-6A
Gastrin 10 conjugated to PEG sample AT 8-6B

5-FU-CPSNP-citrate

2.5x10-3 M 5-FU in microemulsion A, 2 min exchange

5-FU-CPSNP-citrate

2.5x10-3 M 5-FU in microemulsion A, 2 min exchange

Centrifugation method as described
in Chapter 6
Centrifugation method as described
in Chapter 6
Centrifugation method as described
in Chapter 6
Centrifugation method as described
in Chapter 6
Centrifugation method as described
in Chapter 6
Centrifugation method as described
in Chapter 6
Centrifugation method as described
in Chapter 6
Centrifugation method as described
in Chapter 6
Centrifugation method as described
in Chapter 6
Centrifuge filtered to remove free
PEG
Centrifuge filtered to remove free
PEG
Packed column HPLC as described
in Chapter 6
Packed column HPLC as described
in Chapter 6
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Table 5-1. Summary of relevant synthesis and laundering details for CPSNP suspensions analyzed via LC-MS/MS to determine 5-FU dopant
concentrations.
Sample ID
WSL 1-523A
WSL 1-521B
WSL 1-522B
WSL 1-523B
la

Sample description

Synthesis details

Laundering details

5-FU-CPSNP-citrate

2.5x10-3 M 5-FU in microemulsion A, 2 min exchange

5-FU-CPSNP-citrate

2.5x10-3 M 5-FU in microemulsion A, 30 min exchange

5-FU-CPSNP-citrate

2.5x10-3 M 5-FU in microemulsion A, 30 min exchange

5-FU-CPSNP-citrate

2.5x10-3 M 5-FU in microemulsion A, 30 min exchange

Packed column HPLC as described
in Chapter 6
Packed column HPLC as described
in Chapter 6
Packed column HPLC as described
in Chapter 6
Packed column HPLC as described
in Chapter 6
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5.2.2 Preparation of 5-FU doped CPSNP Suspensions for LC-MS/MS Analysis
The preparation of 5-FU doped CPSNP formulations for LC-MS/MS analysis differs from
preparation of free 5-FU dissolved in various solvents or plasma in that the 5-FU dopant is trapped in the
amorphous CPSNP matrix upon encapsulation. Since CP-based materials are increasingly soluble below
pH 6 independent of phase or Ca:P ratio, acidic solutions can be used to dissolve the CPSNPs and release
the 5-FU drug into solution in preparation for LC-MS/MS analyses. Previous studies from our research
group on the encapsulation of organic dyes in CPSNPs reported the use of ethylenediaminetetraacetic acid
(EDTA), a known Ca2+ chelator, for the dissolution of CPSNPs before UV-visible spectroscopy analysis
of organic dye concentrations in CPSNP suspensions.16, 17 In the LC-MS/MS work described here, the
primary goal was to avoid any contamination or signal reduction in the MS system due to presence of
incompatible solvents or ions. As a result, for the dissolution of 5-FU doped CPSNP suspensions
reported in this chapter and Chapter 6, the hydrochloric and formic acids and solvent conditions used for
dissolution were chosen in consultation with LC-MS/MS research chemists.
The 5-FU doped CPSNP suspensions which were analyzed using the initial LC-MS/MS method
were prepared by drying 1 ml of suspension under a stream of argon and resuspending the dried sample
mass into 1 ml of 10-3 M HCl in 70:30 ethanol:water (by volume) to dissolve the CPSNPs and release the
5-FU dopant. A 10 mM 5-FU stock solution in methanol was also prepared and was serially diluted to
generate a series of standards. For the improved LC-MS/MS analysis method, a 150 µl volume of a given
5-FU doped CPSNP suspension was vortexed with 50 µl of 0.01 M formic acid (pH ~ 1.5-2) and allowed
to sit at room temperature for 1 hour. All solvent was then evaporated from suspension under a stream
of argon gas and each sample was resuspended in 95:5 acetonitrile:water (by volume) for LC-MS/MS
analyses.
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5.2.3 Initial LC-MS/MS Analysis Method
The initial LC-MS/MS method development and analyses for 5-FU doped CPSNP suspensions
were carried out at the Proteomics and Mass Spectrometry Core Facility within the PSU Huck Institute of
Life Sciences at University Park, PA. The standards and samples were analyzed using an Applied
Biosystems 3200 QTrap triple-quadrupole mass spectrometer, using Analyst software version 1.4.2,
coupled to a Shimadzu Prominence liquid chromatography system. The LC separation was performed by
gradient elution on a Phenomenex Kinetex HILIC, 2.6 µm, 100 x 2.1 mm HPLC column. The mobile
phases used were: 100% deionized water (H2O) (mobile phase A) and 100% acetonitrile (ACN) (mobile
phase B). The mobile phase gradients are given in Table 5-2. The flow rate was 0.15 ml/min and
injection volume was 5µL. Dissolved 5-FU doped CPSNP suspensions were injected as prepared in 10-3
M HCl in 70:30 ethanol:water (by volume).
Table 5-2. Mobile phase composition for initial LC-MS/MS method developed at UP for 5-FU doped
CPSNP suspension LC-MS/MS analysis
Time (min.)

% A (H2O)

% B (ACN)

0.0
2.0
10.0
12.0
12.1
17.0

0
0
50
50
0
Stop

100
100
50
50
100

Ionization was accomplished using electrospray ionization (ESI) in negative mode, with the
source temperature set at 250°C. The ion spray voltage (IS) was set at -4500V, the declustering potential
(DP) was set at -44V, and the collision energy (CE) was set at -28V. The mass spectrometer was set to
monitor the 5-FU precursor ion (Q1 mass) at 129.0 m/z, and the mass transition to a product ion (Q3
mass) at 42.0 m/z.
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5.2.3 Improved LC-MS/MS Analysis Method 2
A second LC-MS/MS method was developed in the Proteomics and Mass Spectrometry Core
facilities located at Penn State Hershey, Hershey, PA in order to improve LLOQs.18 The standards and
samples were analyzed using an Applied Biosystems 4000 QTrap® mass spectrometer with multiple
reaction monitoring (MRM) mode at unit resolution, using Analyst software version 1.5, coupled to an
HPLC system consisting of a CTC PAL® autosampler (Leap technology, Carrboro, NC), Agilent 1100
series micro vacuum degasser, and binary pump and thermostatted column compartment (Agilent
technologies, Santa Clara CA, USA). The LC separation was performed by gradient elution on a
Phenomenex Luna HILIC, 3 µm, 150 x 2.00 mm, 100Å HPLC column column at 40◦C. The mobile
phases used were: 100 mM ammonium formate in water (mobile phase A), and 100% acetonitrile (mobile
phase B). The mobile phase gradients are specified in Table 5-3. The flow rate was 0.3 ml/min and
typical injection volume was 10 µL.

Table 5-3. Mobile phase composition for improved LC-MS/MS method developed at PS Hershey
for 5-FU doped CPSNP analysis
Time (min.)
% A (100 mM ammonium formate in H2O)
% B (ACN)
0.0
10
90
2.0
20
80
4.0
90
10
7.0
10
90
12.0
0
0
Ionization was accomplished using a Turbo VTM ion source operating in negative ion mode with
ion spray voltage of 4500 V. Nitrogen gas was used as collision gas. The optimized conditions were: 60
for DP, 28 V for 5-FU and 31 V for 5-Chlorouracil (5-CU) for CE. The mass spectrometer was set to
monitor transitions for: 5-FU - m/z 129.0->42 and 5-CU - m/z 145.2->42.0.
5.3 Results and Discussion

2

The improved LC-MS/MS analysis method used here to characterize concentrations of 5-FU in CPSNP
suspensions has been published in Dai JP, Tabaković A, Loc WS, Butler A, McGovern CO, et al. Development of
an ultrasensitive LC–MS-MS method for determination of 5-fluorouracil in mouse plasma. Spectroscopy 2013, 28:817.
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5.3.1 Initial LC-MS/MS Method 5-FU doped CPSNP Analysis
5-FU-CPSNP-citrate suspensions laundered by packed column HPLC (Astrosil® SiO2 used as
stationary phase, sample ID AT 6-57 and AT 6-63) and by centrifugation method described in Appendix
E using either 3000 rpm (1109 g) and 6000 rpm (4435 g) (sample ID AT 6-81A, AT 6-81B, AT 6-81C,
AT 6-81D, AT 6-81E and AT 6-81F,) were provided for initial LC-MS/MS method development and
analyses at the UP facility. For each analysis, a linear regression fit (R2>0.99) was generated using the
instrument software based on peak areas (counts) for a series of standards of known 5-FU concentrations
(nM). 5-FU dopant concentrations (nM) in CPSNP suspensions were calculated using the linear fit
equations as given in Figures 5-1. The calculated concentrations (nM) of 5-FU in the analyzed 5-FU
doped CPSNP suspensions are given in Table 5-3. For the packed column HPLC laundered suspensions,
5-FU concentrations (nM) were 213 nM and <100 nM (below lowest concentration used to generate
standard curve). For the centrifugation laundered suspensions, 388 ± 39 nM and 1373 ± 285 nM mean 5FU concentrations were calculated for 3000 rpm (1109 g) and 6000 rpm (4435 g) laundered suspensions
respectively. The low 5-FU concentrations (nM) measured for the packed column HPLC method were
suspected to be a result of irreversible agglomeration of the 5-FU CPSNPs on the Astrosil® SiO2 HPLC
column stationary phase during CPSNP laundering and dispersion. The initial LC-MS/MS measurements
showed that highest concentration of 5-FU dopant was captured in CPSNP suspensions laundered by
centrifugation method at 6000 rpm (4435 rcf) and subsequent analyses were performed on CPSNPs
laundered using this same laundering and dispersion approach.
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A
y = 29.5x + 8.5e3
R2 = 0.9912

B
y = 101x – 1.56e3
R2 = 0.9941

Figure 5-2. Linear regression fits generated for measured 5-FU standard peak areas
(counts) as a function of concentration (nM) for 100, 250, 500, 1000 and 2500 nM
5-FU concentrations. Standard curve (A) was used to determine 5-FU
concentrations in packed column HPLC laundered 5-FU CPSNP suspensions
(sample IDs: AT 6-57 and AT 6-61) and standard curve (B) was used to determine
5-FU concentrations in centrifugation laundered 5-FU CPSNP suspensions (sample
IDs: AT 6-81A, AT 6-81B, AT 6-81C, AT 6-81D, AT 6-81E and AT 6-81F).
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Table 5-4. 5-FU concentrations (nM) calculated for 5-FU-CPSNP-citrate formulations laundered by
packed column HPLC or the centrifugation method. Suspensions were analyzed using the initial LCMS/MS method developed at UP.
5-FU
Mean 5-FU
95%
Sample Description
Sample ID
Concentration
Concentration
SD
CI
(nM)
(nM)
5-FU-CPSNP-citrate, packed column
HPLC
AT 6-57
213
**
**
**
5-FU-CPSNP-citrate, packed column
HPLC
AT 6-63
*
5-FU-CPSNP-citrate, 3000 rpm
AT 6-81A
425
388
35
39
5-FU-CPSNP-citrate, 3000 rpm
AT 6-81B
382
5-FU-CPSNP-citrate, 3000 rpm
AT 6-81C
356
5-FU-CPSNP-citrate, 6000 rpm
AT 6-81D
1270
1373
251 285
5-FU-CPSNP-citrate, 6000 rpm
AT 6-81E
1190
5-FU-CPSNP-citrate, 6000 rpm
AT 6-81F
1660
*Below lowest 100 nM concentration used to generate linear standard curve; **Mean concentration could
not be calculated since only one value obtained
For the follow up LC-MS/MS analyses, 520 µl of 10-3 M 5-FU drug was added to the
Na2HPO4/Na2SiO3 side (microemulsion B) during precipitation of the 5-FU doped CPSNPs. Micelle
exchange time was selected as the synthetic parameter of interest and it was hypothesized that an
extended micelle exchange time would result in improved 5-FU dopant capture in the CPSNP matrix. To
test this hypothesis, micelle exchange times of 2 and 30 minutes were selected for the preliminary study,
and all 5-FU-CPSNP-citrate suspensions were synthesized and laundered using the centrifugation
laundering method at 6000 rpm (4435g). A 5-FU-CPSNP-citrate suspension was also synthesized for
secondary PEG and g10 functionalization and analyzed to establish effect of secondary functionalization
procedures on measured concentrations of 5-FU dopant in the final suspensions. 5-FU dopant
concentrations (nM) in CPSNP suspensions were calculated using the linear regression fit (R2=0.98)
generated for standards of known concentrations as given in Figure 5-3. Examples of spectra obtained
during MS analysis are shown in Figure 5-4 for the first (A) and the second (B) round of analyses. The
second LC-MS/MS analysis of suspensions, as specified in Table 5-5, did not yield discernible peaks for
the 5-FU drug. Consequently, 5-FU drug concentrations for the analyzed 5-FU doped CPSNP
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suspensions could not be calculated based on the generated linear regression fit for a series of known 5FU concentrations. This inconsistency between the first and second set of analyses using this initial LCMS/MS method was most likely due to a lack of proper method validation, which would have established
both accuracy and precision for detection of 5-FU in the given concentration range under the specified
solvent and instrument parameters. As a result, a second method was developed and validated to improve
accuracy and precision, as well as the LLOQs. This improved LC-MS/MS method was developed on 5FU doped CPSNP suspended in mouse plasma as preparation for later analyses of 5-FU doped CPSNP
suspensions in in vivo animal experiments.

y = 88.1x + 1.53e4
R2 = 0.9763

Figure 5-3. Linear regression fit generated for measured 5-FU standard peak
areas (counts) as a function of concentration (nM) for 100, 250, 500, 1000 and
2500 nM 5-FU concentrations. Standard curve was used to calculate 5-FU
concentrations in centrifugation laundered 5-FU CPSNP suspensions (sample
IDs: AT 6-84, AT 6-86a, AT 6-89a, AT 6-90A, AT 6-90B, AT 6-90C, AT 692A, AT 6-92B and AT 6-92C).
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Figure 5-4. Examples of spectra obtained during mass spectrometry (MS) analysis for (A) first and
(B) second set of LC-MS/MS analyses using the initial method developed at UP. Spectrum shown in
(A) was collected for sample ID AT 6-81D and spectrum shown in (B) was collected for sample ID
AT 6-84. In the first set of analyses, a strong 5-FU peak was detected, while the second analysis
yielded no discernible peak for 5-FU.
Table 5-5. 5-FU concentrations (nM) calculated for 5-FU-CPSNP formulations laundered
by centrifugation. Suspensions were analyzed using the initial LC-MS/MS method
developed at UP.
Sample Description

Sample ID

5-FU Concentration (nM)

5-FU-CPSNP-citrate
5-FU-CPSNP-PEG
5-FU-CPSNP-G10
5-FU-CPSNP-citrate, 2 min exchange time
5-FU-CPSNP-citrate, 2 min exchange time
5-FU-CPSNP-citrate, 2 min exchange time
5-FU-CPSNP-citrate, 30 min exchange time
5-FU-CPSNP-citrate, 30 min exchange time
5-FU-CPSNP-citrate, 30 min exchange time

AT 6-84
AT 6-86a
AT 6-89a
AT 6-90a
AT 6-90b
AT 6-90c
AT 6-92a
AT 6-92b
AT 6-92c

No Peak
No Peak
No Peak
No Peak
No Peak
No Peak
No Peak
No Peak
<0
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5.3.2. Improved LC-MS/MS Method
The specifics of the improved LC-MS/MS method are discussed in detail in a recent
publication.18 Briefly, the method consisted of two steps: first the separation of 5-FU from the plasma
matrix using a strong anion exchange SPE cartridge, which took advantage of the anion state of 5-FU
under basic conditions, with 20% ammonium hydroxide (NH4OH) aqueous solution used as the base,
followed by LC-MS/MS analysis (as described here in the Methods section).18 The stability of the drug
under basic conditions was validated over an 18 day period, and the method was validated by verifying
linearity, sensitivity, accuracy and precision.18 An LLOQ of 0.77 nM (0.1 ng/mL) for 5-FU drug was
established for this improved LC-MS/MS method with 5-CU utilized as an internal standard.18
5-FU-CPSNP-PEG and 5-FU-CPSNP-g10 suspensions for which 5-FU peaks were not detected
using the initial LC-MS/MS method, were analyzed using the improved LC-MS/MS method and
concentrations of 34 and 28 nM were measured respectively for the two samples. However, the analyses
were conducted on the CPSNP suspensions without first dissolving the CPSNPs matrix to release the 5FU drug into solution. Consequently, for all follow-up LC-MS/MS analyses, CPSNP suspensions were
dissolved with formic acid before LC-MS/MS analysis as described earlier in the Methods section. The
improved LC-MS/MS method was then used to measure 5-FU concentrations in a series of 5-FU doped
CPSNP formulations to determine the effects of various synthetic and laundering parameters on 5-FU
doping of CPSNPs. LC-MS/MS studies of 5-FU dopant concentrations in CPSNP suspensions examined
dependence of concentration of encapsulated drug on: (1) micelle exchange time, (2) addition of drug to
microemulsion A versus microemulsion B during initial reverse micelle formation, and (3) scaling up of
synthetic volume from typical 1x to 3x volumes by tripling volumes of both organic and aqueous
synthetic precursors during the double reverse microemulsion synthetic procedure. An example of a
linear regression fit (R2>0.99) obtained for a series of 5-FU standard solutions using the improved LCMS/MS method is shown in Figure 5-5.
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y = 0.0145x + 0.0178
R2 = 0.9998

Figure 5-5. Example of a linear regression fit generated using the improved LC-MS/MS method for
measured 5-FU standard peak areas (counts) as a function of 5-FU concentration (ng/ml) for 0.1, 1,
5, 10, 50, 100, 500 and 1000 ng/ml standards. Standard curve was used to calculate 5-FU
concentrations (nM) for 5-FU doped CPSNP suspensions as given in Table 5-6.

A comparison of drug concentrations for 1x and 3x volume 5-FU doped CPSNP suspensions
could not be made since the LC-MS/MS analysis of the 3x volume suspensions, as reported in Table 5-6,
yielded concentrations below the reported LLOQ for the method. The low 5-FU concentrations most
likely resulted from the extended centrifugation laundering of the suspensions. While this successfully
decreased the concentrations of residual surfactant in the final suspensions (data reported in Appendix E),
it most likely laundered out any 5-FU drug that was trapped on or near the CPSNP surface. As a result,
the centrifugation method was later modified, as discussed in Chapter 6 and Appendix E.
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Table 5-6. 5-FU concentrations (nM) calculated for 1x and 3x volume 5-FU-CPSNP formulations using the
improved LC-MS/MS analysis method developed at PS Hershey
Sample Description
3x volume, 5-FU in microemulsion A,
30 min exchange
3x volume, 5-FU in microemulsion A,
30 min exchange
3x volume, 5-FU in microemulsion A,
30 min exchange
1x volume, 5-FU in microemulsion B,
30 min exchange
1x volume, 5-FU in microemulsion B,
30 min exchange
1x volume, 5-FU in microemulsion B,
30 min exchange
3x volume, 5-FU in microemulsion B,
30 min exchange
3x volume, 5-FU in microemulsion B,
30 min exchange
3x volume, 5-FU in microemulsion B,
30 min exchange
3x volume, 5-FU in microemulsion A,
2 min exchange
3x volume, 5-FU in microemulsion A,
2 min exchange
3x volume, 5-FU in microemulsion A,
2 min exchange
3x volume, 5-FU in microemulsion A,
2 min exchange
3x volume, 5-FU in microemulsion A,
2 min exchange
3x volume, 5-FU in microemulsion A,
2 min exchange
AT 7-16 filtered
AT 7-18 filtered
AT 7-20 filtered
AT 7-28 filtered
AT 7-30 filtered
AT 7-32 filtered

Sample ID

5-FU
Concentration
(nM)

AT 7-16

0.10

AT 7-18

0.077

AT 7-20

0.14

AT 7-22

1.4

AT 7-24

1.4

AT 7-26

1.1

AT 7-28

0.13

AT 7-30

0.099

AT 7-32

0.14

AT 7-34

14

AT 7-36

1.3

AT 7-38

1.8

AT 7-40

0.044

AT 7-42

0.071

AT 7-44

0.087

AT 7-46a
AT 7-46b
AT 7-46c
AT 7-47a
AT 7-47b
AT 7-47c

0.025
0.18
0.0055
0.053
0.20
0

Mean 5-FU
Concentration
(nM)

SD

95%
CI

0.11

0.032

0.036

1.3

0.19

0.21

0.12

0.021

0.024

5.8

7.4

8.3

0.068

0.022

0.025

-

-

-

Based on the measured 5-FU dopant concentrations (nM) reported in Table 5-7, the highest mean 5-FU
concentration of 228±49 nM was determined for filtered 1x volume CPSNP suspensions synthesized
using a 2 minute micelle exchange time with 650 µl of 2.5x10-3 M aqueous solution of 5-FU added into
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microemulsion A during initial reverse micelle formation. As a result, a micelle exchange time of 2
minutes with the addition of the drug to microemulsion A was determined to be sufficient for adequate
drug encapsulation for the typical 1x volume synthetic procedure since an increase of micelle exchange
time to 30 minutes and the addition of drug to microemulsion B did not provide a significant increase in
drug encapsulation.
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Table 5-7. 5-FU concentrations (nM) calculated for 5-FU-CPSNP formulations of varying synthetic
parameters using the improved LC-MS/MS analysis method developed at PS Hershey
Sample Description
2.5x10-3 M 5-FU added to
microemulsion A, 2 min
exchange,
2.5x10-3 M 5-FU added to
microemulsion A, 2 min
exchange
2.5x10-3 M 5-FU added to
microemulsion A, 2 min
exchange
AT 7-79A filtered
AT 7-79B filtered
AT 7-79C filtered
2.5x10-3 M 5-FU added to
microemulsion A, 30 min
exchange
2.5x10-3 M 5-FU added to
microemulsion A, 30 min
exchange
2.5x10-3 M 5-FU added to
microemulsion A, 30 min
exchange
2.5x10-3 M 5-FU added to
microemulsion B, 2 min
exchange
2.5x10-3 M 5-FU added to
microemulsion B, 2 min
exchange
2.5x10-3 M 5-FU added to
microemulsion B, 2 min
exchange
2.5x10-3 M 5-FU added to
microemulsion B, 30 min
exchange
2.5x10-3 M 5-FU added to
microemulsion B, 30 min
exchange
2.5x10-3 M 5-FU added to
microemulsion B, 30 min
exchange

