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ABSTRACT

Solid core-shell drug nanoparticles are poised to offer a solution to the challenges
faced with the conventional administration of therapeutic agents.

Engineering drug

delivery carriers that can selectively target the diseased tissue, reduce systemic toxicity,
increase drug absorption, and locally control the release of the drug are current unmet
medical needs. One area that has generated much interest in the past 25 years is the
delivery of anti-cancer agents. Polymeric drug delivery systems, such as nanoparticles
(10 to 1000 nm) have many potential advantages for the delivery of anti-cancer agents
including improving bioavailability, reducing adverse side effects, enhancing
permeability across physiological barriers, and controlling drug release.

Although

encapsulating anti-cancer agents within polymeric nanoparticles have shown efficacy in
vitro, in vivo therapeutic efficacy has proven more difficult. It has been hypothesized that
engineering a biocompatible and targeted nanoparticle surface can help overcome the
difficulties experienced with current polymeric nanoparticles.
New approaches in the delivery of anti-cancer therapeutics are continuously being
developed with the intent to meet the medical requirements in increasing efficacy and
reducing adverse side effects. The goal for any drug delivery carrier that treats cancer or
other diseases is to increase the efficacy per dose by selectively delivering the therapeutic
agent to the active site and by designing a carrier that can overcome biological barriers
that may prevent it from reaching the targeted tissue. Core-shell drug nanoparticles can
provide a new method in encapsulating anti-cancer agents within a polymeric nanometer
scale shell while retaining the therapeutic agents’ biological activity. In this dissertation,
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the fabrication, encapsulation, characterization, and in vitro delivery of core-shell drug
nanoparticles is discussed.
The focus of this dissertation was twofold: to fabricate solid core drug
nanoparticles from water insoluble therapeutic agents and to encapsulate the
nanoparticles within a polymeric nanometer scale shell, the nanoshell. The polymeric
nanoshell composed of multilayer polyelectrolytes serves two purposes; first the surface
of nanoshell can be chemically modified with targeting ligands to assist the carrier in
overcoming biological barriers, and secondly, the nanoshell can control the release of the
drug at the active site. Nanoparticles of dexamethasone and paclitaxel, the chosen
therapeutic agents, were prepared by a modified emulsification-solvent evaporation
technique. Size analysis of the solid core nanoparticles was determined by laser light
scattering, transmission electron microscopy (TEM), and scanning electron microscopy
(SEM). These there methods confirmed that the size of the core was within a range of
100-200 nm and with approximately an average size of 150 nm. Optimization studies
illustrated that a monodisperse suspension of dexamethasone nanoparticles within a
desired size range can be fabricated by adjusting the surfactant concentration in the
aqueous phase and homogenization speed.

This method in preparing solid core

nanoparticles can be extended to additional therapeutic agents with limited water
solubility for the treatment of other aliments.
Electrostatic Layer-by-Layer self-assembly is a versatile technique used for
coating planar substrates, colloidal particles, and other surfaces with various geometries.
This technique was used as a method for encapsulating solid core drug nanoparticles
within nanoshells composed of multilayer polyelectrolytes.

Polyelectrolyte pairs
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including poly (allylamine hydrochloride)/ poly (styrene-4- sulfonate), and poly (Llysine)/ heparin sulfate were implemented to establish a proof-of-concept in using this
self-assembly technique to create nanoshells of desired thickness and composition with
nano-scale precision. To confirm the LbL self-assembly of the nanoshell the ζ-potential
was measured at each adsorption step.

A charge reversal upon subsequent

polyelectrolyte deposition confirmed the successful encapsulation of the solid core drug
nanoparticles. The surface and bulk morphologies of the encapsulated drug nanoparticles
were determined by TEM and SEM, respectively.

TEM images indicated that a

nanoshell composed of two polyelectrolyte layers of poly (allylamine hydrochloride) and
poly (styrene sulfonate) was approximately 10 nm thick.

The nanoscale precision

achieved with LbL assembly provides control of surface properties of the core-shell
carrier, which is important in the design of an efficacious delivery system.
The exterior surface of the nanoshell was functionalized with biocompatible
polymer poly (ethylene glycol) (PEG) by the covalent attachment to the amine terminated
polyelectrolyte carrier.

Surface chemical analysis was performed with x-ray

photoelectron spectroscopy (XPS) to confirm the successful medication of the nanoshell.
Covalent attachment of PEG to the nanoshell resulted in an increase in atomic percent of
oxygen and an increase in the peak area percent of (C-C-O)n, which represents the repeat
unit in the backbone of a PEG molecule. Also, a neutral ζ-potential re-confirmed the
presence of non-ionic PEG grafted at the surface of the nanoshell. In vitro studies were
performed to study the phagocytic uptake of core-shell fluorescent nanoparticles (200
nm) using a flow cytometric assay. Results showed that a neutral and hydrophilic
nanoshell can reduce the uptake of core-shell nanoparticles after 24 hours of incubation
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with suspension macrophages.

This key result was demonstrated with core-shell

nanoparticles chemically modified with PEG 2, 5, and 20 kDa. The results to date hold
promise in using the LbL technique to control the surface chemistry when fabricating a
nanoshell for drug delivery applications.
The in vitro therapeutic efficacy of paclitaxel core-shell nanoparticles was
retained upon fabrication and encapsulation in nanoshells composed of PAH/PSS/PAH
and PLL/HS/PLL/PEG 20 kDa. Breast carcinoma cells, MCF-7 were treated with 22
µg/mL of paclitaxel core and core-shell nanoparticles for 24, 48, and 72 hours. At the
end of each incubation period, MCF-7 cells were arrested in the G2/M phase of the cell
cycle and displayed abnormal microtubule morphologies.

Prolonged treatment with

paclitaxel led to cell death by apoptosis or necrosis as evidenced by images collected by
confocal microscopy. The results suggested that the anti-tumor mechanism of paclitaxel
was maintained within this new drug delivery system.
A targeted drug delivery system of core-shell nanoparticles was achieved by the
chemical modification of a lipophilic nanoshell with the epidermal growth factor (EGF)
protein. This protein was chosen because its receptor has been found to be overexpressed
in many disease states including high grade brain tumors. The nanoshell was composed
of

biocompatible

polyelectrolytes,

PLL/HS

and

an

electrostatically

adsorbed

phospholipid bilayer containing PEG and an amine functionality. Endocytosis of the
targeted delivery system into the cellular cytoplasm of gliomas expressing the epidermal
growth factor receptor was demonstrated by fluorescent confocal microscopy and
transmission electron microscopy.
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Finally, a multi-functional colloidal carrier that can provide targeted delivery and
imaging to diseased tissue was designed as a proof-of-concept. By utilizing the particle
lithography technique and LbL assembly a multi-functional carrier with unique surface
chemical regions was designed.

Site-specific targeting of an imaging particle

lithographed with an arginine-glycine-aspartic acid (RGD) motif to integrin cell surface
receptors on 3T3 fibroblast was demonstrated after a 24 and 48 hour study. Confocal
images suggested that covalent attachment of RGD to the lithographed imaging particle
remains active and promotes 3T3 cellular adhesion and spreading opposed to
multifunctional carriers modified with inactive RAD motif.
In summary, this dissertation describes the fabrication, encapsulation,
characterization, and implementation of core-shell drug nanoparticles for the delivery of
therapeutic agents selective to diseased tissue, such as tumors. The work presented in
this thesis advances the field of nanotechnology by providing new strategies towards
engineering surfaces on colloidal carriers for the selective and stealth delivery of waterinsoluble therapeutic agents to diseased tissue.

.
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Chapter 1
Introduction and Specific Aims

Cancer is the second leading cause of death in the United States and in many
industrialized countries.1-3 Cancer is recognized as a genetic disease in which cells
display a diverse array of genetic alterations including gene rearrangements, point
mutations, and gene amplification. The most effective treatments for cancer are cytotoxic
chemotherapy and radiotherapy.
resulting in a total cure.4, 5

The objective of these treatments is total cell kill

However, achieving total cell kill is a difficult task. The

current problem faced is that at first detection of the tumor, when it is 1 mm3 it has
already completed ~66% of its growth.4 At this stage, even with surgical removal and
radiation therapy, there may be millions of cancerous cells circulating in the body.4 How
can this dilemma be circumvented? The first option is for earlier detection but this is
currently limited by poor resolution and high equipment cost for most imaging
technologies.6,