Sample ID

5-FU
Concentration
(nM)

AT 7-79A

141

AT 7-79B

69.6

AT 7-79C

99.9

AT 7-79AF
AT 7-79BF
AT 7-79CF

263
171
248

AT 7-81A

174

AT 7-81B

151

AT 7-81C

176

AT 7-83A

121

AT 7-83B

90.7

AT 7-83C

141

AT 7-85A

101

AT 7-85B

109

AT 7-85C

218

Mean 5-FU
Concentration
(nM)

SD

95%
CI

104

36

41

228

49

56

167

14

16

118

26

29

142

65

74
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5.4 Summary and Conclusions
Liquid chromatography tandem mass spectrometry (LC-MS/MS) was utilized to determine
concentrations of 5-FU drug in 5-FU doped CPSNP suspensions. Two LC-MS/MS methods were
developed specifically for the analysis of 5-FU doped CPSNP suspensions. The first method developed
at UP yielded inconsistent results due to a lack of proper method validation. The second method
developed at PS Hershey provided an improved LLOQ of 0.77 nM (0.1 ng/mL) and was successfully
validated for accuracy and precision. It was then utilized to measure 5-FU concentrations in a series of 5FU doped CPSNP formulations in order to determine the effects of synthetic and laundering parameters,
including: micelle exchange time, addition of drug to microemulsion A versus microemulsion B during
initial reverse micelle formation, and scaling up of synthetic volume from typical 1x to 3x volumes by
tripling volumes of both organic and aqueous synthetic precursors during the double reverse micelle
synthetic procedure, on 5-FU concentrations in CPSNP suspensions,. Based on 5-FU concentrations
measured by the improved LC-MS/MS method, a micelle exchange time of 2 minutes with the addition of
the drug to microemulsion A was determined to be sufficient for adequate drug encapsulation for the
typical 1x volume CPSNP synthetic procedure. Based on conclusions drawn here from LC-MS/MS
preliminary studies, these synthetic parameters are used for all double reverse micelle syntheses reported
in the next chapter (Chapter 6), where the effects of laundering and dispersion methods on the
physicochemical properties of 5-FU doped CPSNP suspensions are examined.
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Chapter 6
The Effects of Laundering and Dispersion Approaches on the Physicochemical
Properties of 5-Fluorouracil (5-FU) Doped Calcium Phosphosilicate Nanoparticles
(CPSNPs) for Pancreatic Cancer Treatment
6.1 Introduction
Cancer remains a serious worldwide health concern, with pancreatic cancer being the fourth most
common cause of cancer-related deaths for both men and women with less than a 5% 5-year survival
rate.1, 2 Due to a lack of early symptoms, 80-85% of pancreatic cancer patients are diagnosed at an
advanced stage of the disease, resulting in chemotherapy being the best and only a palliative treatment
option.3 For unresectable pancreatic cancer patients, the standard treatment has been chemotherapy with
gemcitabine or 5-fluorouracil (5-FU).3 Unfortunately, the chemotherapy treatment route does not
significantly improve chances of survival due to a lack of drug specificity for the pancreatic cancer tissue
and toxic side effects to the patients receiving treatment. Better treatment approaches are needed to
ensure that the chemotherapeutic drug is protected from degradation during delivery and specifically
targeted to pancreatic cancer, actively minimizing toxic side effects to the patient while delivering
maximum dosage to the diseased tissues.
Heidelberger and colleagues first reported the syntheses for fluorinated pyrimidines in 1957 and
identified 5-fluorouracil (5-FU) as a compound with significant tumor-inhibiting activity.4, 5 Today 5-FU
is a US Food and Drug Administration (FDA) approved chemotherapeutic and has been used since the
mid-1960s in the treatment of a variety of common malignancies, including colorectal, breast, stomach
and pancreatic cancers.6 It is classified as an antimetabolite drug, and the mechanisms of cytotoxicity for
5-FU are primarily attributed to one of three action pathways: (1) inhibition of the nucleotide synthetic
enzyme thymidylate synthase (TS) by 5-FU metabolite fluorodeoxyuridine monophosphate (FdUMP) and
subsequent DNA damage, (2) the incorporation of fluorodeoxyuridine triphosphate (FdUTP) 5-FU
metabolite into deoxyribonucleic acid (DNA), and (3) incorporation of 5-FU metabolite fluorouridine
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triphosphate (FUTP) into ribonucleic acid (RNA).6-8 The three main action pathways which lead to
cytotoxic responses for 5-FU are illustrated in Figure 6-1.

PATHWAY (1)

PATHWAY (3)
PATHWAY (2)

Figure 6-1. The three pathways for the mechanisms of action for 5-FU are shown. 5-FU can be
converted into three main active metabolites: (1) fluorodeoxyuridine monophosphate (FdUMP)
responsible for TS inhibition and subsequent DNA damage, (2) fluorodeoxyuridine triphosphate
(FdUTP) responsible for DNA damage, and (3) fluorouridine triphosphate (FUTP) responsible for
RNA damage Schematic adapted and modified from reference 8.
Much of the success of 5-FU in cancer treatment has been attributed to the similarity of its
chemical structure to those of uracil and thymine, nucleobases found in the nucleic acids of RNA and
DNA respectively.7 The chemical structures of 5-FU, uracil and thymine generated in ACD ChemSketch9
(Advanced Chemistry Development Inc., Toronto, Ontario) are shown in Figure 6-1 A, B and C
respectively. In the structure of 5-FU (Figure 6-2(A)), a fluorine (F) atom is substituted for a hydrogen
(H) atom at the 5-position of uracil (Figure 6-2(B)) or a methyl (CH3) group at the 5-position of thymine
(Figure 6-2(C)). Although the difference in chemical structure for 5-FU and uracil is only modest due to
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the similar van der Waals radii of H (1.2 Å) and F (1.35 Å), the strong bond between carbon (C) and F
due to the substitution prevents the methylation of the 5-position in 5-FU.7, 10 This results in the
formation of a ternary complex between 5-FU and thymidylate synthase (TS), functionally inhibiting the
enzymatic activity of TS and preventing DNA replication as noted earlier.7, 10

A

B

C

Figure 6-2. The chemical structures of (A) 5-fluorouracil (5-FU), (B) uracil and (C)
thymine molecules. The structure of 5-FU (A) is very similar to those of uracil (B) and
thymine (C), resulting in 5-FU readily being incorporated into RNA and DNA and the
ability of 5-FU to inhibit thymidylate synthase (TS). Structures were generated in ACD
Chemsketch freeware8.

While the current treatment modalities primarily rely on the systemic delivery of 5-FU, this
approach is limited because 5-FU is rapidly metabolized in the body, resulting in a 8-14 minute half-life
for the drug in plasma for a 500-600 mg/m2 intravenous bolus dose.11 Also, a number of side effects
associated with 5-FU chemotherapy have been reported, including: myelosuppression, diarrhea, nausea,
vomiting, alopecia, and, in <1% cases, cardiotoxicity.12 Most importantly, while published studies have
shown that 5-FU is effective in vitro in treating pancreatic cancer cell lines at µM concentrations13, in
vitro results have translated poorly to in vivo studies in mice and in human clinical trials. As a result of
these limitations, improvements to the current delivery approaches of 5-FU have been sought via the use
of various nanoparticle (NP) systems to actively shield the drug from degradation during delivery, and the
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identification of new molecular targets to deliver the drug directly to pancreatic cancer cells.2, 14 These
improved delivery approaches would effectively increase 5-FU concentrations in the cancerous tissues
and lessen harmful effects to the healthy tissues in the body.
Some of the earliest studies on the delivery of 5-FU using an albumin microsphere particle
system were reported by Sugibayashi et al.15-17 The more recent studies reported in the literature have
examined a number of NP systems, including composite18, polymeric19-21, dendritic22 and liposomal23
NPs, as candidate nanomaterials for the delivery of 5-FU to various types of cancers. Studies have also
reported hydroxyapatite (HAp) as an inorganic candidate material for 5-FU delivery, but HAp particle
suspensions obtained by spray drying were in the micron size range with the 5-FU drug adsorbed on the
particle surface.24-27 CP-based NP systems are both biodegradable and nontoxic and, as such, are
attractive inorganic candidate materials for drug delivery to pancreatic cancer. For example, recent
studies by Pittella and colleagues have shown that a CP-based composite NP system can be used
effectively to deliver small interfering RNA (siRNA) to pancreatic cancer cells.28-30 Also, calcium
phosphosilicate composite nanoparticles (CPSNPs) in the 20-30 nm particle diameter range have been
synthesized by our research group using a double reverse micelle approach and reported as a viable CPbased NP system for bioimaging and drug delivery applications with targeted delivery to pancreatic
cancer tumors in vivo.31-33
Since the first reported use of a CP-based system for intracellular delivery in the early 1970s,
various controlled aqueous precipitation synthetic schemes have been explored, as discussed in Chapter 2.
However, few have yielded precise control over physicochemical properties, especially colloidal stability
and particle morphology. Control of physicochemical properties for CP-based NPs is crucial for the
success of these materials in biomedical applications, especially drug delivery. As mentioned in previous
chapters, of the more recently reported synthetic approaches, precipitation of CP-based NPs materials in
reverse micelle systems is advantageous since it allows for both size and shape control of the NPs and
yields colloidally stable suspensions if appropriate dispersants are used during synthesis and laundering.
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Post-synthesis dispersion and laundering for CPSNPs synthesized in reverse micelles is especially
important since the NPs are not colloidally stable in nonaqueous disrupted reverse micelle solvent
mixtures, where van der Waals (vdW) forces are dominant due to the dielectric constant being
considerably lower than that of ethanol:water mixtures and purely aqueous solvent conditions. As noted
in Chapters 3 and 4, Wang et al. compared five laundering and dispersion methods, including:
centrifugation, sedimentation, Soxhlet extraction, filtration, and a packed column HPLC approach using
Ag-SiO2 composite NPs synthesized in a cyclohexane/Igepal® CO-520/water reverse micelle as a model
system.34 This study demonstrated that colloidal stability for the final NP suspensions was influenced by
the laundering and dispersion methods, and highlighted packed column high performance liquid
chromatography (HPLC) as the most favorable method for obtaining well dispersed suspensions.34, 35
This laundering approach has since been modified and adapted to launder both CPSNPs and CPNPs
synthesized in a double reverse micelle system and has yielded colloidally stable suspensions in 70:30
ethanol:water (by volume) conditions for organic dye and ceramide drug doped CPSNPs and siRNA
doped CPNPs.32, 33, 36, 37
While the packed column HPLC laundering and dispersion approach has been reported for
CPSNP suspensions, other laundering and dispersion methods have not been considered by our research
group for this NP system and the effects of laundering and dispersion approaches on physicochemical
properties for CPSNPs have not been studied. Since the therapeutic efficacy of CP-based NP systems in
drug delivery is dictated not only by the encapsulation efficiency for a given therapeutic, but also by other
NP physicochemical properties, including particle diameter, morphology and colloidal stability of the
NPs in suspension, studies which focus on how laundering and dispersion methods influence these
properties are of paramount importance. Consequently, the primary objectives of this chapter are: (1) to
synthesize 5-FU doped and ghost CPSNPs in a double reverse micelle system and (2) to compare particle
size and morphology, residual surfactant concentrations, drug encapsulation efficiencies and endotoxin

178
concentrations for 5-FU doped and ghost CPSNP suspensions laundered and dispersed by a packed
column HPLC method and a centrifugation (sedimentation and redispersion) method.

6.2 Materials and Methods
6.2.1 Materials
Calcium chloride (CaCl2∙2H2O, ≥ 99%, ACS Reagent), disodium phosphate (Na2HPO4, ≥ 99%,

BioXtra), sodium metasilicate (Na2SiO3, 44-47% SiO2), and sodium citrate (C6H5Na3O7 · 2H2O, ≥ 99%,
ACS Reagent) were purchased from Sigma-Aldrich Co. and used as precursors and dispersant in CPSNP
syntheses. 5-fluorouracil (5-FU) (C4H3FN2O2, ≥99%, HPLC grade) was also purchased from Sigma
Aldrich Co. and used as the drug dopant. All aqueous solutions containing synthetic precursors,
dispersant and dopant were made using deionized H2O (BarnsteadTM NanoPureTM water system, Thermo
Scientific Inc.) and filtered using 0.22 um Supor® (polyethersulfone (PES)) membrane syringe filters
purchased from PALL Life Sciences. Deionized H2O was purged with argon gas for 1 hour under
constant stirring to ensure adequate removal of CO2. Cyclohexane (C6H12, 99%, BHD Chemical Co),
polyoxyethylene(5) nonylphenylether (Igepal® CO-520) (C13H20O(C2H4O)n=5, Rhodia Chemical Co.) and
ethanol (200 proof, VWR International) were used without further purification. Spheriglass® solid glass
spheres (A-GLASS 1922, soda lime, 72.5% SiO2) with a 203 µm mean diameter reported by the
manufacturer were purchased from Potters Industries Inc., Potsdam, NY and used as the HPLC column
stationary phase. MethoxyPEGamine (5 kDa, JenKem Technology), malimidePEGamine (5 kDa, JenKem
Technology), N-Ethyl-N′-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDAC) (commercial
grade, Sigma Aldrich) and gastrin10 (g10) (>90% purity, Genscript USA Inc.) were used for secondary
functionalization of the CPSNPs. Formic acid (≥95%, Sigma Aldrich Co.) and acetonitrile (Omnisolv®,
EMD Chemicals Inc.) were used in the dissolution and resuspension of the CPSNPs respectively for LCMS/MS analyses.
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Sterile, disposable Falcon® cups and centrifuge tubes purchased from VWR International were
used for all syntheses and centrifugation laundering steps respectively and discarded after one use. All
glassware used to store deionized H2O, precursor solutions and NP suspensions and all glass dispersion
tubes were depyrogenated at 250 ºC for at least one hour to minimize potential endotoxin contamination.

6.2.2 Synthesis of 5-fluorouracil (5-FU) Doped and Ghost Calcium Phosphosilicate Nanoparticles
(CPSNPs)
All precursor solutions were prepared using Nanopure CO2 free water immediately prior to
synthesis and filtered using a 0.22 µm syringe filter (Supor® (polyethersulfone (PES) membrane). 5-FU
solution vials were shielded from light using aluminum foil and solutions were stirred (<100 rpm) for 30
minutes prior to filtering. Both 5-FU doped and ghost CPSNP suspensions were precipitated in a
cyclohexane/Igepal® CO-520/water double reverse micelle system modified from synthetic approach
developed and published by our research group.32, 33 A flow chart of the synthetic route used here for 5FU and ghost CPSNPs is given in the Results and Discussion section (in Figure 6-3). Two separate
reverse microemulsions were prepared and then mixed to facilitate precipitation of CPSNPs and
entrapment of 5-FU dopant via exchange of reverse micelle contents. In the syntheses discussed in this
chapter, where 5-FU dopant was added to the CaCl2 side (microemulsion A) of the double reverse
micelle, 350 µl of 10-2 M 5-FU aqueous solution and 350 µl of 2x10-2 M CaCl2 was premixed in an amber
Eppendorf® tube by vortexing immediately prior to every synthesis. To form microemulsion A, 650 µl of
the premixed 5-FU and CaCl2 solution was pipetted into 14 ml of 29% v/v solution of Igepal® CO-520 in
cyclohexane under constant stirring (<100 rpm). To form microemulsion B, 65 µl of 6x10-2 M Na2HPO4,
65 µl of 8.2 x10-3 Na2SiO3and 520 µl of deionized CO2 free H2O were added to 14 ml of 29% v/v solution
of Igepal® CO-520 in cyclohexane. The specified amounts of surfactant and aqueous solutions were based
on an R = [water]/[surfactant] = 4 for all syntheses reported here. After an initial 15 minute equilibration
for microemulsions A and B, the two were mixed to form microemulsion C. Microemulsion C was
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allowed to undergo micelle exchange for either 2 or 30 minutes, followed by the addition of 220 µl of 10-2
M sodium citrate as dispersant (50 w/w with respect to theoretical mass yield of CPSNPs).
Microemulsion C was then allowed to stir for 15 minutes after the addition of dispersant, after which
reverse micelles were disrupted with 50 ml of ethanol with KOH for a final ionic strength (IS) of 3x10-4
M.

6.2.3 Laundering and Dispersion of 5-fluorouracil (5-FU) Doped and Ghost Calcium
Phosphosilicate Nanoparticles (CPSNPs)
After micelle disruption, NP suspensions were immediately laundered to remove residual
surfactant and precursor ions and ensure adequate dispersion of suspensions using either centrifugation or
packed column HPLC laundering procedures. Schematics with specifics of each laundering procedure are
given in Figure 6-4 (A) and (B). Centrifugation (sedimentation and redispersion) was performed using a
Marathon 22K bench-top centrifuge (Fisher Scientific, Hampton, NH). Each CPSNP suspension was
laundered a total of 5 times at 6000 rpm (4435 xg) using 20 minute launder cycles. Based on these
rotational speed and centrifugation time parameters, γ, the mean value of the ratio of Brownian motion to
settling motion, and the corresponding percent Brownian motion, k, were determined for each laundering
solvent mixture using equations reported by Moore and Orr38, where

𝛾𝛾 =

36

∆𝜌𝜌𝜌𝜌𝑑𝑑
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and
𝑘𝑘 =

100 𝛾𝛾
1+ 𝛾𝛾

(%)

(6.2)

Here, Δρ is equal to ρCPSNP – ρsolvent (kg/m3), g is the gravitation acceleration (equal to 4435 x 9.8 m/sec2),
d is the particle diameter (µm), R is 8.314 J/molK, T is 293.15 K, η is the solvent mixture viscosity (Pa s)
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for a given laundering step, and tf is the centrifugation time (sec). The ρ and η values were interpolated
from values reported in the literature for cyclohexane:ethanol and ethanol:water mixtures.39, 40 The
interpolated values used in the calculations are given in Table 6-1.
Table 6-1. Interpolated for density (kg/m3) and viscosity ( Pa s) values for solvent mixtures used to
launder CPSNP suspensions via centrifugation (sedimentation and redispersion) approach
ρs (kg/m3)

ηs (Pa s)

50:50 cyclohexane:ethanol

778.3

0.000997

Neat ethanol

789.3

0.00120

70:30 ethanol:water

879.4

0.00218

Centrifugation laundering solvent mixture

The first and second laundering steps were carried out with a 50:50 cyclohexane:ethanol (by
volume) mixture and the third launder was carried out with 100% ethanol adjusted with a 1 M aqueous
KOH solution to operational pH 7. A 70:30 ethanol:water (by volume, operational pH 7, adjusted with
KOH) mixture was used for the fourth and fifth laundering steps, and the CPSNPs were resuspended in
the same solvent mixture after the fifth and final centrifugation launder cycle to a final suspension volume
of 15 ml.
For the packed column HPLC laundering and dispersion, Spheriglass® glass spheres were used as
stationary phase in the HPLC column. Glass spheres were first cleaned by soaking for 48 hours in
deionized H2O, followed by subsequent 1 minute laundering steps with 10-3 HCl, 10-4 NaOH and 10-3 HCl
and a final deionized H2O rinse. HPLC column was wet packed and 100% ethanol was sent through the
column to establish a zero baseline on the UV-visible spectrophotometric detector at λmax = 276 nm.
Typically, each unlaundered CPSNP suspension was loaded onto the stationary phase in three separate
loading stages, laundered with 100% ethanol (~operational pH 7) after each loading, and final suspension
was collected with 70:30 ethanol:water (by volume) (~operational pH 7). The laundering process was
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monitored at λmax = 276 nm to ensure adequate removal of residual surfactant before collection of final
CPSNP suspensions.

6.2.4 Secondary Functionalization with Polyethylene Glycol (PEG) and Gastrin 10 (g10)

The surfaces of citrate functionalized 5-FU doped and ghost CPSNP suspensions
laundered by centrifugation were modified by attaching PEG and g10 to yield nanoparticle
suspensions targeted to the cholecystokinin (CCK) receptors on the surface of pancreatic ductal
adenocarcinoma (PDAC). The surface bioconjugation procedures were adapted and modified
from Barth et al.31 Attachment of PEG onto the NP surface was facilitated using an N-(3dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDAC) coupling strategy with a
mixture of methoxyPEGamine and maleimidePEGamine as sources of PEG. Typically, 9 ml of
50 w/w sodium citrate capped CPSNP suspension was stirred at 550 rpm on a programmable hot
plate preheated to 50oC. A 1 ml volume of 1 mg/ml EDAC aqueous solution was added
dropwise to the suspension, followed by the addition of 1 ml of 10 mg/ml methoxyPEGamine –
1 mg/ml malimidePEGamine solution. The suspension was allowed to stir continuously for 15
hours. The methoxy/malimidePEG modified CPSNP suspension was then centrifuge filtered to
remove free PEG and EDAC from suspensions. Centrifugation filtering was performed using
Amicon Ultra-4 centrifuge filter units (regenerated cellulose membrane, 30kDa MWCO,
Millipore Inc.) at 7500 xg for 3 min, and the process was repeated until the entire suspension was
filtered. The retentate was saved as the final PEG modified CPSNP suspension. A 2 ml volume
of PEG modified CPSNP suspension was typically functionalized with g10 by adding 35 µl of 2
mM g10 solution and refrigerating overnight to facilitate g10 attachment to the NP surface. All
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5-FU doped and ghost CPSNP suspensions functionalized with PEG and g10 were stored at 4º C
to prevent degradation.

6.2.5 ζ-Potential Measurements
ζ-potentials (mV) were determined for both centrifugation and packed column HPLC laundered
neat CPSNP suspensions in 70:30 ethanol:water (by volume) from electrophoretic mobilities measured
by phase angle light scattering (PALS) in ZetaPlus software (ver. 3.23, Brookhaven Instruments
Corporation, Holtsville, NY). For this instrument, the electrophoretic mobility of a CPSNP particle is
related to the frequency shift of scattered light from a CPSNP moving in an applied electric field.
Viscosity (cP), dielectric constant and refractive index for the 70:30 ethanol:water (by volume) solvent
mixture were interpolated from the literature as explained in Appendix A. CPSNP suspensions laundered
by the centrifugation method were diluted 1:4 into 70:30 ethanol:water (by volume, operational pH~7,
adjusted with KOH) for measurement. This dilution ratio was chosen because it resulted in the most
consistent count rates during preliminary measurements.

6.2.6 Particle Morphology and Diameter Analysis
Particle diameter analysis for 5-FU doped and ghost CPSNP suspensions laundered by packed
column HPLC and centrifugation approaches was performed using Image J41 (US National Institutes of
Health, Bethesda, Maryland) from micrographs collected by transmission electron microscopy (TEM).
For each TEM analysis, 10 µl of neat 5-FU doped or ghost CPSNP suspension was pipetted onto a carbon
film on 300 square mesh copper grid (Electron Microscopy Sciences, Hatfield, PA) and allowed to air dry
overnight at room temperature. Grids were imaged with a JEOL JEM 1200 EXII TEM system using an 80
kV accelerating voltage. Micrographs were collected using a Gatan Bioscan 792 digital camera and
analyzed in Image J41 software to determine particle diameters (nm) assuming spherical morphology for
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the CPSNPs. Particle diameter (nm) frequency counts and statistical fits were obtained in OriginPro 8
software (OriginLab Corporation, Northhampton, MA) to generate particle diameter distributions by
number. All histograms except the histogram corresponding to sample ID# WSL 1-52-1A were fitted
using a lognormal particle diameter (nm) distribution. For sample ID# WSL 1-52-1A, a multipeak
Gaussian curve fitting was performed on the histogram to account for a bimodal distribution characterized
by two normal peaks.

6.2.7 Liquid chromatography tandem mass spectrometry (LC-MS/MS) Sample Preparation and
Analysis of 5-FU in CPSNP Suspensions
The 5-FU dopant concentrations (nM) in the CPSNP suspensions were determined using liquid
chromatography tandem mass spectrometry (LC-MS/MS). 5-FU CPSNPs were dissolved with formic
acid prior to all LC-MS/MS analyses to ensure release of dopant from the CPSNP matrix. Typically, a
150 µl volume of a given CPSNP suspension was pipetted into a 650 µl capacity amber Eppendorf® tube
and 50 µl of 0.01 M formic acid was then added to the suspension. Formic acid was chosen based on
consultation with LC-MS/MS staff to reduce any potential interference with LC-MS/MS method
development and sample analysis. The pH of 0.01 M formic acid solution was verified with pH indicator
strips (Whatman® Panpeha pH strips, Aldrich Chemistry) and corresponded to a pH between 1.5 and 2.
The CPSNP suspension-formic acid mixture was vortexed and allowed to sit for 1 hour at room
temperature in order to ensure adequate dissolution of NPs and release of drug into solution. All solvent
was then evaporated from suspension under a stream of argon gas and each sample was resuspended in 50
µl of 95:5 v/v acetonitrile:water to concentrate the initial suspension 3 times for LC-MS/MS analyses.
All LC-MS/MS analyses on the 5-FU doped CPSNP suspensions reported in this chapter were
performed by Jenny Dai, a research chemist at the Proteomics and Mass Spectrometry Core facilities
located at PS Hershey, Hershey, PA. 5-Chlorouracil (5-CU) was utilized as the internal standard and 5-
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FU concentrations (nM) in the analyzed CPSNP suspensions were calculated based on a linear regression
fit (R2>0.99) generated for a series of known concentrations of 5-FU. The details of the LC-MS/MS
method development and validation and analysis approach for 5-FU doped CPSNPs are discussed in
detail in Chapter 5. Initial concentration of 5-FU was 3.25x10-6 moles for all formulations discussed here,
as determined from the total 650 µl of drug aqueous solution added into microemulsion A during CPSNP
precipitation. Encapsulation efficiency (EE) (%) was calculated using the following expression:
5−FU moles

EE (%) = �5−FU moles final � x 100 %
initial

(6.3)

6.2.8 Residual Surfactant Concentrations
Residual Igepal® CO-520 surfactant concentrations were quantified for 5-FU doped and ghost
CPSNP suspensions in 70:30 ethanol:water (by volume) using an ultraviolet-visible (UV-Vis)
spectrophotometer (Thermo Scientific) operating in absorbance mode. A 200 ul volume of a given NP
suspension was dispensed into a well of a 96 well disposable UV transparent plate and optical density
(OD) was measured at λmax = 276 nm. Measurements were performed in triplicate and averaged. The
mean OD275 nm value for each suspension was used to determine surfactant concentration based on a linear
regression fit (R2 > 0.98) for a Beer-Lambert curve generated for a set of known Igepal® CO-520
concentrations in 70:30 ethanol:water (by volume). Surfactant removal efficiencies (%) were calculated
for all suspensions based on an initial 0.23 mol/l concentration in disrupted reverse micelle CPSNP
suspension before laundering.

6.2.9 Limulus Amoebocyte Lysate (LAL) Assay for Endotoxin
Endotoxin contamination of synthetic precursor and dispersant solutions, as well as the 5-FU and
ghost CPSNP suspensions, was assessed using a kinetic chromogenic limulus amoebocyte lysate (LAL)
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assay (Charles River Laboratories, Wilmington, MA). The LAL assay is based on proteins present in the
blood cells (amebocytes) of the horseshoe crab (Limulus polyphemus) which react with bacterial
endotoxin as originally described by Levin and Bang. 42, 43 In the initial assays, 35 µl aliquots of 5-FU and
ghost CPSNP suspensions were dried under a stream of argon and resuspended in 350 µl of deionized
H2O for a 1:10 dilution of each suspension. The assay preparation steps were then modified to include a
centrifugation step and collection of only the supernatant for the LAL assay. A 500 µl volume of each
CPSNP suspension in 70:30 ethanol:water (by volume) was pipetted into a 15 ml centrifuge tube
(certified sterile and endotoxin free) and centrifuged at 10000 rpm for 30 minutes. A 100 µl aliquot of
supernatant was removed and diluted 1:10 into deionized H2O (NanopureTM) in a 15 ml centrifuge tube,
followed by centrifugation at 10000 rpm for 30 minutes. Finally, 500 µl of diluted suspension
supernatant was removed and 300 µl was used in the LAL assay. Deionized H2O used for dilution and
resuspension was also tested. Assay was performed according to manufacturer instructions. Briefly, 100
µl of each sample was combined with 100 µl of LAL stock solution and heated for 20 minutes at 37º C on
a programmable hot plate, followed by OD386nm scans. Measurements for each sample were performed in
triplicate. The mean OD386 nm for each suspension was used to calculate an endotoxin concentration
(EU/ml) from a linear regression fit (R2 > 0.99) for a Beer-Lambert curve generated using 0.1, 0.25, 0.5
and 1.0 endotoxin unit/ml (EU/ml) concentrations in endotoxin free H2O supplied by the manufacturer.

6.3 Results and Discussion

6.3.1. Synthesis of 5-Fluorouracil (5-FU) Doped and Ghost Calcium Phosphosilicate Nanoparticles
(CPSNPs)
In this chapter, 5-FU doped and ghost CPSNPs are precipitated in a cyclohexane/
polyoxyethylene (5) nonphenylether (Igepal® CO-520)/water double reverse micelle system (R=4) and

187
dispersed using 50 w/w sodium citrate. Reverse micelles containing precipitated CPSNPs are disrupted
with ethanol containing KOH for a final ionic strength (IS) of 3·10-4 M for all CPSNP suspensions. The
synthetic approach used here was adapted and modified from earlier reports published by our research
group.32, 33 The flow sheet for the synthesis of 5-FU doped CPSNPs described here is given in Figure 6-3.
During precipitation, 5-FU drug was added to the CaCl2 side of the double reverse microemulsion
(microemulsion A in Figure 5.2.) for all 5-FU doped suspensions because: (1) preliminary pH
measurements did not show a significant pH change for the 10-2 M CaCl2 synthetic precursor solution
when up to 10-2 M 5-FU was mixed with 10-2 M CaCl2 (data reported and discussed in Appendix D), (2)
no premature particle formation occurred when up to 10-2 M 5-FU was premixed with 10-2 M CaCl2 based
on OD400 nm measurements (data reported and discussed in Appendix D, and (3) preliminary liquid
chromatography tandem mass spectrometry (LC-MS/MS) analysis of 5-FU doped CPSNP suspensions
laundered by centrifugation indicated that there was no significant increase in drug concentrations (nM)
measured in the CPSNP suspensions when 5-FU was added to the Na2HPO4/Na2SiO3 side of the double
reverse microemulsion (microemulsion B in Figure 6-3 ) during initial micelle formation (data reported
and discussed in Chapter 5). Most importantly, as the stability of the 5-FU molecule is pH dependent and
the drug has been reported to degrade under alkaline conditions (> pH 9) into urea, fluoride and an
aldehyde derivative41, the initial pH of 13 for the Na2HPO4/Na2SiO3 side of the double reverse micelle
(microemulsion B) was deemed too high to maintain 5-FU drug stability during synthesis. GhostCPSNP-citrate suspensions were also synthesized using the same synthetic procedure but without the
addition of 5-FU dopant.
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Figure 6-3. A flow chart of the double reverse microemulsion synthetic procedure used to precipitate
5-FU doped and ghost CPSNPs at room temperature. Two separate reverse microemulsions
containing aqueous cores of CaCl2 and 5-FU dopant (microemulsion A) and Na2HPO4 and Na2SiO3
(microemulsion B) are formed initially and then mixed to facilitate micelle exchange (microemulsion
C), resulting in CPSNP precipitation and doping with 5-FU. Nanoparticles are then dispersed using
sodium citrate, and, as a final step before laundering, the microemulsion is disrupted via the addition
of ethanol (with KOH, IS~3x10-4 M). Ghost (undoped) CPSNPs are synthesized using the same
approach, except that only 650 µl of 10-2 M CaCl2 (without 5-FU) is added to microemulsion A. Stir
rate for microemulsions A, B and C are less than100 rpm.
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All 5-FU doped and ghost CPSNP suspensions laundered by the centrifugation method were
precipitated using a 2 minute micelle exchange time since preliminary LC-MS/MS analysis did not
indicate that there was an increase in drug concentrations measured for the centrifugation laundered
CPSNP suspensions when micelle exchange time was increased to 30 minutes (data reported in Chapter
5). No preliminary LC-MS/MS drug concentration data was available for the packed column HPLC
laundered 5-FU doped CPSNPs, and, as a result, suspensions laundered by this method were precipitated
using both 2 minute and 30 minute micelle exchange times for comparison.

6.3.2 Laundering of 5-Fluorouracil (5-FU) Doped and Ghost Calcium Phosphosilicate
Nanoparticles (CPSNPs)
5-FU-CPSNP-citrate and ghost-CPSNP-citrate suspensions in 25% cyclohexane/63 % ethanol/10
% Igepal® CO-520/2 % water (by volume) with 3x10-4 KOH disrupted reverse micelle solution were
laundered immediately after micelle disruption either by the packed column HPLC method or the
centrifugation method to concentrate and disperse the CPSNPs and remove the cyclohexane oil phase,
residual surfactant and spectator ions. Schematics with details for the two laundering approaches are
given in Figure 6-4.
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A. Centrifugation Laundering Method

B. Packed Column HPLC Laundering Method

Figure 6-4. Schematics for the laundering and dispersion methods used in this chapter for the 5FU doped and ghost CPSNP suspensions: (A) centrifugation (sedimentation and redispersion)
and (B) packed column HPLC (schematic adapted from Figure 4.2. in Chapter 4).
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For the packed column HPLC method, it is predicted that the deposition of CPSNPs on the SLS stationary
phase was facilitated by the relatively low dielectric permittivity solvent environment of the disrupted
reverse micelle mobile phase used during CPSNP loading, where ε ~ 18 (interpolated for
cyclohexane:ethanol 25:75 based on reported values). Neat ethanol (ε ~ 27.3, interpolated for 95:5
ethanol:water by volume based on reported values) was then used to launder the deposited CPSNPs to
remove surfactant and spectator ions. Final 5-FU-CPSNP-citrate and ghost-CPSNP-citrate suspensions
were collected using 70:30 ethanol:water (by volume) (operational pH~7, adjusted with KOH). In the
70:30 ethanol:water mobile phase environment, ε ~ 30.8 (interpolated from literature, see Appendix B)
both the citrate functionalized CPSNPs and the stationary phase are negatively charged (ζ ~ -30 mV),
which results in electrostatic repulsion and detachment of CPSNPs from the SLS stationary phase
surfaces. All suspensions were post-launder syringe filtered to remove agglomerates with d > 0.22 µm.
As an alternative to the packed column HPLC laundering approach, a differential centrifugation
method for laundering and dispersion of 5-FU-CPSNPs-citrate and ghost-CPSNP-citrate suspended in
25% cyclohexane/63% ethanol/10% Igepal® CO-520/2% water (by volume) disrupted reverse micelle was
developed. Based on predictions of
sedimentation velocities, we hypothesized that, due to the higher density of the CPSNPs in suspension
(assuming ρCPSNP = 2.2 g/ml) relative to the precursor and laundering solvents and Igepal® CO-520
surfactant (ρIgepalCO-520 = 0.997 g/ml), the CPSNPs would settle while the residual surfactant would be
retained in the supernatant and extracted from CPSNP suspension between laundering steps. As reported
in Appendix E, preliminary studies on the differential centrifugation laundering and dispersion of
CPSNPs utilized 20 minute cycles conducted at 3000 rpm, 6000 rpm, and 9000 rpm with 100% ethanol
and 70:30 ethanol:water (by volume) as primary laundering and dispersion media, and did not include a
post-launder filtering step to remove large agglomerates (d > 0.22 µm). This laundering approach yielded
<20 nm size range NPs based on TEM analysis of selected CPSNP suspensions, with <10-6 M residual
surfactant concentrations measured by UV absorbance spectroscopy. However, once this laundering
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protocol was modified for 3x volume 5-FU-CPSNP-citrate suspensions, as reported in Chapter 5, 5-FU
concentrations measured in the 5-FU- CPSNP-citrate suspensions were below LLOQ for the current LCMS/MS analysis method. Consequently, here we utilized two 50:50 cyclohexane:ethanol (by volume)
laundering steps, one neat ethanol laundering step, and two 70:30 ethanol: water (by volume) laundering
steps, as the surfactant is more soluble in cyclohexane. A rotational speed of 6000 rpm (4435 xg) and 20
minute cycles were used for all laundering steps. The mean value of the ratio of Brownian motion to
settling motion, γ, and the corresponding percent Brownian motion, k (%), were determined for a range of
CPSNP diameters (nm) for each laundering solvent mixture based on the given rotation speed and
centrifugation cycle time of 20 minutes. The calculated values are given in Table 6-2. Based on the
obtained k values, relatively high % Brownian motion values (in the 60-100 % range) were predicted for
very fine CPSNP particles (<10 nm in diameter) independent of the solvent mixture used to launder
CPSNPs.
Table 6-2. The mean value of Brownian motion to settling motion γ, and the corresponding percent
Brownian motion, k (%) determined for a 1-200 nm CPSNP diameter range for centrifugation laundering
solvent mixtures
50:50 cyclohexane:ethanol
CPSNP diameter (nm)

Neat ethanol

70:30 ethanol:water

γ

k (%)

γ

k (%)

γ

k (%)

1

493

99.8

545

99.8

785

99.9

5

8.82

89.8

9.75

90.7

14.0

93.4

10

1.56

60.9

1.72

63.3

2.48

71.3

20

0.276

21.6

0.305

23.4

0.439

30.5

25

0.158

13.6

0.174

14.9

0.251

20.1

50

0.028

2.71

0.031

2.99

0.044

4.25

100

0.005

0.491

0.005

0.542

0.008

0.779

200

0.001

0.087

0.001

0.096

0.001

0.139
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All final 5-FU doped and ghost CPSNP suspensions laundered by centrifugation were resuspended in
70:30 ethanol:water (by volume) and post-launder syringe filtered to remove agglomerates d > 0.22 µm.
Centrifugation laundered 5-FU-CPSNP-citrate and ghost-CPSNP-citrate suspensions were functionalized
post-laundering and post-filtering with PEG and g10 for passive and active targeting respectively of the
CPSNPs to pancreatic cancer cells.
Since the 5-FU doped CPSNPs described here were intended for 5-FU chemotherapeutic delivery
to pancreatic cancer cells, the physicochemical properties relevant to this application for 5-FU doped and
ghost CPSNP suspensions laundered and dispersed by packed column HPLC method, so far the
traditional method used to launder and disperse CPSNP suspensions by our research group, and the newly
developed centrifugation (sedimentation and re-dispersion) method were investigated and are discussed
here. Specifically, we focus on ζ-potential, particle diameter, morphology and colloidal stability, and 5FU dopant, residual surfactant, and endotoxin concentrations, since these properties influence the efficacy
of CPSNP suspensions in therapeutic delivery applications.

6.3.3 ζ Potentials for 5-FU doped and Ghost CPSNP Suspensions
Mean ζ-potentials (mV) were determined for 5-FU doped and ghost CPSNP suspensions
dispersed using 50 w/w citrate and laundered by either the packed column HPLC method or the
centrifugation method. Based on previous work published by our group, ζ-potential values of -30 mV
were found to be sufficient for maintaining colloidal stability for packed column HPLC laundered ghostCPSNP-citrate suspensions with COO- functionality in 70:30 ethanol:water (by volume). In this work,
mean ζ-potentials of -32 ± 3 mV and -34 ± 7 mV were determined for 5-FU-CPSNP-citrate and ghostCPSNP-citrate suspensions respectively laundered by the centrifugation method, which were comparable
to the values reported previously for packed column HPLC laundered CPSNP suspensions dispersed with
50 w/w citrate. A mean ζ-potential of - 26 ± 3 mV was determined for a packed column HPLC laundered
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5-FU-CPSNP-citrate suspensions, while a mean ζ-potential of - 23 ± 4 mV for was determined for a
ghost-CPSNP-citrate suspension (sample ID: WSL #3-107).

6.3.4 Particle Morphology and Diameter Analysis
In this section, transmission electron microscopy (TEM) imaging is used in conjunction with
Image J and OriginPro 8 analyses to assess particle morphology and dispersion and to obtain particle
diameter (nm) distributions for 5-FU doped and ghost CPSNP suspensions laundered via either packed
column HPLC or centrifugation. While analysis of at least 300 particles is generally recommended,
populations of almost 500 or more particles are used here to generate particle diameter distributions for
most suspensions. Mean particle diameters (nm) are calculated from the distributions for centrifugation
and packed column HPLC laundered 5-FU-CPSNP-citrate and ghost-CPSNP-citrate suspensions. For the
centrifugation laundered 5-FU doped and ghost CPSNPs, PEG and g10 functionalized suspensions are
also analyzed in addition to citrate suspensions to assess the effects of secondary functionalization on
morphology and dispersion of CPSNPs. 5-FU-CPSNP-citrate and ghost-CPSNP-citrate suspensions
laundered by the packed column HPLC method and precipitated using a 2 and 30 min micelle exchange
time are analyzed to assess if increasing micelle exchange time increases mean particle diameter for
CPSNP suspensions. Number of particles analyzed and corresponding mean particle diameters (nm)
along with standard deviations (σz) for all suspensions discussed in this section are summarized in Table
6-3.

195
Table 6-3. Mean particle diameters (µ) (nm) and standard deviations (σ) for centrifugation and packed
column HPLC laundered 5-FU doped and ghost CPSNP suspensions. The µ (nm) and σ values are
based on lognormal fits to the frequency count data generated for each suspension, with the exception
of sample ID# WSL 1-52-1A, where a multi-peak Gaussian fit was used to determine µ (nm) values.
All suspensions laundered by the centrifugation method were synthesized using a 2 min micelle
exchange time.