7

The second option would be the rational design of new

chemotherapeutic agents that specifically bind and interact with receptors and
intracellular targets7, 8 or the synergistic combination of two or more agents each with a
50% cell-kill capacity4. With the recent advent of new agents in clinical development9,
cancer treatment with chemotherapy would seem to be the best treatment option.
Chemotherapy is defined as the use of therapeutic anti-tumor agents directed at
killing or controlling a mass of cancer cells or tumor tissue.10 Current treatment regimes
require high doses of the anti-tumor agent to be delivered systemically via intravenous
injection over long durations. The larger the dose of the drug that can be administered,
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the greater the potential for cell death.4 Achieving a dose that would eradicate 99.9%
malignant cells is problematic because such a dose would result in elevated toxic levels
contributing to patient mortality.4, 11 Another dilemma encountered in chemotherapy is
most anti-cancer drugs are hydrophobic and require pharmaceutical solvents to be used
for their clinical administration, and these solvents may cause life-threatening effects.10, 11
In addition, patient discomfort is caused by severe side effects associated with drug
dosage form, scheduling, and patient condition.12 Consequently, traditional systemic
delivery of chemotherapeutics has a major impact on reducing the quality of life and
survival time of cancer patients.
The goal for successful chemotherapy is to deliver anti-cancer drugs selectively to
tumor cells at high concentrations over sustained period of time while minimizing toxic
side effects. Polymer drug carriers that incorporate the therapeutic agent within their
polymer matrix have shown to improve the treatment of cancer, genetic diseases, and
other ailments.10, 13, 14 Encapsulation of the therapeutic agent within the polymer matrix
can help regulate the release of the drug and protect the drug from the surrounding
biological milieu. The development of these delivery systems has been influenced by
nanotechnology7, 15-18, leading to the use of nanoparticles for drug delivery applications.
Nanoparticles for drug delivery may be defined as submicron colloidal particles
( < 1µm) that contain a therapeutic agent either dispersed in a polymer carrier matrix,
encapsulated within a polymer shell, or encapsulated within a structure such as a
liposome.7, 15, 19 Nanotechnology-based drug delivery systems have included polymeric
nanoparticles12,

15, 20, 21

, fourth generation dendrimers22-24, polymeric micelles11,

ferrofluids15, and liposomes.26-28

15, 25

,

There are numerous methods used to prepare
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nanoparticles; unfortunately, there are disadvantages associated with each.19, 29, 30 First,
many of the methods use harsh chlorinated organic solvents and surfactants for their
production.

Secondly, unstable emulsions result in low encapsulation efficiencies,

aggregation, and uncontrolled burst release31, which is toxic to the body when released in
healthy tissue.

However, the fabrication of solid core-shell nanoparticles and their

counterpart hollow multilayer capsules fabricated by the electrostatic layer-by-layer
(LbL) self-assembly technique offer an alternate method for engineering polymeric
nanoparticles for drug delivery.32-34 The encapsulation of drugs, proteins, and small
molecules within macromolecular shells assembled by LbL presents the potential to solve
problems associated with drug formulation, release, and delivery.35-37 The application of
core-shell drug carriers offers promise in cancer patient treatment or other disease
treatment regimens where efficacy could be improved dramatically by effective timerelease at selective locations while simultaneously decreasing the occurrence of harmful
side effects.
The primary goal of this doctoral dissertation is to design a solid core-shell drug
delivery system that can encapsulate hydrophobic drug nanoparticles within a polymeric
nanometer scale shell. The physicochemical properties of the core-shell carrier can be
readily tailored to specific applications, such as cancer therapy by varying the shell
composition, charge, thickness, and the size of the core nanoparticle. For example, the
surface of the nanoshell can be chemically modified with molecular moieties that
promote biocompatibility and site-specific delivery to cancer cells. The ability of the
Layer-by-Layer self-assembly technique to control surface chemical properties at the
nano-scale and drug release will be evaluated by the following specific aims:

4
1) Solid core drug nanoparticles of hydrophobic therapeutic drugs can be
fabricated utilizing a modified emulsification-solvent evaporation procedure.
2) A nanometer scale polymeric shell encapsulating solid core nanoparticles
can be assembled electrostatically via Layer-by-Layer self-assembly
procedure. The assembled shell may be composed of biocompatible
polyelectrolytes, such as poly (L-lysine) and heparin sulfate.
3) In vitro release of the therapeutic drug from the nanoshell can be measured
using conventional diffusion techniques. Release rate of the therapeutic can be
controlled by the polyelectrolyte layering forming the nanoshell.
4) Surface chemical modification of the nanoshell with hydrophilic polymer,
poly (ethylene glycol), can be achieved to generate a “stealth” or longcirculating core-shell carrier.
5) Protein adhesion studies with bovine serum albumin can be performed to
determine the relationship between surface charge and opsonization of coreshell nanoparticles.
6) The activity of the therapeutic drug can be preserved after encapsulation
within the macromolecular nanoshell. In vitro cell culture studies can be
performed to evaluate the therapeutic efficacy of core-shell drug carriers.
Time end points at 24, 48, and 72 hours will be chosen to evaluate in vitro
efficacy.
7) In efforts to create a targeted delivery system, biorecognition ligands, can be
chemically attached to the distal terminus of poly (ethylene glycol) chains or
to the surface amine groups composing the nanoshell. Cancer cells over
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expressing antigens such as the epidermal growth factor receptor can be
targeted to achieve a site-specific drug delivery.
8) A multifunctional colloidal carrier containing non-lithographed and
lithographed regions with unique surface properties can be fabricated using a
particle lithography technique. The non-lithographed region can be
chemically modified with arginine-glycine-aspartic acid (RGD) motifs to
target overexpressed integrin receptors on diseased endothelium, while the
lithographed region contains drug nanoparticles that are
electrostatically deposited using the Layer-by-Layer assembly.

The nanoencapsulation method employed in this work differs from previously
explored encapsulation methods. The key concept in this dissertation is LbL assembly
takes place directly onto solid core drug nanoparticles.

The composition of the

polyelectrolyte shell can range from non-biodegradable polymers to biodegradable
polyelectrolytes and biomacromolecules. Also, the thickness of the nanoshell can be
controlled with ease by varying the number of deposited layers, ionic strength, and pH of
the polyelectrolyte solution. The design of a targeted and “stealth” drug delivery carrier is
discussed with reference to current strategies performed to increase the efficacy of the
therapeutic agent per dose delivered.

Also, the advantages in using the LbL

encapsulation method as a new strategy to selectively deliver hydrophobic
chemotherapeutics to tumor cells are explored.
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Chapter 2
Literature Review

Particulate drug delivery systems provide controlled release and targeted delivery
options for the treatment of diseases such as cancer.1-3 Several different classes of
particulate carriers have been explored for use as drug delivery vehicles including
microcapsules, microspheres, nanospheres, and liposomes.2, 4-6 Figure 2.1 illustrates the
ideal multifunctional drug delivery carrier that has the capability to do the following: to
carry one or more therapeutic agent, to target through one or more conjugated antibodies
or other recognition moieties7, 8, to image diseased tissue, and to avoid biological barriers
that can promote clearance from the systemic circulation9, 10. The development of such a
drug carrier would benefit several medical areas including oncology.

Major

pharmaceutical research has been in the area of oncology because of the high unmet
medical need for developing drug delivery systems that can concentrate in the tumor
tissue, reduce systemic toxicity, and improve patient efficacy.11, 12 Increasing the efficacy
and reducing deleterious side effects associated with traditional chemotherapy may be
realized with such a multifunctional drug delivery carrier.
Drug delivery systems composed of nanoparticles are biologically advantageous
for the delivery of cancer chemotherapeutics.6, 13, 14 In the late seventies, nanoparticles
started to replace liposomal formulations because of inherent problems associated with
liposomal in vivo stability and low entrapment efficiencies.15, 16 Biological advantages
for using nanoparticles in drug delivery applications arise from two controllable
properties, which are their size and surface characteristics.
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Figure 2-1

Figure 2-1: Schematic of a particulate drug delivery carrier.9 The carrier matrix can
contain one or more therapeutic compounds, contrast enhancers, such as MRI agents, and
permeation enhancers. The surface of the carrier is modified with ligands for selective
targeting to diseased tissues and poly (ethylene glycol) (PEG) to achieve a stealth
delivery (adapted from reference).9

Nanoparticles can be delivered intravasculary, because their nanometer-scale size helps
to prevent uptake by the mononuclear phagocyte system (MPS).17, 18 Their size also
allows for penetration through the smallest pores of capillaries in the human vasculature
(200 nm - 1000 nm).12, 17-19 Additionally, the characteristically high curvature of the
surface of spherical nanoparticles promotes better surface coverage by hydrophilic
polymers, which is important to the success of a drug delivery system.20, 21
Numerous methods exist for the manufacture of nanoparticles, allowing
modulation of their structure, composition, and physicochemical properties.15
Nanoparticles can be prepared from natural or synthetic polymers.18 The selection of
polymer(s) depends on the goal of the drug delivery system. After a method is chosen,
parameters must be tailored to create the best possible characteristics for the nanoparticle

10
drug delivery system such as its size, surface charge, encapsulation efficiency and release
characteristics.
Encapsulation of chemotherapeutics within polymeric nanoparticles has proven to
be problematic. Questions arise of how to effectively encapsulate the therapeutic agent
without losing its biological activity during encapsulation procedure. A relatively new
method introduced in the late 1990’s by Decher, Layer-by-Layer (LbL), self-assembly
technique may help achieve a solution to the many problems faced with other
encapsulation techniques.