Sample description

Sample ID

Laundering
approach

Number of
particles
analyzed

Mean
diameter, µ
(nm)

SD, σz

5-FU-CPSNP-citrate

AT 8-28Af

Centrifugation

325

103

0.2

Ghost-CPSNP-citrate

AT 8-26Af

Centrifugation

2111

23

0.2

5-FU-CPSNP-PEG

AT 8-31C

Centrifugation

680

72

0.5

Ghost-CPSNP-PEG

AT 8-31A

Centrifugation

501

41

0.2

5-FU-CPSNP-G10

AT 8-32C

Centrifugation

494

80

0.3

Ghost-CPSNP-G10

AT 8-32A

Centrifugation

453

78

0.5

WSL 1-52-1A

Packed column
HPLC

429

35, 127

WSL 1-52-1B

Packed column
HPLC

1089

72

0.3

WSL 1-68-AG

Packed column
HPLC

614

55

0.2

WSL 1-87-30

Packed column
HPLC

552

44

0.3

5-FU-CPSNP-citrate
2 min exchange
5-FU-CPSNP-citrate
30 min exchange
Ghost-CPSNP-citrate
2 min exchange
Ghost-CPSNP-citrate
30 min exchange

Representative transmission electron microscopy (TEM) micrographs for 5-FU-CPSNP-citrate
suspensions laundered and ghost–CPSNP-citrate suspensions laundered by the packed column HPLC
method and the centrifugation method are given in Figure 6-5 (A-D). The CPSNPs are well dispersed and
retain a spherical morphology independent of laundering method, indicating that the centrifugation
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method presented here does not induce significant agglomeration in the suspensions and that both
laundering methods yield colloidally stable suspensions.
Particle diameter (nm) distributions generated for 5-FU-CPSNP-citrate and ghost–CPSNP-citrate
suspensions laundered by the packed column HPLC method and the centrifugation method are shown in
Figure 6-6 (A-D). The distribution for the packed column HPLC laundered 5-FU-CPSNP-citrate
suspension is bimodal with the mean particle diameters (nm) for the two normal peaks being 35 and 127
nm. For the 5-FU-CPSNP-citrate suspension laundered by the centrifugation method, the lognormal
mean particle diameter (µ) (nm) ± lognormal standard deviation (σ) is 103 ± 0.2 nm. In comparison, a
decrease in particle diameter is observed for the ghost-CPSNP-citrate suspensions, with calculated
lognormal µ (nm) ± σ values of 55 ± 0.2 nm for the packed column HPLC laundered ghost-CPSNP-citrate
suspension and 23 ± 0.2 nm for the centrifugation laundered ghost-CPSNP-citrate suspension. These
results indicate that the doping of CPSNPs with 5-FU during precipitation results in an increase in overall
particle diameter independent of laundering method, while the centrifugation method yields smaller
particle diameters for the ghost CPSNPs in comparison to the packed column HPLC.
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D

Figure 6-5. Representative transmission electron microscopy (TEM) micrographs for 5-FUCPSNP-citrate suspensions washed by (A) the packed column HPLC method and (B) the
centrifugation method and ghost–CPSNP-citrate suspensions washed by (C) the packed
column HPLC method and (D) the centrifugation method. Both 5-FU doped and ghost
CPSNPs appear well dispersed and retain a spherical morphology independent of laundering
method. TEM micrographs shown here are examples of images analyzed using Image J to
generate particle diameter (nm) distributions in Origin Pro 8for each suspension as presented
in Figure 6-6.
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Figure 6-6. Particle diameter (nm) distributions for 5-FU-CPSNP-citrate suspensions washed by
(A) the packed column HPLC method and (B) the centrifugation method and ghost–CPSNPcitrate suspensions washed by (C) the packed column HPLC method and (D) the centrifugation
method. The distribution for (A) the packed column HPLC washed 5-FU-CPSNP-citrate
suspension is bimodal with the mean particle diameters (nm) for the two normal peaks being 35
and 127 nm. Based on the other distributions, the lognormal particle diameter (µ) (nm) ±
lognormal standard deviation (σ) are (B) 103 ± 0.2 nm for the centrifugation washed 5-FUCPSNP-citrate suspension, (C) 55 ± 0.2 nm for the packed column HPLC washed ghost-CPSNPcitrate suspension, and (D) 23 ± 0.2 nm for the centrifugation washed ghost-CPSNP-citrate
suspension.
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Representative transmission electron microscopy (TEM) micrographs for 5-FU-CPSNP-PEG, 5FU-CPSNP-g10, ghost-CPSNP-PEG and ghost-CPSNP-g10 suspensions are shown in Figure 6-7 (A-D).
Suspensions were obtained by functionalizing 5-FU-CPSNP-citrate and ghost-CPSNP-citrate suspensions
laundered by the centrifugation method. While the CPSNPs appear well dispersed with a predominantly
spherical morphology, there is also evidence of some acicular particles for the ghost-CPSNP-PEG
suspension, as seen in Figure 6-7 (C). Further analyses are necessary to determine the composition of
these particles, but since there is no evidence of similar particles in the other suspensions, these are
believed to be residual free PEG remaining in the ghost-CPSNP-PEG suspension after secondary
functionalization.
Lognormal particle diameter (nm) distributions are shown in Figure 6-8 (A-D) for the PEG and
g10 functionalized suspensions. The calculated lognormal mean diameter (nm) ± SD values for the
suspensions are: 72 ± 0.5 nm for 5-FU-CPSNP-PEG suspension, 41 ± 0.2 nm for the ghost-CPSNP-PEG
suspension, 80 ± 0.3 nm for the 5-FU-CPSNP-g10 suspension, and 78 ± 0.5 nm for the ghost-CPSNP-g10
suspension. In comparison to the mean diameters (nm) for 5FU-CPSNP-citrate suspension, mean
diameters (nm) for 5-FU-CPSNP-PEG and 5-FU-CPSNP-g10 are smaller, which suggests that secondary
functionalization with PEG and g10 further stabilizes the CPSNP suspensions, as expected, by providing
a steric barrier to agglomeration.
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Figure 6-7. Representative transmission electron microscopy (TEM) micrographs for (A) 5FU-CPSNP-PEG, (B) 5-FU-CPSNP-g10, (C) ghost-CPSNP-PEG and (D) ghost-CPSNP-g10
suspensions. Suspensions were obtained by functionalizing 5-FU-CPSNP-citrate and ghostCPSNP-citrate suspensions washed by the centrifugation method. The NPs are well dispersed
with a spherical morphology, except for evidence of some acicular particles in (C) for the
ghost-CPSNP-PEG suspension, which are attributed to residual free PEG. TEM micrographs
shown here are examples of images analyzed using Image J to generate particle diameter (nm)
distributions in OriginPro 8 for each suspension as presented in Figure 6-8.

201

A

B

C

D

Figure 6-8. Lognormal particle diameter (nm) distributions generated using OriginPro 8 for (A) 5FU-CPSNP-PEG, (B) 5-FU-CPSNP-g10, (C) ghost-CPSNP-PEG and (D) ghost-CPSNP-g10
suspensions. Based on the lognormal distributions, the lognormal particle diameter (µ) (nm) ±
lognormal standard deviation (σ) are (A) 72 ± 0.5 nm for 5-FU-CPSNP-PEG suspension, (B) 41 ±
0.2 nm for the ghost-CPSNP-PEG suspension, (C) 80 ± 0.3 nm for the 5-FU-CPSNP-g10
suspension, and (D) 78 ± 0.5 nm for the ghost-CPSNP-g10 suspension.

Representative transmission electron microscopy (TEM) micrographs for (A) 5-FU-CPSNPcitrate and (C) ghost-CPSNP-citrate suspensions synthesized using a 2 min micelle exchange, and (B) 5FU-CPSNP-citrate and (D) ghost-CPSNP-citrate suspensions synthesized using a 30 min micelle
exchange are shown in Figure 6-9 (A-D). All
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suspensions shown here were laundered using the packed column HPLC method. As expected, increasing
micelle exchange time from 2 min to 30 min does not CPSNP morphology for the 5-FU-CPSNP-citrate
and ghost-CPSNP-citrate suspensions. Based on the collected TEM micrographs, suspensions appear
well dispersed with no obvious evidence of agglomerates; except for the 5-FU-CPSNP-citrate suspension
synthesized using a 30 min micelle exchange time. Some neck formation between particles is evident in
TEM micrographs collected for this suspension, as seen in the example micrograph given in Figure 6-9
(B).
Number particle diameter (nm) distributions generated for the CPSNP suspensions in Figure 6-9
(A-D) are shown in Figure 6-10 (A-D). Distributions shown in (A) and (C) are adapted from Figure 6-6
(A) and (C) for comparison. As discussed earlier, the distribution for the 5-FU-CPSNP-citrate suspension
synthesized using a 2 min micelle exchange is bimodal with the mean particle diameters (nm) for the two
normal peaks located at 35 and 127 nm. Lognormal particle diameter (nm) distributions were generated
for the other three suspensions. The µ (nm) ± σz are 72 ± 0.3 nm for 5-FU-CPSNP-citrate suspension
synthesized using a 30 min micelle exchange, 55 ± 0.2 nm for ghost-CPSNP-citrate suspension
synthesized using a 2 min micelle exchange, and 44 ± 0.3 nm for ghost-CPSNP-citrate suspension
synthesized using a 30 min micelle exchange.
Based on the calculated lognormal µ (nm) ± σ values, an increase in micelle exchange time does not
result in an increase in particle diameter (nm) for the ghost-CPSNP-citrate suspensions, but further studies
which examine effects of micelle exchange time on particle precipitation and size are needed.

203

A

B

C

D

Figure 6-9. Representative transmission electron microscopy (TEM) micrographs for (A) 5-FUCPSNP-citrate and (C) ghost-CPSNP-citrate suspensions synthesized using a 2 min micelle
exchange, and (B) 5-FU-CPSNP-citrate and (D) ghost-CPSNP-citrate suspensions synthesized
using a 30 min micelle exchange. All suspensions were washed using the packed column HPLC
method. Micrographs for (A) and (C) were adapted from Figure 5.4 for comparison. Increasing
micelle exchange time from 2 min to 30 min did not impact dispersion or alter CPSNP
morphology in the case of both 5-FU-CPSNP-citrate and ghost-CPSNP-citrate suspensions.
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Figure 6-10. Lognormal particle diameter distributions generated using OriginPro 8 for (A) 5-FUCPSNP-citrate and (C) ghost-CPSNP-citrate suspensions synthesized using a 2 min micelle
exchange, and (B) 5-FU-CPSNP-citrate and (D) ghost-CPSNP-citrate suspensions synthesized
using a 30 min micelle exchange. All suspensions were washed using the packed column HPLC
method. Distributions shown in (A) and (C) were adapted from Figure 5.5 for comparison. The
distribution for (A) 5-FU-CPSNP-citrate suspension synthesized using a 2 min micelle exchange is
bimodal with the mean particle diameters (nm) for the two normal peaks at 35 and 127 nm. Based
on the lognormal distributions, the lognormal particle diameter (µ) (nm) ± lognormal standard
deviation (σ) are 72 ± 0.3 nm for (B) 5-FU-CPSNP-citrate suspension synthesized using a 30 min
micelle exchange, 55 ± 0.2 nm for (C) ghost-CPSNP-citrate suspension synthesized using a 2 min
micelle exchange, 44 ± 0.3 nm for (D) ghost-CPSNP-citrate suspension synthesized using a 30
min micelle exchange.
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6.3.5 5-FU Dopant Concentrations
Concentrations (nM) of 5-FU dopant in packed column HPLC and centrifugation laundered
CPSNP suspensions are determined here using liquid chromatography tandem mass spectrometry
(LC-MS/MS). As discussed in Chapter 5, LC-MS/MS is chosen as the analytical technique for
measuring 5-FU concentrations in CPSNPs due to improved lower limits of quantification (LLOQs)
of detection in comparison to UV absorbance spectroscopy, which is generally used for obtaining
drug concentrations in NP suspensions. The development of the LC-MS/MS method used here and
analyses of other 5-FU doped CPSNP suspensions are discussed in more detail in Chapter 5.
Encapsulation efficiencies (EE) (%) are calculated using equation 6-1 with 3.25x10-6 moles as the
initial 5-FU concentration for each suspension. The concentrations (nM), encapsulation efficiencies
(EE) (%), and mean EE (%) ± S.D. for centrifugation laundered samples with citrate, PEG and g10
functionalities, as well as for citrate functionalized packed column HPLC laundered suspensions are
given in Table 6-6. For the centrifugation laundered suspensions, the mean EE (%) of 5-FU dopant
decreases from 0.01 % to 0.004 % with the CPSNP surface functionalization with PEG and g10. This
is most likely due to loss of CPSNPs during the centrifuge filtration step of the PEGylation
procedure, which is typically used to remove free PEG from final PEG functionalized CPSNP
suspensions. For the packed column HPLC suspensions, 2 min and 30 min micelle exchange times
are compared and the calculated mean EEs (%) are 0.1 ± 0.02 % and 0.1 ± 0.07 % respectively,
indicating that increasing micelle exchange time from 2 to 30 minutes does not improve the
encapsulation of 5-FU dopant in the CPSNP matrix during precipitation. While the packed column
HPLC laundering process yields an overall increase in mean EE (%) for 5-FU-CPSNP-citrate
suspensions in comparison to the centrifugation laundering method, the efficiencies still remain <1%.
While the mean EEs (%) reported here for 5-FU are similar to the 0.5% EE reported by our group for
indocyanine green (ICG) organic dye in CPSNPs32, 4532, 4432, 4332, 4232, 4232, 41, the EEs (%) are still
significantly lower than >95% reported for a liposomal23 and up to 85% reported for a polymeric19 5FU doped NP formulation. This suggests that the encapsulation approach utilized here is limited and
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ineffective at ensuring adequate 5-FU capture in the CPSNP formulations most likely due to limited
adsorption/association of 5-FU molecules with the CPSNP matrix.

6.3.6 Residual Surfactant Concentration
Residual surfactant concentrations (mol/l) and surfactant removal efficiencies (%) are
calculated based on OD275nm measurements for 5-FU-CPSNP-citrate and ghost-CPSNP citrate
laundered by packed column HPLC and centrifugation approaches. The calculated concentrations
and efficiencies are reported in Table 6-4. The residual surfactant concentrations for both 5-FUCPSNP-citrate and ghost-CPSNP-citrate suspensions laundered by centrifugation were approximately
an order of magnitude lower when compared to packed column HPLC laundered CPSNP suspensions
(10-5 M for centrifugation versus 10-4 M for packed column HPLC), indicating that centrifugation
laundering was more efficient at removing surfactant than packed HPLC column laundering. The
higher concentrations of
residual surfactant (M) for the packed column HPLC laundered suspensions was most likely due to
the adsorption of some fraction of surfactant in the HPLC system as well as the packed column,
which could not be removed during the laundering stage of the process and was collected in the
CPSNP suspensions during the final collection stage. The calculated residual surfactant
concentrations (M) resulted in ~100% removal efficiency for all suspensions assayed independent of
laundering method, suggesting that both packed column HPLC and centrifugation methods were
equally efficient in minimizing residual surfactant presence in the final CPSNP suspensions.
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Table 6-4. 5-FU dopant EE (%) as calculated from concentrations (nM) determined by LC-MS/MS analysis for 5-FU doped CPSNP suspensions.
Encapsulation efficiency (EE) was (%) calculated using equation 1 and averaged to obtain mean EE (%) ± SD for 5-FU-CPSNP-citrate
suspensions laundered by centrifugation and packed column HPLC, as well as for 5-FU-CPSNP-PEG and 5-FU-CPSNP-g10 suspensions
obtained via secondary functionalization of centrifugation laundered 5-FU-CPSNP-citrate suspensions.

Sample description

Sample ID

Laundering approach

Suspension
volume (ml)

Moles of 5-FU

EE (%)

5-FU-CPSNP-citrate

AT 8-1A

Centrifugation

15

4.5x10-10

0.01

-10

Mean EE ± SD
(%)

0.01 ± 0
5-FU-CPSNP-citrate

AT 8-1B

Centrifugation

15

4.1x10

5-FU-CPSNP-citrate,
filtered

AT 8-1Af

Centrifugation

15

3.9x10-10

0.01

0.01
0.01 ± 0.003

5-FU-CPSNP-citrate,
filtered

AT 8-1Bf

Centrifugation

15

5.4x10-10

5-FU-CPSNP-PEG

AT 8-6A

Centrifugation

4

1.4x10-10

0.004

5-FU-CPSNP-PEG

AT 8-6B

Centrifugation

4

1.3x10-10

0.004

5-FU-CPSNP-g10

AT 8-7A

Centrifugation

2

1.0x10-10

0.004

5-FU-CPSNP-g10

AT 8-7B

Centrifugation

2

7.3x10-11

0.003

5-FU-CPSNP-citrate, 2
min exchange

WSL 1-52-1A

HPLC

15

2.6x10-9

0.02

0.004 ± 0

0.003 ± 0.001

0.08
0.1 ± 0.02

5-FU-CPSNP-citrate, 2
min exchange

WSL 1-52-2A

HPLC

17.5

3.7x10-9

0.1
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Table 6-4. 5-FU dopant EE (%) as calculated from concentrations (nM) determined by LC-MS/MS analysis for 5-FU doped CPSNP suspensions.
Encapsulation efficiency (EE) was (%) calculated using equation 1 and averaged to obtain mean EE (%) ± SD for 5-FU-CPSNP-citrate
suspensions laundered by centrifugation and packed column HPLC, as well as for 5-FU-CPSNP-PEG and 5-FU-CPSNP-g10 suspensions
obtained via secondary functionalization of centrifugation laundered 5-FU-CPSNP-citrate suspensions.

Sample description

Sample ID

Laundering approach

Suspension
volume (ml)

Moles of 5-FU

5-FU-CPSNP-citrate, 2
min exchange

WSL 1-52-3A

HPLC

9

3.3x10-9

5-FU-CPSNP-citrate, 30
min exchange

WSL 1-52-1B

HPLC

9

6.9x10-9

5-FU-CPSNP-citrate, 30
min exchange

WSL 1-52-2B

HPLC

7

4.0x10-9

5-FU-CPSNP-citrate, 30
min exchange

WSL 1-52-3B

HPLC

6

2.3x10-9

EE (%)

Mean EE ± SD
(%)

0.1

0.2

0.1

0.07

0.1 ± 0.07
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Table 6-5. Residual surfactant concentrations (mol/l) calculated from OD275 nm and surfactant removal
efficiency (%) for 5-FU doped and ghost CPSNP suspensions laundered by centrifugation and
packed column HPLC

Residual surfactant
concentration (M)

Surfactant
removal
efficiency
(%)

Sample description

Sample ID

Laundering
approach

5FU-CPSNP-citrate

AT 8-28Af

Centrifugation

2.6x10-5

100

5FU-CPSNP-citrate

AT 8-28Bf

Centrifugation

2.8x10-5

100

Ghost-CPSNP-citrate

AT 8-26Af

Centrifugation

2.8x10-5

100

Ghost-CPSNP-citrate

AT 8-26Bf

Centrifugation

2.3x10-5

100

5FU-CPSNP-citrate

WSL 1-52-1A

HPLC

1.2x10-4

100

5FU-CPSNP-citrate

WSL 1-52-2A

HPLC

1.5x10-4

100

5FU-CPSNP-citrate

WSL 1-52-3A

HPLC

2.4x10-4

100

5FU-CPSNP-citrate

WSL 1-52-1B

HPLC

3.8x10-4

100

5FU-CPSNP-citrate

WSL 1-52-2B

HPLC

4.1x10-4

100

5FU-CPSNP-citrate

WSL 1-52-3B

HPLC

2.3x10-4

100

Ghost-CPSNP-citrate

WSL 1-68-AG

HPLC

4.2x10-4

100

Ghost-CPSNP-citrate

WSL 1-87-30

HPLC

3.3x10-4

100

6.3.7 Endotoxin Concentrations
A kinetic chromogenic LAL assay is used here to quantify endotoxin in the calcium chloride,
sodium phosphate and sodium silicate synthetic precursors, sodium citrate dispersant and a series of
5-FU doped and ghost CPSNP suspensions laundered by packed column HPLC and centrifugation
methods. Assessment of endotoxin contamination for NP suspensions is critical before in vitro and
in vivo animal testing and subsequent clinical use since the presence of endotoxins can result in fever,
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fibril reactions and organ damage.46 The issue of NP interference with different types of LAL assays,
including gel-clot, chromogenic and turbidimetric, has been addressed in recent publications by
Dobrovolskaia et al. and Smulders et al. for a number of NP suspensions, including TiO2, SiO2,
CaCO3 and Ag.47-49 It has been suggested that the LAL assay interference for a given NP formulation
is dependent on both the particle type and concentration.48 Since no published data is available for
quantifying endotoxin concentrations in a CP-based NP suspension, data reported here for CPSNPs is
a first attempt to quantify endotoxin in a CP based NP system.
Endotoxin concentrations (EU/ml) were calculated from optical densities (OD) measured at
λmax = 386 nm according to the LAL manufacturer instructions. An initial round of assays was
performed on precursor and dispersant solutions and a series of 5-FU doped and ghost CPSNP
suspensions laundered by the centrifugation method. The CPSNP suspensions were diluted 1:10 into
deionized H2O. As a follow up, a modified assay was conducted on both centrifugation and packed
column HPLC laundered CPSNP suspensions as a way to reduce CPSNP interference during LAL
assay OD386 nm measurements. Suspensions were centrifuged post-laundering and only the
supernatant was recovered for 1:10 dilution in deionized H2O. In both initial and modified assays,
deionized H2O used to perform dilutions was assayed for comparison. The endotoxin concentrations
(EU/ml) calculated for synthetic precursor and dispersant solutions, as well as 5-FU doped and ghost
CPSNP suspensions, are summarized in Table 6-6.
Based on the initial assay method, OD386 nm measurements on 1:10 dilutions of centrifugation
laundered 5-FU and ghost CPSNP suspensions result in calculated endotoxin concentrations (EU/ml)
which equal up to 10 times the FDA approved maximum endotoxin concentration of 0.5 EU/ml for
medical devices50 in the CPSNP suspensions before dilution. In contrast, the calculated
concentrations of endotoxin from OD386 nm measurements on the deionized H2O, precursor and
dispersant solutions were: 0.030 EU/ml for water, 0.021 EU/ml for calcium chloride, 0.032 EU/ml for
sodium phosphate, 0.021 EU/ml for sodium silicate and 0.025 EU/ml for sodium citrate. It was
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suspected that the discrepancy between calculated endotoxin concentrations (EU/ml) for CPSNP
suspensions and deionized H2O, synthetic precursor and dispersant solutions was due to CPSNP
interference with the LAL assay caused by high concentrations of NPs after the initial 1:10 dilution of
the CPSNP suspensions.
As stated earlier, a modification was employed for all follow-up LAL assays to reduce
CPSNP interference with the LAL assay. Based on calculated endotoxin concentrations (EU/ml)
post-modification as given in Table 6-6, a reduction in endotoxin concentrations (EU/ml) for 5-FU
and ghost CPSNP suspensions laundered via centrifugation method is observed in comparison to the
initial assay preparation method. Packed column HPLC laundered 5-FU doped and ghost CPSNP
suspensions were assayed using only the modified procedure. Endotoxin concentrations (EU/ml) for
all assayed packed column HPLC suspensions are above 0.5 EU/ml. Based on these results, the
centrifugation laundering method is more efficient in removing endotoxin from the CPSNP
suspensions. However, the LAL assay preparation steps need to be further examined to determine
optimum conditions for obtaining accurate and reproducible endotoxin concentrations (EU/ml) for
CPSNP suspensions laundered using centrifugation and packed column HPLC methods. Since NP
interference with LAL assays has been shown to be concentration dependent48, developing a method
to obtain accurate 5-FU doped and ghost CPSNP particle concentrations (number/ml) would greatly
improve the overall LAL assay CPSNP suspension preparation.
Table 6-6. Endotoxin concentrations (EU/ml) for synthetic precursors, dispersant and
5-FU doped and ghost CPSNP suspensions after 1:10 dilution. CPSNP suspensions
were laundered using the centrifugation laundering method, except for suspensions
highlighted in green, which were laundered using packed column HPLC.
Deionized Water, Synthetic Precursors and Dispersant
Solution

Endotoxin concentration (EU/ml)

Deionized water

0.044

Calcium chloride

0.021
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Table 6-6. Endotoxin concentrations (EU/ml) for synthetic precursors, dispersant and
5-FU doped and ghost CPSNP suspensions after 1:10 dilution. CPSNP suspensions
were laundered using the centrifugation laundering method, except for suspensions
highlighted in green, which were laundered using packed column HPLC.
Deionized Water, Synthetic Precursors and Dispersant
Solution

Endotoxin concentration (EU/ml)

Sodium phosphate

0.032

Sodium metasilicate

0.021

Sodium citrate

0.025

5-FU Doped and Ghost CPSNPs
Initial Assay
Sample description

Sample ID

Endotoxin concentration (EU/ml)