LbL self-assembly exploits the electrostatic interactions

between polyelectrolytes to produce ultrathin polymer films with various properties.22
Recently LbL assembly has been used to prepare hollow microcapsules for drug delivery
applications.23

This unique method for producing multilayer thin films has found

application in anti-cancer drug therapy.
In order to produce an efficacious drug delivery carrier for cancer treatment the
drug carrier must have certain functional and structural properties. First, the fabrication
of the colloidal carrier must be biodegradable, injectable, biocompatible, targetable, and
allow for controlled release of the chemotherapeutic. The fabrication method should be
able to achieve a high recovery and storage stability conducive for a hospital environment.
This chapter focuses on the development of polymeric nanoparticles for cancer treatment
by addressing tumor growth and criteria for delivery, fabrication and characterization of
colloidal carriers, surface engineering techniques, fabrication of LbL thin films, current
examples of nanovectors, and future work in the development of multifunctional colloidal
carriers.
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Tumor Growth and Angiogenesis
Cancer is the result of cell growth regulation gone awry.1 Any cell in the body
has the potential to become cancerous if it receives a series of genetic mutations that
result in growth deregulation.1 A single cancerous cell surrounded by healthy tissue
replicates at a higher rate and places strain on nutrient supply. Once a small tumor mass
has formed, healthy cells are ultimately displaced. Also, tumor cells require new blood
vessel growth in order to grow in size, and this growth process known as angiogenesis is
initiated when the tumor volume has reached 2 mm3.24, 25 Tumor vasculature originates
from the host vasculature, and the mechanisms of angiogenesis for both are similar, but
the organization of vessels, capillary beds, and blood flow rates significantly differ and
are abnormal in the diseased tissue.26
Figure 2-2

Figure 2.2: Structure of normal and tumor microvascular and lymphatic systems (a)
normal microvasculature with characteristically tight endothelium supported by a
basement membrane and pericytes (b) angiogenic microvasculature with
characteristically discontinued endothelium, highly branched vasculature, and fragmented
basement membrane (c) normal lymphatic vessel which is blind ended with a lack of
endothelial cell-to-cell junctions (d)lymphangiogenic vessel with a characteristically
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wider lumen, sprouting endothelial cells, and increased intracellular spaces (redrawn
from reference).24
Normal healthy tissue contain blood vessels lined by a smooth layer of endothelial cells
with pericytes that maintain integrity of the vessel on its outside.27 In tumor vasculature,
there is a defective endothelial cell barrier with loose attachment of pericytes which
results in a leaky vasculature with fenestrations, irregular vessel diameters, high
tortuosity, and random branching.26 Furthermore, many tumors lack lymphatic vessels,
and the tumors with lymphatic vessels have characteristically wider lumen, an increased
number of intracellular spaces, and sprouting endothelial cells, which results in an
increased interstitial fluid pressure.24, 27, 28
Tumor microvasculature has a characteristic pore cutoff size. The cutoff size is a
functional description of the size of transvascular gaps based on the diameter by which
particles extravasate and the upper limit of the particle diameter at which no
extravasation occurs.29, 30 This pore cutoff size is important for the design of a long
circulating colloidal carrier. Transport across tumor microvasculature has been shown to
occur via interendothelial junctions, fenestrations, and phagocytosis.26,

29

In normal

vessels, interendothelial junctions have an effective size of 6-7 nm, which provide
resistance to particulate drug delivery.4,

29

Hobbs and co-workers demonstrated that

tumors grown subcutaneously have a tumor-dependent pore cutoff size ranging from 200
nm to 1.2 µm.29 Tumor microvessels have been shown to be hyperpermeable to longcirculating PEG liposomes and polystyrene latex particles of up to 600 nm in diameter.30
Collectively, the results gathered by Hobbs, Yuan, and Dreher demonstrated that the size
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of the nanoparticle should be within a range of 100 to 780 nm to effectively transport
across the microvascular wall into the tumor interstitium.29-31
Passive Targeting of Nanovectors.

The delivery of nanovectors and

macromolecules to the tumor interstitium is mediated by the concept of the enhanced
permeability and retention (EPR) effect, first coined in 1989.32 The EPR effect has
become the gold standard in anticancer drug delivery in the last decade32 and describes
the process by which leaky tumor vessels allow macromolecular extravasation into the
tumor interstitium. The lack of an effective tumor lymphatic drainage system further
prevents the clearance of macromolecules and promotes the accumulation of drug
delivery carriers in the tumor intersititum.2, 32 The EPR effect has been observed in many
mouse models and in human solid tumors. Reports from in vivo experimental work
indicate that elevated levels of vascular permeability factors such as bradykinin, nitric
oxide, and vascular endothelial growth factor mediate vascular hyperpermeability and
retention supporting the EPR effect.27, 32
Nanoparticles delivered by intravenous administration can passively accumulate
in solid tumors as described by the EPR effect.