5FU-CPSNP-citrate

AT 8-1AF

0.37

5FU-CPSNP-citrate

AT 8-1BF

0.41

Ghost-CPSNP-citrate

AT 8-3AF

0.35

Ghost-CPSNP-citrate

AT 8-3BF

0.55

5FU-CPSNP-PEG

AT 8-6A

0.52

5FU-CPSNP-PEG

AT 8-6B

0.55

Ghost-CPSNP-PEG

AT 8-6C

0.41

Ghost-CPSNP-PEG

AT 8-6D

0.49

5FU-CPSNP-G10

AT 8-7A

0.32

5FU-CPSNP-G10

AT 8-7B

0.34

Ghost-CPSNP-G10

AT 8-7C

0.30

Ghost-CPSNP-G10

AT 8-7D

0.40

Modified Assay
Sample description

Sample ID

Deionized water

Endotoxin concentration (EU/ml)
0.030
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Table 6-6. Endotoxin concentrations (EU/ml) for synthetic precursors, dispersant and
5-FU doped and ghost CPSNP suspensions after 1:10 dilution. CPSNP suspensions
were laundered using the centrifugation laundering method, except for suspensions
highlighted in green, which were laundered using packed column HPLC.
Deionized Water, Synthetic Precursors and Dispersant
Solution

Endotoxin concentration (EU/ml)

5FU-CPSNP-citrate

AT 8-28Af

0

Ghost-CPSNP-citrate

AT 8-26Bf

0

Ghost-CPSNP-citrate

AT 8-3AF

0.39

Ghost-CPSNP-citrate

AT 8-3BF

0.39

5FU-CPSNP-PEG

AT 8-31C

0.23

Ghost-CPSNP-PEG

AT 8-31B

0.14

5FU-CPSNP-G10

AT 8-32C

0

Ghost-CPSNP-G10

AT 8-32B

0.10

5FU-CPSNP-citrate

WSL 1-52-1B

1.7

5FU-CPSNP-citrate

WSL 1-52-2B

2.3

Ghost-CPSNP-citrate

WSL 1-68-BG

2.5

6.4 Summary and Conclusions
In this chapter, 5-FU doped and ghost CPSNP suspensions were precipitated using a
cyclohexane/ polyoxyethylene (5) nonphenylether (Igepal® CO-520)/water double reverse micelle
system (R=4) and dispersed using 50 w/w sodium citrate. Both 5-FU-CPSNP-citrate and ghostCPSNP-citrate suspensions were laundered and dispersed using a packed column HPLC approach and
a newly developed centrifugation (sedimentation and redispersion) approach. Mean ζ-potential (mV),
mean lognormal particle diameter and morphology, and 5-FU dopant, residual surfactant, and
endotoxin concentrations, were assessed and compared for the two laundering methods in order to
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examine effects of laundering and dispersion on the physicochemical properties of the final CPSNP
suspensions. For the centrifugation laundered suspensions, effects of secondary functionalization
with PEG and g10 molecules on the physicochemical properties of CPSNPs were also considered.
Mean ζ-potentials (mV) of -32 ± 3 mV and -34 ± 7 mV were determined for 5-FU-CPSNPcitrate and ghost-CPSNP-citrate suspensions respectively laundered by the centrifugation method,
while mean ζ-potentials of -26 ± 3 mV and -23 ± 4 mV were determined for packed column HPLC
laundered 5-FU-CPSNP-citrate and ghost-CPSNP-citrate suspensions respectively. Particle
morphology and state of dispersion were assessed for 5-FU doped and ghost CPSNP suspensions
laundered via either packed column HPLC or centrifugation. Suspensions exhibited a spherical
morphology and appeared well dispersed independent of laundering method. Analyses of number
particle diameter distributions indicated that the doping of CPSNPs with 5-FU during precipitation
resulted in an increase in overall particle diameter independent of laundering method. Lognormal
mean diameters (nm) of 72 ± 0.5 nm, 41 ± 0.2 nm, 80 ± 0.3 nm and 78 ± 0.5 nm were calculated for
5-FU-CPSNP-PEG, ghost-CPSNP-PEG, 5-FU-CPSNP-g10 and ghost-CPSNP-g10 suspensions
respectively. Mean diameters (nm) for 5-FU-CPSNP-PEG and 5-FU-CPSNP-g10 were smaller in
comparison to the values calculated for the initial 5FU-CPSNP-citrate suspension, indicating that the
addition of PEG and g10 further stabilized the CPSNPs by providing a steric barrier against
agglomeration. A 2 min micelle for a 5-FU-CPSNP-citrate suspension resulted in a bimodal diameter
distribution with the mean particle diameters (nm) for the two normal peaks at 35 and 127 nm. Mean
diameters (nm) of 72 ± 0.3 nm, 55 ± 0.2 nm and 44 ± 0.3 nm were calculated for 5-FU-CPSNP-citrate
suspension synthesized using a 30 min micelle exchange, ghost-CPSNP-citrate suspension
synthesized using a 2 min micelle exchange and ghost-CPSNP-citrate suspension synthesized using a
30 min micelle exchange.
Encapsulation efficiencies (%) were determined from 5-FU concentrations measured using
LC-MS/MS. The mean EE (%) of 5-FU dopant decreased from 0.01 % to 0.004 % with the coupling
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of PEG and g10 onto the particle surface for centrifugation laundered suspensions. For the packed
column HPLC suspensions, 2 min and 30 min micelle exchange times were compared and the
calculated mean EEs (%) were 0.1 ± 0.02 % and 0.1 ± 0.07 % respectively, indicating that increasing
micelle exchange time from 2 to 30 minutes did not improve the encapsulation of 5-FU dopant in the
CPSNP matrix during precipitation. While the packed column HPLC laundering process yielded an
overall increase in mean EE (%) for 5-FU-CPSNP-citrate suspensions in comparison to the
centrifugation laundering method, the calculated efficiencies were still <1%, indicating that the
doping process used here was not adequate for drug encapsulation.
Based on OD measurements, the residual surfactant concentrations for both 5-FU-CPSNPcitrate and ghost-CPSNP-citrate suspensions laundered by centrifugation were approximately an
order of magnitude lower when compared to packed column HPLC laundered CPSNP suspensions
(10-5 M for centrifugation versus 10-4 M for packed column HPLC). The higher measured
concentrations of residual surfactant in the packed column HPLC laundered suspensions were was
attributed to adsorption of surfactant in the HPLC system as well as the packed column during
loading and laundering of suspensions.
Finally, a kinetic chromogenic LAL assay was used to quantify endotoxin in the synthetic
precursors and dispersant solutions, as well as in a series of

5-FU doped and ghost CPSNP

suspensions laundered by packed column HPLC and centrifugation methods. Due to suspected
interference of high concentration of CPSNPs in suspension with the OD measurements for the LAL
assay, the assay was modified via centrifugation of suspensions to assay only the supernatant. LAL
assay results collected post assay modification indicated the centrifugation laundering method was
more efficient in removing endotoxin from the CPSNP suspensions as determined by OD386nm
measurements.
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Chapter 7
Summary and Future Work
7.1 Summary of Work

In this dissertation, silver core silica (Ag-SiO2) and calcium phosphosilicate (CPS) composite
nanoparticles (NPs) were synthesized in a cyclohexane/Igepal CO-520/water ternary reverse micelle
system. Since post-synthesis laundering and dispersion approaches dictate the success of composite
NP suspensions in drug delivery applications, the effects of laundering and dispersion approaches on
the physicochemical properties of these NP systems were investigated.
In Chapter 3, the deposition and detachment behavior of 5 w/w 3- aminopropyltriethoxy
silane (APTES) dispersed Ag-SiO2 suspensions on 1 w/o, 5 w/o and 15 w/o APTES treated SiO2
column stationary phase microspheres were investigated with respect to final % mass yields for
collected NP suspensions. FESEM studies confirmed multilayer deposition of Ag-SiO2 NPs during
loading and retention on the column during laundering stages of the process independent of w/o
APTES treatment on stationary phase microspheres, with individual deposited Ag-SiO2 NPs observed
to be in the 20-30 nm diameter range. Patchy deposition patterns and irreversible agglomeration were
also confirmed via FESEM, as fractions of loaded Ag-SiO2 NPs remained attached on the 1 w/o, 5
w/o and 15 w/o APTES stationary phases after completion of the collecting stage of the process.
Column experiments monitored by UV –visible spectroscopy, along with % mass yield calculations,
suggested that the use of 5 w/o and 15 w/o APTES treated stationary phases increases overall AgSiO2 NP % mass yield in the final collected suspensions when compared to 1 w/o APTES treated
materials during when using 70:30 ethanol:water (by volume) at operational pH 6 as mobile phase
solvent mixture during the collecting stage. This was in agreement with the prediction that an
increasing surface coverage with amine groups will result in increased electrostatic repulsive
interactions during the collecting stage of the process. A modified DLVO theory was used to
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calculate total interaction energies (kT) and attachment efficiencies (in %) for each of the three stages
of the packed column HPLC process, but was shown not to be in agreement with experimental
observations since low attachment efficiencies (%) were calculated for the laundering stage of the
process.
In Chapter 4, a packed column HPLC process utilized for the laundering and dispersion of
CPSNPs synthesized in cyclohexane/Igepal® CO-520/water reverse micelles and dispersed with 50
w/w citrate, was investigated. Similar to the process reported in Chapter 3 for the Ag-SiO2 system, it
consisted of a loading, laundering and collecting stage, where solvent mixtures of varying dielectric
constants were used as mobile phases to control colloidal interactions and support either deposition or
detachment of CPSNPs from the packed column SiO2 stationary phase microspheres. FESEM studies
on stationary phase samples recovered after loading and laundering stages confirmed multilayer
deposition of CPSNPs, indicating favorable conditions for attachment. SEM/EDS analysis of waste
and NP fractions collected during each stage of the process confirmed removal of surfactant and
spectator ions during the loading and laundering stages of the process, while presence of Ca, P and Si
was confirmed for the NP suspensions collected during the collecting stage of the process. The
dielectric constant of the mobile phase solvent mixture was found to influence the deposition and
detachment of CPSNPs, as confirmed via modified DLVO theory calculations for the loading,
laundering and collecting stages of packed column HPLC process. DLVO calculationsof total
interaction energies (kT) showed that CPSNP removal was dependent on particle diameter, with
CPSNPs below 20 nm in diameter most likely lost during the loading and laundering stages of the
process. Based on DLVO theory, high (100%) attachment efficiencies were predicted for the loading
and laundering stages, indicating that CPSNPs were deposited and retained on the column media. For
the collecting stage of the process, detachment was predicted due to low attachment efficiencies
calculated based on DLVO theory interaction energy curves.
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In Chapter 5, the development of two liquid chromatography tandem mass spectrometry (LCMS/MS) techniques for the measurement of 5-fluorouracil (5-FU) dopant in CPSNP suspensions was
presented and discussed. The first LC-MS/MS technique was limited due to lack of validation for
accuracy and precision , while the second, improved technique was successfully employed to
determine the dependence of 5-FU dopant concentrations in CPSNP suspensions based on key
synthetic parameters, including: micelle exchange time, addition of 5-FU drug to microemulsion A
versus microemulsion B during synthesis, and scaling up of synthetic volume from 1x to 3x by
tripling all synthetic precursor volumes. Based on 5-FU concentrations (nM) measured by the
improved LC-MS/MS method, a micelle exchange time of 2 minutes with the addition of the drug to
microemulsion A was determined to be sufficient for adequate drug encapsulation for the typical 1x
volume CPSNP synthetic procedure. This synthetic approach was then used in all studies reported in
the next chapter,
In Chapter 6, the effects of two laundering and dispersion techniques on the physicochemical
properties of 5-FU CPSNP suspensions were studied. A differential centrifugation laundering and
dispersion approach was developed and compared to a packed column HPLC laundering and
dispersion approach using soda lime silicate glass spheres as column packing material. Particle
morphology and state of dispersion were assessed via TEM for 5-FU doped and ghost CPSNP
suspensions laundered via either packed column HPLC or centrifugation. Suspensions exhibited a
spherical morphology and appeared well dispersed independent of laundering method. Analyses of
diameter distributions indicated that the doping of CPSNPs with 5-FU during precipitation resulted in
an increase in overall particle diameter independent of laundering method, while the centrifugation
method yielded smaller particle diameters for the ghost CPSNPs in comparison to the packed column
HPLC. Encapsulation efficiencies (%) were determined from 5-FU dopant concentrations measured
using LC-MS/MS and were below 1%. Based on OD measurements, the residual surfactant
concentrations for both 5-FU-CPSNP-citrate and ghost-CPSNP-citrate suspensions laundered by
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centrifugation were approximately an order of magnitude lower when compared to packed column
HPLC laundered CPSNP suspensions (10-5 M for centrifugation versus 10-4 M for packed column
HPLC).

7.2 Recommendations for Future Work

The recommendations for future work are based on the packed column HPLC studies
discussed in Chapters 3 and 4 for the Ag-SiO2 NP and CPSNP suspensions respectively, and the work
on 5-FU encapsulation in CPSNPs presented in Chapters 5 and 6. To improve both the experimental
and theoretical studies on the packed column HPLC approaches, the following areas should be
addressed:
(1) Measurement of NP concentrations in as synthesized and laundered and dispersed
suspensions
Current theoretical approach for the packed column HPLC laundering and dispersion
approaches is based only on a modified DLVO theory of colloidal stability, which is insufficient to
fully explain deposition and detachment of Ag-SiO2 NPs and CPSNPs to and from stationary phase
microspheres. This could be improved considerably with accurately determining initial particle
concentrations (#particles/ml) for the as synthesized NPs in disrupted reverse micelle suspensions.
With this information, dilutions of the NP suspensions could be carried out to calibrate the UV-visible
spectrophotometric detector in the mobile phase solvent mixtures, and subsequently determine
concentrations of NPs at the inlet and outlet of the packed columns during each stage of the process.
(2) Determining attachment efficiencies experimentally and further examining effects of NP
multilayering during deposition
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DLVO theory of colloidal stability is often used to explain deposition and detachment
behavior and calculate attachment efficiencies for NPs interacting with stationary phase particles in
packed columns. However, the conclusions based on DLVO theory are often limited since it does not
include predictions about hydrodynamic interactions or NP multilayering in packed columns.
Breakthrough curves should be generated experimentally to determine attachment efficiencies and the
results should be compared to the theoretically calculated efficiencies reported here. Multilayering
models should also be explored to further explain and predict conditions of deposition and
detachment behavior.

(3) Increase 5-FU dopant concentrations in CPSNPs
Achieving high encapsulation efficiencies for dye and drug dopants can be a challenge with
inorganic NPs, especially CP-based systems. The early work on the delivery of DNA using CP based
systems primarily relied on the strong interactions between positively charged Ca2+ ions and the
negatively charged, phosphate rich backbone of DNA molecules to ensure successful doping of the
CP particles with DNA. In the work presented in Chapters 5 and 6 on the 5-FU encapsulation in
CPSNPs, low encapsulation efficiencies (EE in %) were measured for the final 5-FU doped CPSNP
suspensions based on the concentrations of drug added during precipitation of CPSNPs in reverse
micelles. An improvement in the current synthetic approach, where a modification in the structure of
the 5-FU molecule can result in strong interaction between 5-FU and either Ca2+ or PO4-, is needed to
increase the overall encapsulation efficiency of the drug inside the CPSNP matrix.
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Appendix A
Theoretical Ag-SiO2 NP Yields and APTES Surface Coverage for Ag-SiO2 NPs
and Stationary Phase

This appendix is a summary of calculations for (1) theoretical NP mass (mg) and particle
number yield for Ag-SiO2 NPs based on the reverse micelle synthetic approach presented and
discussed in chapter 3 and (2) APTES surface coverage calculations for the Ag-SiO2 NPs and
Astrosil® SiO2 stationary phase microspheres.

A.1 Theoretical Yield Calculations for Ag-SiO2 Composite NPs
The relevant reverse micelle synthetic parameters, as reported in Chapter 3, are: R =
[water]/[surfactant] = 2, H = [water]/[TEOS] = 100 and X = [NH4OH]/[TEOS] = 1, and the volume
of TEOS is 0.040 mL for all reported syntheses. The diameters of Ag core and overall Ag-SiO2
composite NP are assumed to be dAgcore = 5 nm and dAg-SiO2 = 30 nm based on previous work as
explained in Chapter 3. The concentration of TEOS for each synthesis is 1.79·10-4 moles as
calculated using the following expression
CTEOS =

VTEOS ρTEOS
MWTEOS

(A.1)

where, V is the volume of TEOS used during synthesis, and ρTEOS and MWTEOS are the density and
molecular weight of TEOS respectively (ρTEOS = 0.934 g/ml, MWTEOS = 208.33 g/mol). The
calculated CTEOS (moles) is then used to approximate the mass yield of Ag-SiO2 (mg). A 21 mg mass
yield of Ag-SiO2 was calculated using the expression
mSiO2 = CTEOS MWSiO2
where MWSiO2 is the molecular weight of SiO2 (MWSiO2 = 60.089 g/mol).

(A.2)
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Assuming spherical morphology and r = 15 nm for the Ag-SiO2 NPs, the volume of an Ag-SiO2 NP
was estimated to be 1.41·10-7 ml using the equation
VAg−SiO2 =

4
3

π rAg−SiO2 3

(A.3)

The density of an Ag-SiO2 NP is assumed to equal the density of SiO2 (ρSiO2 = 2.2 g/ml) since the Ag
core is negligible at only 0.46 volume % of the overall composite NP. Based on this assumption, the
theoretical particle number concentration (# particles) of Ag-SiO2 NPs in the initial loading stage
suspension for each synthesis is therefore estimated to be 6.75·1015 particles based on the equation:
mSiO2
Ag−SiO2 ρSiO2

# particles = V

(A.4)

A.2 APTES Percent (%) Surface Coverage for Ag-SiO2 NPs and Astrosil® SiO2 Stationary
Phase
A.2.1 APTES surface coverage of Ag-SiO2 NPs
The percent (%) surface coverage for the APTES coupling agent (structure is shown in Figure
3-2 in Chapter 3), which was used to functionalize and impart positive charge on the Ag-SiO2 NPs
via terminal amine groups in Chapter 3, was calculated based on a reported 0.4 nm2 (40 Å2) footprint
for an APTES molecule.1 The surface area (SA) of an Ag-SiO2 NP was calculated based on a 15 nm
NP radius as determined by Wang et al. for reverse micelle synthetic parameters R = 2, H = 100 and
X = 1.2 Assuming spherical morphology, the SA for the NPs was calculated using the equation:
SA = 4 π r 2

(A.5)

The calculated surface areas (SA) for an Ag-SiO2 NP was 2.8·103 nm2. Based on this calculated SA
and a reported 0.4 nm2 footprint for an APTES molecule, it was predicted that 7.1·103 molecules were
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needed to ensure 100% surface coverage during surface functionalization. The volume needed for
100% surface coverage was then estimated using ρAPTES = 0.01 g/ml and MWAPTES = 221.37 g/mol for
the APTES dispersant solution used during synthesis as reported in Chapter 3. The following
relationship was used to calculate volume of APTES solution needed per Ag-SiO2 NP:

VAPTES =

#moleculesAPTES
NA

�

MWAPTES �

ρAPTES

(A.6)

A 1.8 ml volume total of APTES solution per synthesis was calculated by multiplying the
VAPTES (volume per particle) by the 6.75·1015 theoretical particle number yield calculated earlier. This
indicates that the 0.057 ml of 1 vol% APTES solution, which is used to functionalize Ag-SiO2 NPs
during synthesis, amounts to approximately 10% surface coverage for each synthesized NP.

A.2.2 APTES coverage of Astrosil® SiO2 stationary phase microspheres
For the calculations of APTES surface coverage on the Astrosil® SiO2 microspheres, the
following values were obtained from the certificate of analysis (COA) provided by the manufacturer
and used in the calculations here: ρ=2.2 g/cm3 and SA=440 m2/g. Surface porosity was reported as 65
Å by the manufacturer and was not taken into account in these calculations. A mean diameter of 17
µm for the microspheres was used when needed in all calculations.
Based on the reported media SA of 440 m2/g and APTES molecular footprint of 40 Å2,
1.1x1021 molecules of APTES are needed per g of SiO2 material for full surface coverage. The
volume of APTES solution needed for 100% surface coverage of microspheres was then estimated
using ρAPTES = 1.027 g/ml (density reported by Sigma Aldrich for as received APTES solution) and
MWAPTES = 221.37 g/mol for the APTES as received solution:

VAPTES =

#moleculesAPTES
NA

�

MWAPTES �

ρAPTES

(A.8)
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Approximately 0.4 ml of APTES solution is needed for 100% surface coverage when treating a gram
of SiO2 microspheres. Based on these calculations, for a 5 g SiO2 mass, approximately 2 ml of
APTES solution is needed for 100% surface coverage.
In Chapter 3 (reported in Methods section), the following expression was used to calculate
APTES w/o for the treatment of SiO2 microspheres:
weight % APTES = (m

mAPTES

APTES + methanol +mwater + macetic acid )+mSiO2

x 100

(A.9)

An appropriate amount of APTES solution for the desired final w/o (1, 5 or 15 w/o) was mixed with
8.33 ml of neat ethanol, 0.417 ml of deionized H2O and 0.083 ml of acetic acid in a Nalgene® bottle,
followed by the addition of 5 g of Astrosil SiO2 powder. The % surface coverage numbers
corresponding to the 1 w/o, 5 w/o and 15 w/o APTES treatment used in Chapter 3 are provided in
Table A-1.
Table A-1. Surface coverage (in %) determined for the APTES molecules on the Astrosil SiO2
stationary phase microspheres based on w/o used in APTES treatment reported in Chapter 3
APTES Treatment Amount
APTES Volume Used (ml)
% Surface Coverage
1 w/o
0.122
6.2
5 w/o
0.619
31
15 w/o
2.13
108
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Appendix B
Dielectric Constant, Refractive Index and Viscosity Approximations for the
Packed Column HPLC Mobile Phase Solvent Mixtures

This appendix is a summary of the ε, n and η (cP) data for cyclohexane:ethanol and
ethanol:water mixtures at 25º C obtained from the literature.1, 2 The reported data was plotted and
fitted with second order polynomial regression fits (R2>0.99), which were then used to approximate ε,
n and η (cP) values via interpolation for mobile phase solvent mixtures during the loading, laundering
and collecting stages of the packed column HPLC process laundering and dispersion process for AgSiO2 and CPSNPs described in Chapters 3, 4 and 6. The plots along with corresponding fits are
shown in Figures B-1, B-2 and B-3 for cyclohexane:ethanol mixtures as a function of mole fraction of
cyclohexane, and in Figures B-4, B-5 and B-6 for ethanol:water mixtures as a function of weight %
ethanol. The approximated values for ε, n and η (cP) for the mobile phases were used during
calculations of ζ-potentials (mV) via the Brookhaven Zeta Potential Analyzer ZetaPALS and
ZetaPLUS software as explained in Chapters 3, 4 and 6. The ε, n and η (cP) values were also used in
calculations of Hamaker constants (A132), and attractive van der Waals (vdW) and repulsive
electrostatic interactions reported in Chapters 3 and 4. The approximated ε, n and η (cP) values for
the loading stage mobile phase cyclohexane:ethanol mixtures of the packed column HPLC process
are summarized in Table B-1. For the laundering and collecting stage ethanol:water mobile phase
mixtures the approximated ε, n and η (cP) are summarized in Table B-2.
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Figure B-1. A plot of η (cP) for cyclohexane:ethanol mixtures as a function of mole
fraction of cyclohexane at 25ºC.1 Data was fitted with a second order polynomial
trendline in Excel and trendline was used to interpolate a η (cP) values for loading
stage cyclohexane:ethanol mixtures as reported in Table B-1.

Figure B-2. A plot of ε for cyclohexane:ethanol mixtures as a function of mole fraction
of cyclohexane at 25ºC.1 Data was fitted with a second order polynomial trendline, and
trendline was used to interpolate ε values for loading stage cyclohexane:ethanol
mixtures as reported in Table B-1.
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Figure B-3. A plot of n for cyclohexane:ethanol mixtures as a function of mole fraction
of cyclohexane at 25ºC.1 Data was fitted with a second order polynomial fit, which was
used to interpolate n values for loading stage cyclohexane:ethanol mixtures as reported
in Table B-1.

Table B-1. Interpolated viscosity (cP), dielectric constant and refractive index for mobile
phase cyclohexane ethanol mixtures during loading stage of Ag-SiO2 NPs and CPSNP
packed column HPLC laundering and dispersion processes
Vol%
Mole fraction
cyclohexane
of
ε
n
η (cP)
Particle system
in ethanol for
cyclohexane
loading stage
Ag-SiO2 NP - SiO2

17

0.089

20.91

1.366

1.01

CPSNP - SiO2

25

0.15

18.37

1.372

0.983

231

Figure B-4. A plot of ε for ethanol:water mixtures as a function of weight percent
of ethanol at 25ºC. Data was fitted with a second order polynomial fit, which was
used to interpolate ε values for laundering and collecting stage mobile phase
ethanol:water mixtures as reported in Table B-2.

Figure B-5. A plot of n for ethanol:water mixtures as a function of weight percent
of ethanol at 25ºC.2 Data was fitted with a second order polynomial fit, which
was used to interpolate n values for laundering and collecting stage mobile phase
ethanol:water mixtures as reported in Table B-2.
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Figure B-6. A plot of η (cP) for ethanol-water mixtures as a function of weight percent of
ethanol at 25ºC. Data was fitted with a second order polynomial regression fit, which
was used to interpolate η (cP) values for laundering and collecting stage mobile phase
ethanol:water mixtures as reported in Table B-2.

Table B-2. Interpolated ε, n and η (cP) values for mobile phases during laundering and collecting
stages of Ag-SiO2 NPs and CPSNP packed column HPLC laundering and dispersion process
Vol % ethanol
Weight % ethanol
ε
n
η (cP)
95
70
30

93.76
64.85
25.31

27.29
30.76
52.55

1.354
1.358
1.348

1.418
2.183
2.063
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Appendix C
Ionic Strength (M) Calibrations for the Packed Column HPLC Laundering and
Dispersion Process Mobile Phase Solvent Mixtures

This appendix is a summary of measured conductance (µS) and specific conductivity (µS/cm)
values for 10-2, 10-3, 10-4, 10-5 and 10-6 M HCl solutions in 17% cyclohexane/73% ethanol/6% Igepal®
CO-520/1% water (by volume) and 95:5, 70:30, 30:70 and 5:95 ethanol:water (by volume) mixtures.
The same measurements are also conducted for 10-2, 10-3, 10-4, 10-5 and 10-6 M HCl aqueous solutions
for comparison. The constructed calibration curves are used to approximate the ionic strength (M) of
the mobile phase solvent mixtures for the packed column HPLC laundering and dispersion processes
of Ag-SiO2 nanoparticles (NPs) and calcium phosphosilicate nanoparticles (CPSNPs) based on
conductance (µS) values obtained during ζ-potential experiments conducted on untreated, APTES and
CTES treated SiO2 stationary phases as discussed in Chapters 3 and 4. For a 1:1 electrolyte like HCl,
the ionic strength is equal to the concentration of ions in solution based on the following expression
I=

1
2

∑ni=1 ci zi2

(C.1)

where I is ionic strength, ci is the molar concentration of a given ion, and zi is the charge number of
that ion. A series of HCl solutions at different concentrations was made by serial dilution in 17 vol%
cyclohexane/78 vol% ethanol/6 vol% Igepal CO-520/1% water, 95:5 ethanol:water, 70:30
ethanol:water and 30:70 ethanol:water and 100% water (by volume). Conductance (µS) for each
solution was determined using a Brookhaven Zeta Potential Analyzer in ZetaPALS software
(ver.3.19, Brookhaven Instruments Corporation, Holtsville, NY) using an electrode with a reported
cell constant of 1. Specific conductivity (µS/cm) was measured for the same solutions using a YSI
3200 conductivity meter equipped with a 3253 flow cell (YSI Inc., Yellow Springs, OH). Measured

234
conductance (µS) and specific conductivity (µS/cm) values are summarized in Table C-1 for the
relevant solvent mixtures.
Table C-1. Measured conductance (µS) and specific conductivity (µS/cm) for HCl solutions in 17
vol% cyclohexane/78 vol% ethanol/6 vol% Igepal CO-520/1% water, 95:5 ethanol:water, 70:30
ethanol:water and 30:70 ethanol:water and 100% water (by volume)
17% cyclohexane/73% ethanol/6% Igepal CO-520/1% water
HCl Concentration (M)

Conductance (µS)

Specific conductivity (µS/cm)

0
1.0E-06
1.0E-05
1.0E-04
1.0E-03

61
61
59
60
60

24.83
25.53
23.67
23.54
24.51

1.0E-02

403

172.5
95:5 ethanol:water

Conductance (µS)

Specific conductivity (µS/cm)

0
1.0E-06
1.0E-05
1.0E-04
1.0E-03

8
5
5
14
88

0.2022
0.3724
0.6010
2.627
32.01

1.0E-02

730

270.8

HCl Concentration (M)

70:30 ethanol:water
HCl Concentration (M)
0
1.0E-06
1.0E-05
1.0E-04
1.0E-03
1.0E-02
HCl Concentration (M)

Conductance (µS)

Specific conductivity (µS/cm)

27
24
25
29
168

0.5247
0.8423
1.025
6.849
57.71

1564
577.4
30:70 ethanol:water
Conductance (µS)
Specific conductivity (µS/cm)

0
1.0E-06
1.0E-05
1.0E-04
1.0E-03

36
22
45
45
376

0.8457
1.630
2.293
16.18
153.2

1.0E-02

3901

1503
100% water
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Table C-1. Measured conductance (µS) and specific conductivity (µS/cm) for HCl solutions in 17
vol% cyclohexane/78 vol% ethanol/6 vol% Igepal CO-520/1% water, 95:5 ethanol:water, 70:30
ethanol:water and 30:70 ethanol:water and 100% water (by volume)
HCl Concentration (M)
Conductance (µS)
Specific conductivity (µS/cm)
0
1.0E-06
1.0E-05
1.0E-04
1.0E-03
1.0E-02

7
8
10
62
717
7767

1.244
1.561
2.221
27.18
305.2
3093

Plots of conductance (µS) versus specific conductivity (µS/cm) are generated for each solvent
mixture and fitted using second order polynomial regression fits (R2>0.99). The plotted data along
with corresponding fits is shown in Figure C-1. Additionally, plots of HCl concentration (M) versus
specific conductivity (µS/cm) are generated for each solvent mixture and also fitted using second
order polynomial regression fits (R2>0.99). The data along with corresponding fits is given in Figure
C-2.
As expected, lowest conductance (µS) and specific conductivity (µS/cm) for the HCl
solutions are measured for the low polarity disrupted reverse micelle solvent mixture consisting of 17
vol% cyclohexane/78 vol% ethanol/6 vol% Igepal CO-520/1% water. An increase in both
conductance and conductivity are recorded only at 10-2 M HCl, suggesting that H+ and Cl- ions have a
low solubility in this mixed solvent mixture. As expected, measured conductance (µS) and specific
conductivity (µS/cm) values for the given concentrations of HCl increase with increasing water
content for the ethanol:water (by volume) mixtures.
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Figure C-1. Conductance (µS) versus specific conductivity (µS/cm) for a series of HCl solutions in
various solvent mixtures used during loading, laundering and collecting of the packed column HPLC
processes for Ag-SiO2 NPs and CPSNPs. Measured values used to generate plots along with HCl
solution concentrations (M) have been given in Table C-1.
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Figure C-2. HCl concentration (M) versus measured specific conductivity (µS/cm) for various solvent
mixtures used during loading, laundering and collecting of the packed column HPLC processes for AgSiO2 NPs and CPSNPs. Measured values used to generate plots along with corresponding HCl
concentrations (M) have been given in Table C-1.

Based on the relationships established here between conductance (µS) and specific
conductivity (µS/cm) for the given range of HCl solutions, specific conductivity (µS/cm) values are
approximated for the untreated, APTES treated, and CTES treated SiO2 stationary phase suspensions
from conductance (µS) data obtained during ζ-potential experiments. These values are then used to
approximate ionic strength (M) for the loading, laundering and collecting stages of the packed column
HPLC process at specific pH values for a given solvent mixture. The approximated ionic strength ci
(mol/l) values are used to calculate Debye-Huckel parameter κ (1/m) values as explained in chapters 3
and 4 for the purpose of estimating electrostatic repulsive interactions using DLVO theory. The
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calculated ci (M) and κ (1/m) values are summarized in Table C-2 for the relevant solvent mixtures of
the Ag-SiO2 NP packed column HPLC laundering and dispersion process discussed in chapter 3and
in Table C-3 for the CPSNP packed column HPLC laundering and dispersion process discussed in
Chapter 4.
Table C-2. Estimated ionic strength I (mol/m3) and Debye-Huckel parameter κ (1/m) values for the
laundering and collecting stages of the Ag-SiO2 NP packed column HPLC laundering and dispersion
process for untreated, 1 w/o, 5 w/o and 15 w/o APTES treated SiO2 stationary phases
Untreated SiO2 Stationary Phase

pH

Stage of Packed
Column HPLC
Process

Medium

ci (M)

I (mol/m3)

κ (1/m)

6
7
6
7

Laundering
Laundering
Collecting
Collecting

95:5 ethanol:water
95:5 ethanol:water
70:30 ethanol:water
70:30 ethanol:water

1.9E-04
1.1E-04
2.5E-04
3.2E-05

1.9E-01
1.1E-01
2.5E-01
3.2E-02

7.6E+07
5.9E+07
8.3E+07
3.0E+07

1 w/o APTES treated SiO2 Stationary Phase

pH

Stage of Packed
Column HPLC
Process

Medium

ci (M)

I (mol/m3)

κ (1/m)

6
7
6
7

Laundering
Laundering
Collecting
Collecting

95:5 ethanol:water
95:5 ethanol:water
70:30 ethanol:water
70:30 ethanol:water

8.9E-05
1.4E-04
1.8E-05
2.5E-05

8.9E-02
1.4E-01
1.8E-02
2.5E-02

5.3E+07
6.5E+07
2.2E+07
2.6E+07

5 w/o APTES treated SiO2 Stationary Phase

pH

Stage of Packed
Column HPLC
Process

Medium

ci (M)

I (mol/m3)

κ (1/m)

6
7
6
7

Laundering
Laundering
Collecting
Collecting

95:5 ethanol:water
95:5 ethanol:water
70:30 ethanol:water
70:30 ethanol:water

3.3E-04
2.6E-04
1.6E-04
5.2E-05

3.3E-01
2.6E-01
1.6E-01
5.2E-02

1.0E+08
8.9E+07
6.7E+07
3.8E+07

15 w/o treated SiO2 Stationary Phase
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Table C-2. Estimated ionic strength I (mol/m3) and Debye-Huckel parameter κ (1/m) values for the
laundering and collecting stages of the Ag-SiO2 NP packed column HPLC laundering and dispersion
process for untreated, 1 w/o, 5 w/o and 15 w/o APTES treated SiO2 stationary phases

pH

Stage of Packed
Column HPLC
Process

Medium

ci (M)

I (mol/m3)

κ (1/m)

6
7
6
7

Laundering
Laundering
Collecting
Collecting

95:5 ethanol:water
95:5 ethanol:water
70:30 ethanol:water
70:30 ethanol:water

5.7E-04
3.3E-04
5.0E-04
2.5E-04

5.7E-01
3.3E-01
5.0E-01
2.5E-01

1.3E+08
1.0E+08
1.2E+08
8.2E+07

Table C-3. Estimated ionic strength I (mol/m3) and Debye-Huckel parameter κ (1/m) values for the
laundering and collecting stages of the CPSNP NP packed column HPLC laundering and dispersion
process for untreated, 1 w/o, 5 w/o and 15 w/o CTES treated SiO2 stationary phases
Bare Silica Stationary Phase
pH
7
7.5
7
7.5

pH
7
7.5
7
7.5

Stage of Packed
Column HPLC
Process
Laundering
Laundering
Collecting
Collecting
Collecting
Collecting
Stage of Packed
Column HPLC
Process
Laundering
Laundering
Collecting
Collecting
Collecting
Collecting

Medium

ci (M)

95:5 ethanol:water
1.1E-04
95:5 ethanol:water
3.3E-04
70:30 ethanol:water
3.9E-05
30:70 ethanol:water
8.5E-05
70:30 ethanol:water
2.4E-04
30:70 ethanol:water
7.0E-05
1 w/o CTES treated Stationary Phase
Medium

ci (M)

95:5 ethanol:water
2.70E-04
95:5 ethanol:water
3.00E-04
70:30 ethanol:water
2.2E-04
30:70 ethanol:water
1.5E-04
70:30 ethanol:water
3.9E-05
30:70 ethanol:water
9.8E-05
5 w/o CTES treated Stationary Phase

I (mol/m3)

κ (1/m)

1.1E-01
3.3E-01
3.9E-02
8.5E-02
2.4E-01
7.0E-02

5.9E+07
1.0E+08
3.3E+07
3.7E+07
8.1E+07
3.4E+07

I (mol/m3)

κ (1/m)

2.7E-01
3.0E-01
2.2E-01
1.5E-01
3.9E-02
9.8E-02

9.2E+07
9.7E+07
7.7E+07
4.9E+07
3.3E+07
4.0E+07

pH

Stage of Packed
Column HPLC
Process

Medium

ci (M)

I (mol/m3)

κ (1/m)

7

Laundering

95:5 ethanol:water

6.50E-04

6.5E-01

1.4E+08
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Table C-3. Estimated ionic strength I (mol/m3) and Debye-Huckel parameter κ (1/m) values for the
laundering and collecting stages of the CPSNP NP packed column HPLC laundering and dispersion
process for untreated, 1 w/o, 5 w/o and 15 w/o CTES treated SiO2 stationary phases
7.5
Laundering
95:5 ethanol:water
6.40E-05
6.4E-02
4.5E+07
Collecting
70:30 ethanol:water
2.6E-04
2.6E-01
8.4E+07
7
Collecting
30:70 ethanol:water
3.2E-04
3.2E-01
7.2E+07
Collecting
70:30 ethanol:water
2.5E-04
2.5E-01
8.3E+07
7.5
Collecting
30:70 ethanol:water
3.1E-04
3.1E-01
7.0E+07
15 w/o treated Stationary Phase
pH
7
7.5
7
7.5

Stage of Packed
Column HPLC
Process

Medium

ci (M)

I (mol/m3)

κ (1/m)

Laundering
Laundering
Collecting
Collecting
Collecting
Collecting

95:5 ethanol:water
95:5 ethanol:water
70:30 ethanol:water
30:70 ethanol:water
70:30 ethanol:water
30:70 ethanol:water

9.55E-04
2.30E-03
4.3E-04
6.8E-04
1.2E-03
7.3E-04

9.6E-01
2.3E+00
4.3E-01
6.8E-01
1.2E+00
7.3E-01

1.7E+08
2.7E+08
1.1E+08
1.1E+08
1.8E+08
1.1E+08
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Appendix D
5-Fluorouracil (5-FU) Titration and Effects on pH and Micelle Size during
CPSNP Precipitation in Cyclohexane/Igepal® CO-520/Water Reverse Micelles

D.1 Introduction
This appendix is a summary of pH, optical density (OD) and micelle swelling experiments for
the 5-fluorouracil (5-FU) drug intended as a chemotherapeutic dopant in the calcium phosphosilicate
nanoparticle (CPSNP) system. 5-FU is a polar and water soluble compound, which is an advantage
when doping the CPSNP matrix with 5-FU during precipitation in the cyclohexane/Igepal® CO520/water reverse micelle system. The drug can be added to the synthetic precursors in aqueous
solution immediately before or during the CPSNP precipitation, and this effectively prevents potential
disruption of the micelles which may occur if nonaqueous solvents are used to introduce the drug into
the micelle. Maximum solubility (mg/ml) of 11.05 ± 0.93, 12 and 17.98 ± 0.039 in aqueous solution
and 0.35 in ethanol for 5-FU have been reported in the literature.1-3 For the measurements reported in
this appendix, 5-FU (MW = 130.8 g/mol) was dissolved in water at a maximum 10-2 M concentration
in all pH, optical density (OD) and micelle swelling studies and diluted using a serial dilution when
needed.

D.2 pH Titration for 5-FU and pH Measurements for 5-FU and Synthetic Precursors
The 5-FU drug molecule is a weak, diprotic acid with a reported pKa1 = 8 and pKa2 = 13.4, 5
The first pKa value was verified by pH titration for 20 ml of 0.01 M 5-FU solution with 0.1 M NaOH
as titrant solution. Solution pH was measured with a Sentron ISFET pH probe calibrated against
aqueous buffers. The resulting titration curve is shown in Figure D-1. While the pH was adjusted up
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to pH 11.5 during titration, the most relevant pH range is up to ~pH 9.5 due to potential degradation
of 5-FU drug above this pH.

pKa = 8

Figure D-1. A titration curve generated for 20 ml of 0.01 M 5-FU up to a pH of 11.5 with
0.1 M NaOH as titrant solution. Initial measured pH for 0.01 M 5-FU was 5.34 and a
reported pKa = 8 value was confirmed via titration upon addition of 110 µl of 0.1 M
NaOH.
Since the addition of 5-FU to the synthetic precursors was expected to result in a pH decrease
due to the acidic nature of the 5-FU molecule, pH was measured for the starting 10-2 M 5-FU solution
and for 10-2 M CaCl2, 6·10-2 M Na2HPO4, and 8.2·10-3 M Na2SiO3 precursor solutions, individually
and in microemulsions A, B and C (labeled in the flow sheet for synthesis in Figure 5-2 in Chapter 5)
before and after 5-FU addition. The concentrations of CaCl2, Na2HPO4, and Na2SiO3 used in the pH
measurements were the same as concentrations used during the CPSNP precipitation in the
cyclohexane/Igepal® CO-520/water reverse micelle system. This resulted in the same Ca:P =1.67 and
Ca:Si = 12.2 ratios between precursor ions used during precipitation of CPSNPs, but volumes were
scaled up to allow easier pH measurements with the pH probe. Exact volumes used for measurement
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are given in Table D-2 along with the results of the pH measurements. Due to the basic pH of 6·10-2
M Na2HPO4 (pH~12) and 8.2·10-3 M Na2SiO3 (pH~9.8) precursor solutions, the pH decrease recorded
after the addition of 5-FU was most likely due to the deprotonation of the amine groups on the 5-FU
molecule (structure of 5-FU is shown in Chapter 5, Figure 5-1). No significant pH change was
measured when 10-2 M 5-FU was added to 10-2 M CaCl2 (6.8 initially versus 6.0 after 5-FU addition).
A neutral pH was recorded for all three precursor solutions with 5-FU present, indicating that for the
specified concentration and volume of drug, 5-FU doped CPSNPs would be precipitated in the
reverse micelles at approximately pH 7.
Table D-1. pH values for CPSNP synthetic precursor aqueous solutions with and without 5-FU
Solution
Measured pH
5-FU
6.0
CO2 free deionized H2O (NanoPureTM)
7.1
CaCl2
6.8
Na2SiO3
12
Na2HPO4
9.4
Na2HPO4 (0.325 ml) + Na2SiO3 (0.325 ml) + CO2 free deionized H2O (2.6 ml)
11
CaCl2 (3.25 ml) + 5-FU (2.6 ml)
6.0
Na2SiO3 (0.65 ml) + 5-FU (5.2 ml)
7.6
Na2HPO4 (0.65 ml) + 5-FU (5.2 ml)
7.5
Na2HPO4 (0.65 ml) + Na2SiO3 (0.65 ml)+ 5-FU (5.2 ml)
CaCl2 (3.25 ml) + Na2HPO4 (0.325 ml) + Na2SiO3 (0.325 ml) + 5-FU (2.6
ml)

7.8
7.1

D.3 Optical Density (OD) Measurements on 5-FU – Synthetic Precursor Solutions
Optical density (OD) measurements were performed at 400 nm using UV spectroscopy in
absorbance mode to confirm that 5-FU and CaCl2 did not form precipitates upon mixing. All OD400nm
scans performed on solutions mixed at a volume ratio of 650 µl of 10-2 CaCl2 mixed with 520 µl of 5FU. Solutions of 10-6-10-2 M 5-FU and 10-2 CaCl2 were equilibrated for 15 minutes since that was the
typical equilibration time used for microemulsion A during precipitation of 5-FU doped CPSNPs in
the cyclohexane/Igepal® CO-520/water reverse micelles (see Chapter 5, Figure 5-2 for flow sheet of
typical synthesis).
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Figure D-2. A plot of optical density for CaCl2 solution mixed with increasing
concentrations of 5-FU. Dashed vertical line represents λmax = 266 nm for 5-FU in
aqueous solution. Spectra were used to determine OD400nm as a predictor of potential
precipitate formation in 5-FU - CaCl2 aqueous solutions. The upper limit of detection
of the UV-vis detector is near an absorbance equal to 3 as seen for the 10-2M 5-FU,
while the lower limit of detection is around 10-5M.
OD400 nm was also measured for 10-3 M 5-FU solution equilibrated with 10-1 M CaCl2 for 2
and 10 minutes and a combination of 6·10-1 M Na2HPO4 and 8.2·10-2 M Na2SiO3 for 2 minutes to
mimic the conditions of a CPSNP synthesis conducted with 10x concentrations of synthetic precursor
solutions. The solutions were equilibrated at specified concentrations using volumes typically
injected in microemulsion A (650 µl of CaCl2) and microemulsion B (65 µl Na2HPO4 and 65 µl
Na2SiO3) during CPSNP synthesis (see Chapter 5, Figure 5-2 for flow sheet of typical synthesis). 10x
syntheses had been attempted with 5-FU to increase concentration of 5-FU dopant trapped in CPSNP
matrix, but formation of large precipitates was observed upon mixing of microemulsions A and B to
form microemulsion C. Since these agglomerates formed before the addition of sodium citrate, this
series of OD measurements was performed to verify that observed agglomeration was not due to
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premature binding of 5-FU to precursors. Based on measured OD400 nm values, as shown in Figure D3, no precipitates formed upon mixing of 5-FU and precursors at these concentrations, indicating that
adsorption of 5-FU most likely was not the cause of agglomeration at the onset of micelle exchange
for the 10x CPSNP syntheses.