The passive accumulation of

macromolecular drug carriers undergoing the EPR effect has been observed in
macromolecules with molecular weight ranging between 45-75 kDa .31, 33 Although high
molecular weight carriers accumulate in tumors, their tumor penetration from the
microvasculature is significantly reduced.31 The reduced transport of nanovectors into
the tumor tissue can lead to cancer cells in the core to receive lower doses of drug
compared to those cells at the periphery and close to the vascular surface. Despite this
conclusion, cancer cells located close to the vascular surface proliferate more rapidly
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proliferating and are more sensitive to anticancer drug than cells found within the core
regions of the tumor.31
Although the EPR effect has its advantages for intravenous delivery, the
accumulation of drug delivery particles within the capillaries not near the tumor is a
severe problem. Accumulation can lead to recognition by the mononuclear phagocyte
system, which rapidly removes foreign particles from systemic circulation.20 The EPR
effect can be combined with active targeting drug delivery systems to achieve high
payload of drug within the tumor tissue.
Active Targeting of Nanovectors. While in vitro and in vivo studies for antitumor activity have demonstrated passive targeting using the EPR effect, further tumor
accumulation and selectivity is possible by active targeting.34 Active targeting is one of
most intellectually attractive and vigorously pursued concepts in drug delivery research.
The basic principle is that the delivery of anti-cancer drugs selectively to cancer cells can
be achieved with molecules that are specific to antigens or receptors overexpressed on the
surface of cancer cells.7, 8 In drug targeting scenarios, the targeting moiety is attached to
the drug compound or to the surface of the colloidal carrier.8 The goal of active targeting
is to increase the concentration of the chemotherapeutic at the diseased site while limiting
systemic exposure, thus reducing toxic side effects for cancer patients.

With recent developments in antibody engineering, monoclonal antibodies or
antibody fragments are slowly gaining clinical approval for the selective delivery of
chemotherapeutics to cancer cells. Antibodies such as Herceptin target the HER2/neu
receptor, which is overexpressed in breast cancer cells and can provide selectively drug
delivery.35 However in spite of recent advances in antibody engineering, antibodies
remain expensive, require the need to be humanized to avoid rapid clearance, are time-
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consuming to produce, and present problems associated with storage stability and in vivo
stabiliy.36 Other alternatives for drug targeting can be achieved with small molecules
such as folic acid, which can target over-expressed folate receptors on 95% of ovarian
carcinomas.35, 37 A relatively new class of ligands for drug targeting are aptamers, which
are DNA or RNA oligonucleotides that through intramolecular interactions fold into three
dimensional conformations.36 Aptamers as targeting molecules exhibit stability in a
range of pH (4-9), temperatures, and organic solvents without loss of activity and is
important especially when targeting to the tumor microenvironment which has a
characteristically low pH.

28, 36

Therefore, in designing nanovectors with targeting

moieties, it is important to consider the stability of the ligand in vivo and its ability to
achieve high efficacy must be considered.
Fabrication of Drug Delivery Carriers
The encapsulation of chemotherapeutic drugs within nanovectors can be
accomplished using liposomes38, polymeric micelles39, biodegradable polymer particles13,
dendrimers40, polymeric wafers41, and hollow microcapsules23. The variety of delivering
strategies are either being currently used or are in testing stages for cancer treatment.41
Each delivering strategy has its own challenges to face, but recent advances have
illustrated the therapeutic efficacy of each delivery mode using in vitro and in vivo
models. This section summarizes the nanovectors that have had the highest impact in the
field of drug delivery.
Liposomes. Liposomes are spherical lipid bilayers that spontaneously form in
aqueous media to sequester either hydrophilic or hydrophobic drugs within their
membrane.42,