Figure D-3. OD spectra for 10-1 M CaCl2 solution mixed with 10-3 M 5-FU stirred at 2 and 10
minutes and a combination of 6·10-1 M Na2HPO4 and 8.2·10-2 M Na2SiO3 mixed with 10-3 M 5-FU
for 2 minutes. Dashed vertical line represents reported λmax = 266 nm for 5-FU in aqueous solution.

D.4 Effects of 5-FU Addition on Micelle Size in Cyclohexane/Igepal® CO-520/Water Reverse
Microemulsion System
A stock solution of cyclohexane and Igepal® CO-520 was made by diluting the Igepal® CO520 surfactant 1:10 with respect to typical synthesis concentration of 10 vol%. A standard molar ratio
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of 4 for the aqueous phase to Igepal® CO-520 was used when adding 5-FU aqueous solution to form
the reverse micelles. 5-FU was dissolved in CO2 free deionized H2O and added to the
cyclohexane/Igepal® CO-520 mixture at concentrations as specified in Table 3 and equilibrated for 15
minutes before DLS measurements. The objective of these measurements was to determine if an
increase in 5-FU concentration in the aqueous cores of the reverse micelles would induce micelle
swelling during 5-FU doped CPSNP synthesis. Micelle diameter (nm) was measured using light
scattering with ZetaPlus Particle Sizing Software (v2.34, Brookhaven Instruments Corp).
Measurements were performed 4 times and mean micelle diameters (nm) with 95% confidence
intervals calculated for each 5-FU concentration. The results are summarized in Table C-2.
Calculated mean micelle diameters (nm) were plotted with decreasing 5-FU concentrations for the
drug concentrations given in Table C-2 as shown in Figure D-5. All mean micelle diameters (nm)
were <10 nm and no obvious trend in mean micelle diameter (nm) was observed as 5-FU
concentration in aqueous phase was increased up to 10-2 M.

Table D-2. Mean micelle diameter (nm) for the cyclohexane/Igepal® CO-520/water reverse micelle
system measured by multi angle particle sizing in Brookhaven Zeta Potential Analyzer for increasing
concentrations of 5-FU added in aqueous solution averaged for 4 trials. Each trial is an average of 5
runs, and all ± values are 95% confidence intervals calculated for 4 trials.
Measured micelle diameter (nm)
5-FU concentration (M)
Mean micelle diameter (nm)
Trial 1
Trial 2
Trial 3
Trial 4
1.0E-02
5.0E-03
1.0E-03
5.0E-04
1.0E-04
5.0E-05
1.0E-05
5.0E-06

5.1
8.2
5.7
4.2
7.4
9.1
8.5
4.2

4.2
11
5.7
4.5
8.5
7.1
9.2
8.7

1.4
5.9
9.3
3.6
1.5
2.8
7.3
7.9

9.7
8.2
6.3
4.2
5.4
2.0
9.6
8.5

5.1 ± 3.4
8.3 ± 1.9
6.8 ± 1.7
4.1 ± 0.37
5.7 ± 3.0
5.3 ± 3.3
8.7 ± 1.0
7.3 ± 2.1

0

5.7

5.8

8.7

3.7

6.0 ± 2.0
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Figure D-4. A plot of mean micelle diameter (nm) measured by DLS for 0-10-2 M 5-FU
aqueous solutions added to cyclohexane/Igepal® CO-520 at R=4. All error bars are 95%
confidence intervals calculated for 4 trials at each 5-FU concentration. No obvious trend was
observed in mean micelle diameter (nm) with increasing 5-FU concentration in the aqueous
core of the cyclohexane/Igepal® CO-520/water micelle up to the highest concentration of 10-2
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Appendix E
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) Analysis
of 5-FU Doped and Ghost CPSNP Suspensions Laundered by Centrifugation
(Sedimentation and Redispersion)

This appendix is a summary of Ca, P and Si concentrations obtained from inductively

coupled plasma atomic emission spectroscopy (ICP-AES) analyses for selected 5-FU doped
and ghost CPSNP suspensions laundered by the centrifugation method as reported in Chapter 6.
E.1 Calculations of Ca, P and Si concentrations
The calculations given here are based on volumes and molarities of CaCl2, Na2HPO4 and
Na2SiO3 precursor solutions used during the 5-FU doped and ghost CPSNP reverse micelle syntheses.
The calculations were performed to determine expected calcium, phosphorus and silicon
concentrations for each suspension based on a 100% theoretical yield for a CPSNP synthesis. The
last calculation step took into account the final dilution of 1:75 into 2% Ultrex II ultra high purity
HNO3 for each analyzed suspension. Calculations of the theoretical yields for Ca, P, and Si are given
below:
E.1.1 Ca concentration
Mass generated = 0.65×10-3 l × 10-2

mol
l

× 40.078

g
=
mol

2.61 × 10-4 g

For 15 ml of sample in a given synthesis, mass on an ml basis is

Conversion to ppm: 1.74 ×10-5

g
ml

2.61 × 10-4 g
15 ml

= 1.74 ×10-5

g
ml

= 17.4 ppm

For a 1:75 dilution, the final concentration of calcium should be:

(17.4 ppm ×0.1ml)
7.5 ml

= 0.232 ppm
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E.1.2 P concentration
Mass generated = 0.65×10-4 l × 6×10-2

mol
l

g
=
mol

× 30.974

1.21 × 10-4 g

For 15 ml of sample in a given synthesis, mass on an ml basis is

Conversion to ppm: 8.07 ×10-5

g
ml

1.21 × 10-4 g
15 ml

= 8.07 ×10-5

g
ml

= 8.07ppm

For a 1:75 dilution, the final concentration should be:

(8.07 ppm ×0.1ml)
7.5 ml

= 0.108 ppm

E.1.3. Si concentration
Mass generated = 0.65×10-4 l × 8×10-3

mol
l

×28.085

g
=
mol

1.46 × 10-5 g

For 15 ml of sample in a given synthesis, mass on an ml basis is

Conversion to ppm: 9.73 ×10-7

g
ml

1.46 × 10-5 g
= 9.73
15 ml

×10-7

g
ml

= 0.973 ppm

For a 1:75 dilution, the final concentration should be:

(0.973 ppm ×0.1ml)
7.5 ml

= 0.0130 ppm

E.2 Materials and Methods
E.2.1 Preparation of CPSNP samples
Calcium (Ca), phosphorus (P) and silicon (Si) concentrations in a series of centrifuge
laundered 5-FU doped and ghost CPSNP suspensions were measured using ICP-AES analysis. A 100
μl volume of each CPSNP suspension was diluted 1:10 into 70:30 ethanol:water (by volume) for a
total initial sample volume of 1 ml for each suspension. The diluted suspensions were heated to
dryness at a constant temperature of 105°C on a programmable hot plate. The dried sample mass was
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then dissolved with 1 ml of 2% HNO3 (ULTREX® Ultrapure Reagent, JT Baker) and heated to
dryness at 105°C. The dissolution and drying steps were repeated one more time before a final 1:7.5
dilution into 2% HNO3 for a final 7.5 ml sample volume for each CPSNP suspension.
E.2.2 ICP-AES analysis of CPSNP samples
The ICP-AES analysis was performed by Henry Gong at the Emission Spectroscopy
Laboratory located in the Penn State Institutes of the Energy and the Environment, University Park,
PA. The samples were analyzed using a Perkin-Elmer Optima 5300 ICP emission spectrometer and
concentrations of Ca, P and Si were determined based on extrapolation using a standard curve
generated with high purity standards. Each reported concentration is an extrapolation based on a
mean concentration value calculated from three measured concentrations. The detection limits for
Ca, P and Si on this instrument were 0.007 ppm, 0.14 ppm and 0.01 ppm respectively as provided by
Henry Gong.

E.3 Results and Discussion
The concentrations (ppm) of Ca, P and Si as determined by ICP-AES analyses are reported in Table
C.1 for selected centrifuge laundered 5-FU doped and ghost CPSNP suspensions with citrate, PEG
and gastrin10 surface functionalization. Ca concentrations measured by ICP-AES for the suspensions
ranged from 0.00740 (lowest, sample ID# AT 8-7D) to 0.0199 (highest, sample ID# AT 8-31A). All
measured concentrations were significantly lower than the 0.232 ppm Ca concentration calculated for
100% theoretical CPSNP yield based on volume and concentration of CaCl2 synthetic precursor
solution and 1:75 final dilution in HNO3. P and Si concentrations measured by ICP-AES analysis
were below the detection limits for the instrument. As a result, a Ca:P ratio could not be determined
for the analyzed suspensions using this technique. The results indicated that, although TEM analysis
of neat 5-FU doped and ghost CPSNP suspensions provided sufficiently high concentrations of
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CPSNPs on the TEM grids to allow for particle size analysis (discussed in Chapter 6), some fraction
of suspensions was most likely lost during centrifugation (sedimentation and redispersion) laundering
of CPSNPs. This would need to be confirmed via loss on ignition (LOI) analysis, where final mass of
as laundered 5-FU and ghost CPSNP suspensions could be compared to the theoretical yield mass.
Additionally, low measured Ca, P and Si concentrations are also suspected due to dilution into HNO3.
The current dilution ratio of 1:75 for the ICP-AES analysis should be reduced by using larger starting
suspension volumes for both the 5-FU doped and ghost CPSNP samples to increase concentrations of
P
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Table E-1. Concentrations of calcium (Ca), phosphorus (P) and silicon (Si) in 5-FU doped and ghost CPSNP suspensions
laundered by centrifugation as determined by ICP-AES analysis
Sample Details
As measured by ICPInitial concentration
Concentration after
AES *
before dilution**
resuspension for in
vitro studies***
ID
Description
Ca
P
Si
Ca
P
Si
Ca
P
Si
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
AT 8-1Af
5FU-CPSNP-citrate 0.2 um filtered
0.0177 0.032 -0.004 1.33
3.98
AT 8-1Bf
5FU-CPSNP-citrate 0.2 um filtered
0.0122 0.081 -0.015 0.915
2.75
AT 8-6A
5FU-CPSNP-PEG
0.0137 0.020 -0.004 1.03
3.08
AT 8-6B
5FU-CPSNP-PEG
0.00990 -0.007 0.005 0.743
2.23
AT 8-7A
5FU-CPSNP-g10
0.0138 0.010 0.007 1.04
3.11
AT 8-7B
5FU-CPSNP-g10
0.0119 0.035 0.002 0.893
2.68
AT 8-3Af
Ghost-CPSNP-citrate 0.2 um filtered 0.0118 0.002 0.003 0.885
2.66
AT 8-3Bf
Ghost-CPSNP-citrate 0.2 um filtered 0.0109 0.074 -0.016 0.818
2.45
AT 8-6C
Ghost-CPSNP-PEG
0.0107 0.011 0.024 0.803
1.79
2.41
5.38
AT 8-6D
Ghost-CPSNP-PEG
0.0161 -0.014 -0.003 1.21
3.62
AT 8-7C
Ghost-CPSNP-g10
0.00960 -0.002 -0.005 0.720
2.16
AT 8-7D
Ghost-CPSNP-g10
0.00740 0.006 -0.002 0.555
1.67
AT 8-26Af Ghost-CPSNP-citrate 0.2 um filtered 0.0115 -0.015 0.005 0.863
2.59
AT 8-31A
Ghost-CPSNP-PEG
0.0199 -0.002 0.003 1.49
4.48
AT 8-32A
Ghost-CPSNP-g10
0.0139 0.043 0.003 1.04
3.13
* Each value is a mean of three extrapolated values for a given sample calculated based on a linear regression standard curve generated using high purity
standards; ** Initial concentrations in sample suspensions calculated from as measured values taking into account 1:75 dilution (see sample preparation
section for more details); ***Concentrations in sample suspensions as prepared for in vitro proliferation studies at Hershey; calculated from as measured
values taking into account that samples were 3x concentrated by volume upon resuspension in PBS
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Appendix F
Mean Zeta Potentials for Astrosil® SiO2 Treated with CTES and Interaction
Energies for CPSNPS Interacting with 1 w/o, 5 w/o and 15 w/o CTES treated
SiO2 Microspheres
This appendix is a summary of: (1) surface modification procedure used for
carboxyethylsilanetriol sodium salt (CTES) attachment to the surface of SiO2 microspheres, (2) mean
ζ- potentials (mV) determined for 1 w/o, 5 w/o and 15 w/o CTES treated SiO2 microspheres
suspended in water, 95:5 ethanol:water (by volume), 70:30 ethanol:water (by volume) and 30:70
ethanol:water (by volume) and (3) interaction energy calculations for the collecting stage of the
packed column HPLC process comparing CTES treated SiO2 stationary phase to the as received
material (see Chapter 4 for details).

F.1 Methods
Carboxyethyl silanetriol (Na+ salt, 98%, 25 w/w% aqueous solution) was purchased from
Gelest Inc., Morrisville, PA. To modify the surface chemistry of the Astrosil® SiO2 microspheres, pH
of the as received 25 w/o CTES aqueous solution was adjusted from 12.5 to 5.5 via addition of HAc
(110 µl of HAc added to 1 ml of 25 w/o CTES solution), resulting in a final 22.5 w/o CTES solution
to be used for surface modification. Typically, for surface modification of SiO2 microspheres, 3
grams of microspheres were mixed with 5 grams of deionized water. The desired mass and volume
of CTES solution were calculated based on desired final weight % CTES using the expression
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 % 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = (𝑚𝑚

.225𝑚𝑚𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 + 𝑚𝑚𝑆𝑆𝑆𝑆𝑆𝑆2 )+.225𝑚𝑚𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝑥𝑥 100

(F-1)

Volume of CTES solution needed for modification at each weight % was calculated using obtained
mCTES and ρCTES=1.16 g/ml, and added to the SiO2 microspheres in deionized water. The mixture was
agitated on a shaker table for 24 hours, followed by drying in an oven for 14 hours at 70º C.
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Mean ζ-potentials (mV) for the CTES modified stationary phase materials were determined
using the same methods outlined in Chapter 4 for the as received SiO2 stationary phase microspheres.
The VT calculations were performed using modified DLVO theory of colloidal stability as outlined in
Chapter 4, and the calculated VT curves between CPSNPs and the CTES treated SiO2 stationary phase
microspheres were truncated to account for the thickness of both the citrate and CTES molecules on
the surfaces of CPSNP and SiO2 particles respectively. The thickness of each molecule was
determined based on three dimensional ball and stick models generated in ACD Chemsketch freeware
as shown in Figure F-1. A 0.7 nm thickness was determined for each molecule based on internuclear
distances between the outermost atoms using the generated 3D ball and stick models.
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A

C

B

D

Figure F-1. Structures of a citrate molecule (A,C) and a carboxyethylsilane triol (CTES)
molecule (B,D) generated using ACD ChemSketch freeware. The atoms are colored as follows:
C – blue, O – red, Si – gray and H – yellow. Both molecules are estimated to have an
approximate spherical diameter of 0.7 nm as shown in (C) and (D) based on the internuclear
distances between the outermost atoms measured using 3D ball and stick models.

F.2 Results and Discussion
F.2.1 Mean ζ-Potentials for the CTES Treated SiO2 Microspheres
The mean ζ- potentials (mV) were determined for 1 w/o, 5 w/o and 15 w/o CTES
functionalized Astrosil® SiO2 stationary phase material in water, 95:5 ethanol:water, 70:30
ethanol:water and 30 :70 ethanol water (by volume) in ZetaPALS software (Brookhaven Corporation
Inc.) using the methods described in Chapters 4. The mean ζ- potentials (mV) determined in water in
3-8 pH range are shown in Figure F-2. The IEP for the as received material is observed at pH~6.5,
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while a shift in IEP is observed after functionalization with CTES of the as received SiO2 material.
Based on the measurements, the IEPs of the CTES functionalized SiO2 materials are observed at pH
4.5 for 1 w/o, pH 4 for 5 w/o and pH 5 for 15 w/o, which is reasonably consistent with values
reported in the literature for materials with -COO- surface groups. In the pH 5-8 range, all CTES
functionalized materials are characterized by robust negative mean potentials (mV) typically in the 25 - -35 mV range, with -45 mV measured for 15 w/o CTES treated SiO2 material at pH 6 and 7.

Figure F-2. Mean ζ-potentials (mV) versus pH determined for as received and 1 w/o, 5 w/o and 15
w/o CTES treated SiO2 stationary phase suspensions in water. Each data point is an average of 5 ζpotential (mV) values (25 cycles each) calculated from measured electrophoretic mobilities using
ZetaPALS software with error bars representing calculated 95% confidence intervals. Solid lines
connecting data points are added as a guide to the eye.
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For the laundering and collecting stage mobile phase solvent mixtures of 95:5 ethanol:water
(by volume), and 70:30 and 30:70 ethanol:water (by volume) a pH range of 6-8 was chosen for the ζpotential measurements since this is the pH range most relevant to the CPSNP laundering and
dispersion packed column HPLC process. The pH scale for the ζ- potential measurements is reported
as measured by pH probe calibrated against aqueous buffers, and each pH values is therefore referred
to as operational pH. The mean ζ- potentials (mV) determined for the as received and 1 w/o, 5 w/o
and 15 w/o CTES functionalized SiO2 stationary phase material suspended in 95:5 ethanol:water (by
volume) are shown in Figure F-3. For the as received material, an IEP in operational pH range 6.57.5 is determined, a pH value similar to the IEP for aqueous suspensions of this material. Of the three
CTES treated materials, the most consistently negative mean ζ-potential (mV) of ~ -30 mV is
determined for the 5 w/o CTES treated SiO2 microspheres in the pH range of interest.
The mean ζ-potentials(mV) determined for 70:30 ethanol:water (by volume) collecting stage
mobile phase solvent mixture are shown in Figure F-3. As expected, the mean ζ-potentials(mV)
determined in 70:30 ethanol:water (by volume) mixtures are more negative in comparison to the
values obtained for 95:5 ethanol (by volume) mixture. This suggests that the SiO2 stationary phase
acquires a higher degree of negative charge with increasing vol% of H2O in the mobile phase, which
can be attributed to an increase in the dielectric constant for the 70:30 and 30:70 ethanol water
(collecting stage) mobile phases when compared to the 95:5 ethanol:water (laundering stage) mobile
phase. Based on the measurements in 30:70 ethanol:water solvent mixture shown in Figure F-4 , the
highest mean ζ-potentials (mV) are determined for the 15 w/o CTES treated SiO2with values in the 50 to -60 mV range. Overall, the mean ζ-potentials (mV) for all three CTES treated materials are
comparable in magnitude to the values obtained in aqueous conditions for the 6-8 pH range.
However, the surface treatment with 1 w/o and 5 w/o CTES does not result in significant increase in
negative mean ζ-potentials (mV) when compared to the as received material.
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Figure F-3. Mean ζ-potentials (mV) versus operational pH are given for untreated, and 1 w/o, 5 w/o
and 15 w/o CTES treated SiO2 stationary phase microspheres in the laundering stage mobile phase
solvent mixture consisting of 95:5 ethanol:water (by volume). Each mean ζ-potential (mV) data point
is an average of 5 ζ-potential (mV) values (25 cycles each) obtained from measured electrophoretic
mobilities using ZetaPALS with error bars representing calculated 95% confidence intervals. Solid
lines connecting data points are added as a guide to the eye.
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Figure F-4. Mean ζ-potentials (mV) versus operational pH are given for untreated, and 1 w/o, 5 w/o
and 15 w/o CTES treated SiO2 stationary phase microspheres in the collecting stage mobile phase
solvent mixture consisting of 70:30 ethanol:water (by volume). Each mean ζ-potential (mV) data
point is an average of 5 ζ-potential (mV) values (25 cycles each) obtained from measured
electrophoretic mobilities using ZetaPALS with error bars representing calculated 95% confidence
intervals. Solid lines connecting data points are added as a guide to the eye.
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Figure F-5. Mean ζ-potentials (mV) versus operational pH are given for untreated, and 1 w/o, 5 w/o
and 15 w/o CTES treated SiO2 stationary phase microspheres in the collecting stage mobile phase
solvent mixture consisting of 30:70 ethanol:water (by volume). Each mean ζ-potential (mV) data
point is an average of 5 ζ-potential (mV) values (25 cycles each) obtained from measured
electrophoretic mobilities using ZetaPALS with error bars representing calculated 95% confidence
intervals. Solid lines connecting data points are added as a guide to the eye.