43

The size and shape of liposomes can be varied by controlling the
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mixture of phospholipids, the degree of saturation of fatty acid side chains, and the
conditions of formation.4 After intravenous injection, traditional liposomes exhibited
short circulating lifetimes, which can be attributed to their phospholipid surface that is
recognized by the human immune system.38 Improvements in the stability of the carrier
have been made after the development of poly (ethylene glycol) modified liposomes.44, 45
The circulation half-life of pegylated liposomes have increased due to changes in the rate
of uptake by phagocytes. Doxil®, a pegylated liposomal drug delivery is FDA approved
for the delivery of anti-tumor agent doxorubicin for the treatment of ovarian cancer and
AIDS-related Kaposi’s sarcoma.41 Although liposomes have been approved by the FDA
for human use, many problems are associated with them due to their low encapsulation
efficiency, their lack in vivo stability, deficient tumor penetration, and lack of storage
stability.43, 46
Due to the many problems associated with liposomes, polymer drug delivery is
chosen many times because of their ability to deliver a wide range of therapeutics to
varying areas of the body for sustained periods of time. Polymer encapsulations attract
researchers because the polymers can be modified in any number of ways to improve
drug delivery and targeting. By simply adjusting the chemical structure of the polymers,
it may be possible to achieve a delivery system that produces an attractive therapeutic
release profile, while also providing the means of escaping the body’s various filtering
and defense mechanisms.47
Biodegradable Nanoparticles.

Biodegradable polymers including polylactide,

polyglycolide, and copolymer poly (D,L-lactide-co-glycolic acid) (PLGA) are the most
commonly used biomaterials for drug delivery. These biomaterials are FDA approved
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for human use because of their unique properties which include the ability to break down
into naturally occurring metabolites, lactic and glycolic acid, degradation only requires
water, and varying properties can be engineered via copolymerization of the monomer
units. In the last 25 years many groups have evaluated the use of copolymers of lactide
and gylcolide for the release of small and large molecules.4, 25
The most common method for the production of biodegradable nanoparticles
involves the use of liquid emulsions.48,

49

The spontaneous emulsification-solvent

evaporation (or diffusion) technique has been extensively used to prepare drug, lipophilic
compounds, loaded PLGA micro and nanoparticles.49 Different emulsification-based
methods have been described in literature and depend on the polymer, drug, and organic
solvents that are used.15 The goal of the emulsification/evaporation technique is to
prepare polymeric nanoparticles loaded with therapeutic agent by the use of immiscible
liquids to form droplets of polymer solution in a continuous (aqueous) phase which
subsequently harden to form particles by polymer precipitation and organic solvent
removal at the air/water interphase.50 During the emulsification step, high shear imparted
by a homogenizer, sonicator, or magnetic stir bar disrupt micro-droplets to form stable
polymeric nanoparticles. The aqueous phase usually consists of surfactants such as
polysorbate, poloxamer, sodium dodecyl sulfate or stabilizer poly (vinyl alcohol) to
minimize coalescence of the microdroplets.15
Variables that influence physiochemical properties such as size, size distribution,
encapsulation efficiency, and internal morphology, of the nanoparticles include polymer
to drug ratio, emulsification speed, organic volume to aqueous volume ratio, viscosity of
continuous and organic phase, temperature, and surfactant concentration.49, 51 Although

18
these parameters can be controlled, problems, such as the use of toxic chlorinated
solvents and non-biodegradable surfactants, remain for the application of the emulsion
techniques.
Characterization of Drug Carriers
The physicochemical properties which includes size, size distribution, surface and
bulk morphology, surface chemistry, surface charge, drug encapsulation efficiency, and
physical and chemical status of the drug encapsulated determine the therapeutic efficacy
of the nanoparticle.13

Various techniques are used to analyze the physicochemical

properties of nanovectors. These techniques serve to evaluate the relationship between
physicochemical properties of nanovectors and their interaction with blood components
in the systemic circulation.15
Size and Size Distribution. The size of the nanoparticle and the distribution of
size in a colloidal suspension are important design parameters for any drug delivery
system. The nanometer size of a carrier provides a larger surface area to volume ratio,
which facilitates drug release and surface chemical modification.13 Size is important in
preventing uptake by the mononuclear phagocyte system (MPS), penetrating the smallest
capillaries of the human vasculature (< 5 µm), and transporting across fenestrated
endothelium in diseased tissue.18,

29, 46, 52

Also, a monodisperse size distribution is

important in providing programmed drug release at the disease site. Nanoscale particle
size may pose problems in stability and are prone to aggregate in the biological
environment.53 One way to circumvent this problem is utilizing non-ionic surfactants and
stabilizers to sterically stabilize the particles in the biological media.

Therefore,
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minimizing aggregation is an important criterion for stabilizing the colloidal carrier and
producing an efficacious drug delivery system.
The size and size distribution can be measured by dynamic laser light scattering
(DLS) instruments such as the ZetaSizer NanoS. DLS measures the time-dependent
fluctuation of the intensity of scattered light caused by particle Brownian motion.54 A
monochromatic laser (HeNe) shines onto a sample containing the suspended
nanoparticles and a photodetector measures and analyzes the fluctuation in light intensity.
Upon contact with the nanoparticles, the light is scattered and the angle of diffraction is
dependent on the particle radius. Smaller particles scatter at higher angles. The change
in frequency upon diffraction of the light is known as the Doppler shift.55 From the
analysis of frequency changes a distribution of diffusion coefficients of the particle is
determined.