F.2.2 Interaction Energies for CPSNPs and the CTES Treated SiO2 Microspheres
In Figure F-6, calculated VT (kT) curves are compared for 20 nm CPSNPs and as received, 1
w/o CTES, 5 w/o CTES and 15 w/o CTES treated SiO2 stationary phase microspheres in 30:70
ethanol:water (by volume) at operational pH 7 to predict how an increase in water vol% in the
collecting stage mobile phase solvent mixture would influence CPSNP detachment . Compared to the

261
70:30 ethanol:water mobile phase solvent mixture currently employed to collect final CPSNP
suspensions, the increase in water content to 70 vol% results in more robust negative charge for
CPSNPs and both as received and CTES treated SiO2 stationary phases (data presented in Chapter 4,
Table 4- 4). Also, the VT curves are truncated due to the CTES layer on the stationary phase
microspheres, especially for the 5 and 15 w/o CTES treated SiO2 stationary phase. No primary
minimum is observed. This suggests that the increase in water content to 70 vol% in the collecting
stage mobile phase solvent mixture would allow for improvement in CPSNP detachment from the
stationary phase as the CPSNPs are not trapped in deep primary energy minima and do not have to
overcome a large energy barrier to detach from the stationary phase surfaces. As a result, surface
treatment with CTES should be considered in future experiments. In Figure F-7, calculated VT (kT)
curves are compared for 20 nm CPSNPs and as received, 1 w/o CTES, 5 w/o CTES and 15 w/o CTES
treated SiO2 stationary phase microspheres in 70:30 ethanol:water (by volume) at operational pH 7 to
predict how CTES treatment on the stationary phase would influence CPSNP detachment. Based on
the calculations, the interaction energy barrier is decreased from ~ 5kT to ~ 3.5 kT for 15 w/o CTES,
suggesting that CPSNPs would be collected more efficiently with CTES under identical
hydrodynamic conditions. However, this would need to be verified experimentally, but it is a
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potential approach for increasing final yields in the CPSNP suspensions.

Figure F-6. Total interaction energy (kT) as a function of separation distance (nm) calculated
using DLVO theory for the collecting stage of the packed column HPLC process for 20 nm
CPSNPs interacting with as received, and 1 w/o CTES, 5 w/o CTES and 15 w/o CTES
treated SiO2 stationary phase microspheres in 70:30 ethanol:water (by volume) mobile phase
solvent mixture at operational pH 7. The relevant parameters used in the calculations are
given in Table 3-4.
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Figure F-7. Total interaction energy (kT) as a function of separation distance (nm) calculated
using DLVO theory for the collecting stage of the packed column HPLC process for 20 nm
CPSNPs interacting with as received, and 1 w/o CTES, 5 w/o CTES and 15 w/o CTES
treated SiO2 stationary phase microspheres in a 30:70 ethanol:water (by volume) mobile
phase solvent mixture at operational pH 7. The relevant parameters used in the calculations
are given in Table 3-4.
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Appendix G
Centrifugation (Sedimentation and Redispersion) Laundering of Calcium
Phosphosilicate Nanoparticle (CPSNP) Suspensions Synthesized in
Cyclohexane/Igepal® CO-520/Water Reverse Micelles

G.1 Introduction
Nanoparticle (NP) physicochemical properties, which are often dictated by laundering and
dispersion approaches, are important as these properties influence the efficacy of NP systems in drug
delivery applications. Calcium phosphosilicate nanoparticles (CPSNP) have been synthesized by in
our research group using a cyclohexane/Igepal® CO-520/water double reverse micelle synthetic
approach and laundered by a packed column high performance liquid chromatography (HPLC)
process.1, 2 Thus far, other laundering and dispersion approaches have not been studied by our
research group for this NP system. Recent studies published in the literature have demonstrated that
centrifugation can successfully been used to separate, launder and disperse various metallic and
inorganic NP systems, and that size and shape separation of NPs can be achieved using density
gradient centrifugation.3-7 Centrifugation has also been compared to other laundering and dispersion
techniques. For example, Novak et al studied centrifugation and size exclusion HPLC as separation
and dispersion approaches for phenylethynyl-bridged Au NP dimers and trimers, and demonstrated
that both methods could be used efficiently without inducing significant agglomeration in the final
suspensions.8 For CPSNP suspensions, centrifugation could prove to be a useful alternative to packed
column HPLC based laundering and dispersion approaches, as these methods are sometimes limited
by the irreversible agglomeration of small NPs on column stationary phases, effectively decreasing
NP yields in the final suspensions.
Preliminary studies on centrifugation laundering of ghost CPSNP suspensions are presented
in this appendix. The motivation for the studies stemmed from below limits of detection
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concentrations for 5-fluorouracil (5-FU) measured in initial 5-FU doped CPSNPs laundered by
packed column HPLC, as discussed in Appendix F, which was attributed to irreversible
agglomeration of 5-FU doped CPSNPs on the Astrosil® SiO2 stationary phase. The two main
objectives of the studies presented here were to determine (1) if centrifugation (sedimentation and
redispersion) laundering would yield colloidally stable suspensions of CPSNPs with <100 nm mean
particle diameters and (2) the optimal rpm (g) and laundering solvent conditions for adequate
laundering, dispersion and removal of residual surfactant without significant agglomeration of
CPSNP suspensions. As discussed in Chapter 5, the centrifugation laundering method developed
here using ghost CPSNP suspensions was adapted and modified to launder and disperse 5-FU doped
CPSNP suspensions intended for drug delivery in the treatment of pancreatic cancer.

G.2 Materials and Methods
G.2.1 Precipitation of Ghost CPSNPs in Cyclohexane/Igepal® CO-520/Water Reverse Micelles
Ghost (undoped) CPSNPs were precipitated using a cyclohexane/Igepal® CO-520/water
double reverse micelle synthetic approach and dispersed using sodium citrate as reported by our
research group.1, 2 All precursor solutions were prepared using Nanopure CO2 free water and filtered
using a 0.22 µm syringe filter (Supor® (polyethersulfone) membrane, PALL Life Sciences). Two
separate reverse microemulsions were prepared and then mixed to facilitate precipitation of ghost
CPSNP nanoparticles via exchange of micelle contents. To form microemulsion A, 650 µl of 10-2 M
CaCl2 solution was pipetted into 14 ml of 29% v/v solution of Igepal® CO-520 in cyclohexane under
constant stirring, and 65 µl of phosphate, 65 µl of silicate and 520 µl of Nanopure CO2 free water
were added to 14 ml of 29 v/v solution of Igepal CO-520 in cyclohexane to form microemulsion B.
The volumes of aqueous solution for both microemulsion A and B were based on an R = [moles
water/ moles surfactant] = 4 for all syntheses. After an initial 15 minute equilibration for
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microemulsions A and B, the two were mixed to form microemulsion C. Microemulsion C was
allowed to undergo micelle exchange for 2 minutes in order to facilitate precipitation of CPSNPs.
Finally, 220 µl of 10-2 M sodium citrate was added as dispersant (50 w/w with respect to theoretical
mass yield of CPSNP) and CPSNPs were equilibrated on stir plate for 15 minutes to ensure adequate
dispersion, followed by micelle disruption with 50 ml of neat ethanol.

E.2.2 Centrifugation Laundering and Dispersion of Ghost CPSNP Suspensions
CPSNPs suspended in 29 vol% cyclohexane/63 vol% ethanol/10 vol% Igepal® CO-520
surfactant/2 vol% water were transferred into sterile 50 ml capacity centrifuge tubes immediately
after reverse micelle disruption. Centrifugation was performed using a Marathon 22K bench-top
centrifuge (Fisher Scientific, Hampton, NH) operating at 3000, 6000 or 9000 revolutions per minute
(rpm). A fixed bucket insert with r = 11 cm was used for all suspensions, and relative centrifugal
force to the gravitational constant (rcf) values of 1109G, 4435G and 9979G were calculated for the
3000, 6000 and 9000 rpm launder cycles respectively using the expression:
𝑟𝑟𝑟𝑟𝑟𝑟 = 1.12 𝑥𝑥 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑥𝑥

𝑟𝑟𝑟𝑟𝑟𝑟 2
1000

(G.1)

Three suspensions were laundered simultaneously at each rpm, for a total of nine ghost CPSNP
suspensions. The centrifugation laundering protocol with specifics on volumes and solvents used
during laundering is given in Figure G-1. Neat ethanol and 70:30 ethanol:water (by volume) were
used as the primary laundering solvents with a total of five neat ethanol and three 70:30 ethanol:water
(by volume) laundering steps for each suspension, as specified in Figure G-1. Final ghost CPSNP
suspensions were stored and characterized in 70:30 ethanol:water (by volume). The three sets of
suspensions were designated as: 3G1, 3G2 and 3G3 for ghost CPSNPs laundered using 3000 rpm,
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6G1, 6G2 and 6G3 for ghost CPSNPs laundered using 6000 rpm, 9G1, 9G2 and 9G3 for ghost
CPSNPs laundered using 9000 rpm.

1

• Divide each CPSNP suspension into two sterile 50 ml centrifuge tubes and
centrifuge at designated rpm for 20 min

2

• Remove supernatant leaving 10 ml of suspension in each tube, combine contents
into one tube and resuspend in EtOH to 40 ml mark, centrifuge for 20 min

3

• Remove supernatant leaving 10 ml of suspension, resuspend in neat EtOH for a final
total volume of 40 ml and centrifuge for 20 min

4

• Repeat step 3 two more times and reserve 200 µl of supernatant at the end of each
wash for OD275 nm measurements

5

• Remove supernatant leaving 10 ml of suspension, resuspend in 30:70 water:ethanol
for a final total volume of 40 ml and centrifuge for 20 min

6

• Repeat step 5 two more times and reserve 200 µl of supernatant at the end of each
wash for OD275 nm measurements

7

• Remove supernatant leaving a 5 ml volume, resuspend with 10 ml of 30:70
water:ethanol for a final 15 ml volume of CPSNP suspension

Figure G-1. A chart outlining details of the centrifugation protocol used to launder and disperse ghost
CPSNP suspensions at 3000, 6000 and 9000 rpm in the preliminary centrifugation laundering studies
reported in this appendix.

G.2.3 Characterization of Centrifugation Laundered Ghost CPSNP Suspensions
Ghost CPSNP suspensions were characterized after laundering and dispersion to determine:
mean ζ-potential (mV), mean particle diameter (nm) and residual Igepal® CO-520 concentrations (M).
Mean ζ-potential (mV) and particle diameter (nm) distributions by volume were obtained using a
Brookhaven ZetaPALS instrument (Brookhaven Corporation Inc., Holtsville, NY) for all laundered
suspensions in 70:30 ethanol:water (by volume). For the electrophoresis measurements, viscosity,
refractive index and dielectric constant values were interpolated from the literature for 70:30
ethanol:water (by volume) mixture as specified in Appendix B.

268
Samples 3G1, 6G1 and 9G1 were selected for transmission electron microscopy (TEM)
analysis. Particle diameter analyses for these suspensions was performed using Image J (U. S.
National Institutes of Health, Bethesda, Maryland, USA) from micrographs collected by bright field
transmission electron microscopy (TEM). For each analysis, 10 µl of neat suspension was pipetted
onto a carbon film on 300 square mesh copper grid (Electron Microscopy Sciences, Hatfield, PA) and
allowed to air dry overnight at room temperature. Sample 9G1 was also diluted 1:10 into 70:30
ethanol:water (by volume) and imaged a second time. Grids were imaged with a JEOL JEM 1200
EXII TEM system using an 80 kV accelerating voltage. Micrographs were analyzed in Image J
software to determine particle diameters (nm), and particle diameter (nm) frequency count histograms
and statistical fits were generated using OriginPro 8 software (OriginLab Corporation, Northhampton,
MA). All histograms were fitted using a lognormal particle diameter (nm) distribution.
Residual surfactant (Igepal® CO-520) concentrations were quantified via optical density (OD)
measurements for all 70:30 ethanol:water (by volume) laundering steps as well as the final ghost
CPSNP suspensions in 70:30 ethanol:water (by volume) using an ultraviolet-visible (UV-Vis)
spectrophotometer operating in absorbance mode. A 200 ul volume of a given NP suspension was
dispensed into a well of a 96 well UV transparent plate and optical density (OD) was measured at λmax
= 275 nm. Measured OD275nm values were compared against a linear regression fit to a Beer-Lambert
standard curve generated for a set of known Igepal® CO-520 concentrations in 70:30 ethanol:water
(by volume).

G.3 Results and Discussion
Preliminary studies on centrifugation as a laundering and dispersion approach for CPSNP
suspensions precipitated in the cyclohexane/Igepal® CO-520/water double reverse micelle system
were carried out for ghost CPSNP suspensions. CPSNPs were synthesized in the
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cyclohexane/Igepal® CO-520/water double reverse micelle system (R=4), laundered by centrifugation
using 3000, 6000 and 9000 rpm, and characterized to determine mean ζ-potentials (mV), mean
particle diameter (nm) and morphology, and residual Igepal CO-520 surfactant concentrations (M) for
each rpm used in the study. The primary objectives were to establish (1) if centrifugation laundering
would produce well dispersed suspensions of CPSNPs with <100 nm mean particle diameters and (2)
the optimal rotational speed (rpm) and laundering solvent conditions for adequate laundering,
dispersion and removal of residual surfactant without significant agglomeration in final CPSNP
suspensions.
Mean ζ-potentials (mV) were determined for all nine ghost CPSNP suspensions laundered by
centrifugation and compared to previously reported values for CPSNP suspensions laundered by
packed column HPLC. Mean ζ-potentials (mV) for the suspensions laundered using 3000, 6000 and
9000 rpm are summarized in Table E-1. Previous work from our research group reported that ~ -30
mV mean ζ-potentials as measured by ZetaPlus for packed column HPLC laundered CPSNPs resulted
in well dispersed suspensions, which is consistent with values reported here for centrifugation
laundered CPSNP suspensions with 50 w/w sodium citrate used as dispersant.1, 2 Additionally,
OD275nm measurements on supernatant recovered between laundering steps immediately before resuspension showed a steady decrease in Igepal® CO-520 concentrations with each 70:30
ethanol:water (by volume) launder, as reported in Table E-1. Residual Igepal® CO-520
concentrations in all final ghost CPSNP suspensions were below limits of detection in 70:30
ethanol:water (by volume) as determined by OD275nm measurements and reported in Table E-1.
Consequently, centrifugation laundering with neat ethanol and 70:30 ethanol:water (by volume) at
3000, 6000 and 9000 rpm as reported in the current protocol was effective in removing residual
Igepal® CO-520 surfactant from the ghost CPSNP suspensions independent of rpm setting.
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Table G-1. Summary of mean ζ-potential (mV) and residual surfactant concentrations (mol/l) for ghost
CPSNP suspensions laundered using 3000, 6000 and 9000 rpm rotational speeds; * indicates below
limit of detection concentrations; ± values denote calculated 95% CI for five ζ-potential (mV) values
Centrifugation
Residual surfactant concentration (mol/l)
Sample
Mean ζconditions
Launder
Final
ID
potential (mV)
(rpm)
Launder #4 Launder #5
#6
suspension
3G1

3000

-32 ± 6

5.2 x 10-4

2.1 x 10-4

3.8 x 10-5

*

3G2

3000

-35 ± 9

5.1 x 10-4

2.1 x 10-4

4.0 x 10-5

*

-4

-4

-5

*

3G3

3000

-33 ± 10

5.2 x 10

6G1

6000

-49 ± 16

1.9 x 10-4

3.3 x 10-5

*

*

6G2

6000

-40 ± 7

1.9 x 10-4

3.7 x 10-5

*

*

6G3

6000

-33 ± 5

1.2 x 10-4

1.4 x 10-5

*

*

9G1

9000

-28 ± 4

5.9 x 10-5

4.6 x 10-6

*

*

-5

*

*

*

2.5 x 10-6

*

*

9G2

9000

-28 ± 9

3.6 x 10

9G3

9000

-25 ± 6

4.5 x 10-5

1.7 x 10

2. 8 x 10

Particle diameter (nm) distributions were obtained using both dynamic light scattering (DLS)
and transmission electron microscopy (TEM). The particle diameter (nm) distributions by number as
determined by DLS for all suspensions were dominated by large agglomerates in suspension, as
shown in Figure G-2 (A,B and C). As a result, TEM analysis was performed on suspensions
laundered using 3000, 6000 and 9000 rpm cycles to assess NP morphology and determine if particle
diameter (nm) distributions by DLS were representative of the entire sample for ghost CPSNP
suspensions studied here. It was predicted that small CPSNPs were most likely screened by large
agglomerates during DLS measurements, as is often the case with NP suspensions with a high degree
of polydispersity. Representative low magnification bright field TEM micrographs with
corresponding lognormal particle diameter (nm) distributions are shown in Figure G-3 for 3000 rpm
(A,B), 6000 rpm (C,D) and 9000 rpm (E,F) laundered ghost CPSNP suspensions. Higher
magnification representative TEM micrographs are also given in Figure G-3 for 3000 rpm, Figure G4 for 6000 rpm and Figure G-5 for 9000 rpm. Based on observations during TEM analysis, 9G1 grid
was the most populated with fine NPs seen in Figure G-5 (A and B), but upon 1:10 dilution, also
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contained large spherical agglomerates with diameters (nm) on the order of ~1 µm as shown in Figure
G-5 (C and D). This is consistent with the prediction that the sedimentation of NPs would be most
efficient at the highest rotational speed. In contrast to previously reported lognormal mean particle
diameters (nm) of 16 ± 0.23 and 26 ± 8 for ICG and Cy3 doped CPSNP suspensions laundered and
dispersed by packed column HPLC1, 2, particle size analysis by TEM of centrifugation laundered
suspensions revealed for the first time that CPSNPs with lognormal mean particle diameter (nm) as
low as 3.3 ± 0.4 were precipitated using the current double reverse micelle synthetic approach. This
suggests that CPSNPs in this size range are not collected during packed column HPLC laundering
most likely because they are lost during the loading phase of the HPLC process. This is supported by
the modified DLVO calculations discussed in Chapter 4.
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Figure G-2. Particle diameter (nm) distributions by volume for ghost
CPSNP suspensions laundered using (A) 3G1, (B) 6G1, and (C) 9G1.
Distributions are labeled as run 1 and run 2 for two consecutive
measurements on each suspension.
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While particle number concentrations (number of NPs/ml) were not determined for the
suspensions discussed here, TEM was used qualitatively to assess efficacy of each rpm setting in
generating adequate CPSNP yields. Based on visual assessment of TEM grids containing CPSNPs
laundered using 3000, 6000 or 9000 rpm, the grid with the ghost CPSNP suspension laundered at
3000 rpm was observed to contain the least amount of particles. The grid containing the CPSNP
suspension centrifuge laundered using the 9000 rpm setting was most populated by particles, but also
contained a significant population of large agglomerates when compared with grids with 3000 and
6000 rpm laundered suspensions. The addition of a post-launder filtering step would remove large
agglomerates, as filtering using a 0.22 µm syringe filter was not employed here even though it was
always utilized to filter CPSNP suspensions laundered using the reported packed column HPLC
method.

274

A

B

C

D

E

F

Figure G-3. Representative transmission electron microscopy (TEM) micrographs and
corresponding lognormal particle diameter (nm) distributions are shown for ghost CPSNP
suspensions laundered via centrifugation using a rotational speed of 3000 rpm (A and B), 6000 rpm
(C and D), and 9000 rpm (E and F). The lognormal mean particle diameter (nm) ± lognormal
standard deviation as calculated from the distributions was: 3.3 ± 0.4 (n= 266) for 3G1 distribution
(B), 29 ± 0.2 (n= 295) for 6G1 distribution (D), 4.9 ± 0.2 (n= 6178) for 9G1 distribution (F).

275

A

B

Figure G-4. Representative transmission electron microscopy (TEM) micrographs of ghost CPSNP
suspension 3G1 taken at 100k (A) and 200k (B) magnifications. 3G1 was laundered via centrifugation
using a rotational speed of 3000 rpm.

A

B

Figure G-5. Representative transmission electron microscopy (TEM) micrographs of ghost CPSNP
suspension 6G1 taken at 50k (A and B) magnifications. 6G1 was laundered via centrifugation using
6000 rpm.
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A

B

C

D

Figure G-6. Representative transmission electron microscopy (TEM) micrographs of ghost CPSNP
suspension 9G1 for a neat suspension imaged using 120k (A) and 75k (B) magnifications and for
suspension diluted 1:10 in 70:30 ethanol:water (by volume) imaged using 5k (C) and 20 k (D)
magnifications. 9G1 was laundered via centrifugation using a rotational speed of 9000 rpm. Rings
visible in images (C) and (D) are camera artifacts.

G.4 Summary and Conclusions
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Centrifugation was studied as an alternative laundering and dispersion approach to the
current packed column HPLC method for ghost CPSNP suspensions precipitated in a
cyclohexane/Igepal® CO-520/water double reverse micelle system. Mean ζ-potentials (mV), mean
particle diameter (nm) and morphology, and residual Igepal® CO-520 surfactant concentrations (M)
for suspensions laundered using 3000, 6000 and 9000 rpm were determined to assess if (1) if
centrifugation (sedimentation and redispersion) laundering would yield colloidally stable suspensions
of CPSNPs with <100 nm mean particle diameters and (2) the optimal rpm (g) and laundering solvent
conditions for adequate laundering, dispersion and removal of residual surfactant without significant
agglomeration of CPSNP suspensions.
The lowest mean ζ-potential value was -25 ± 6 mV determined for a 9000 rpm centrifuged
ghost CPSNP suspension, while the highest mean ζ-potential value was -49 ± 16 mV determined for a
6000 rpm. Overall, the mean ζ-potential (mV) values determined here are believed to be sufficient to
maintain colloidal stability as these values were consistent with the previously reported ~ -30 mV
mean ζ-potential values measured for the packed column HPLC laundered suspensions. Optical
density measurements at 275 nm revealed that the residual surfactant concentrations (mol/l) in the
final suspensions were below limits of detection independent of rpm setting used during laundering.
Both DLS and TEM analyses of ghost CPSNP suspensions revealed the presence of large
agglomerates, but particle diameter (nm) analysis generated from collected bright field TEM images
revealed that very fine particles with <10 nm diameters were also collected during centrifugation.
While centrifugation laundering at all three reported rpm values was sufficiently successful at
yielding relatively well dispersed suspensions while minimizing residual surfactant, 6000 rpm setting
was selected as the primary rotational speed in the laundering and dispersion of 5-FU doped CPSNP
suspensions. The centrifugation method developed here using ghost CPSNP suspensions was adapted
with modifications for the laundering and dispersion 5-FU doped CPSNP suspensions intended for
drug delivery in the treatment of pancreatic cancer as described and discussed in Chapter 5.
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