The size, the hydrodynamic radius, is calculated by the Stokes-Einstein

equation.56
Equation 2-1

d (H ) =

kT
3µπD p

where k is the Boltzmann constant, µ is the viscosity of the continuous

phase, and Dp is the diffusion coefficient of the particle.

The sensitivity range of the DLS instrument is between 0.6 nm to 6 µm and can provide
information regarding the volume mean average size and the polydispersity of the
colloidal suspension.
Surface and Bulk Morphology. Characterizing the surface and bulk morphology
of the nanoparticle can be accomplished using high resolution microscopy such as
scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Also,
these instruments may also be utilized to determine size and size distribution of the
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colloidal carrier. Depending on the magnification and the settings used both techniques
offer reliable results regarding both surface and bulk information.
In SEM an image is created after an incident electron beam strikes the sample
surface and produces secondary electrons that provide topographic information. High
sample resolution can be achieved by setting the working distance to 5.0 mm (or less) and
accelerating voltage of the filament to 5.0 kV. Due to the nanometer size of the particles,
surface features are better resolved when the working distance is close to the surface of
the sample and is achieved by setting the stage in the z-transverse direction to 5.0 mm.
The resolution may also be improved by decreasing the rate at which electrons bombard
the sample. At 5.0 kV, the electrons are able to penetrate the surface of the sample, and
the resolution of 3.5 nm can be achieved by the scatter of secondary electrons. At this
lower limit, the nanometer size and surface features of the drug particles are visualized.
Higher magnification (x 300 k) and anti-stigmatism becomes more difficult to achieve at
this lower range because, electron charging in the sample is prominent. The most severe
drawback in using SEM is charging. Although the sample is coated with gold, after
viewing the particles under these process conditions, charging can limit the resolution of
the nanoparticles.
TEM uses a high energy electron beam transmitted through a thin sample (<1000
Å) to analyze the sample with atomic scale resolution.57 The electrons are accelerated at
several hundred kV, such that 200 kV electrons have a wavelength of 0.025Å. The
resolution of TEM is limited by aberrations in electromagnetic lenses to give resolutions
between 1-2Å.57

The information gathered by TEM allows the user to the study

topography, morphology, and composition of the sample. A criterion for TEM is that the
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sample must be thin enough to be electron transparent. There is a potential that the
sample might be damaged from the high energy electron beam. TEM has been used
prominently by researchers to demonstrate the fabrication of thin polyelectrolyte films
formed after electrostatic adsorption.58
The disadvantages or limitations in using SEM and TEM are due to the sample
preparation which requires time and dry samples that must withstand a high vacuum.59
The dry nature of the sample does not mimic the hydrated environment of the drug
particles in aqueous solution.

Also, since most polymeric nanoparticles are non-

conductive, they are sputtered with gold to provide a conductive film for imaging in SEM
making the image less “realistic”.13 Sample preparation for TEM can require a simpler
procedure compared to SEM. For TEM imaging, colloidal particles suspended in an
isopropanol and water solution are sprayed onto a circular copper grid and allowed to dry
in air. This copper grid is then used to image the nanoparticles. One limitation with TEM
that is not shared with SEM is images are only in two dimensions and are viewed in
transmission; therefore, TEM does not have a depth sensitivity that is obtained with SEM.60

Surface Composition. The surface characteristics of the nanoparticle plays an
important role in determining their in vitro and in vivo interactions with the biological
mileu.61-63 The design of a surface that can prevent protein adsorption and uptake by the
immune system is a criterion for any drug delivery carrier.2, 10, 64 For example, it has
been shown that methods such as emulsion-solvent evaporation produce particles with
surfaces that may influence protein adsorption.63 Surface chemical analysis can be used
to determine the concentration of an emulsifier or surfactant at the surface of a
nanoparticle.

X-ray photoelectron spectroscopy (XPS), a technique that probes the
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surface of a material with nano-sampling depth, can be used to characterize the surface
chemistry.
XPS utilizes the photoelectron effect, which occurs when an incident beam of
light interacts with matter (surface) that in turn causes emission of electrons.65 High
energy x-ray photons, hν, bombard the sample and colloid with electrons present at the
surface, causing photoelectrons to be emitted into a vacuum with kinetic energy, KE.
Next, the binding energy is calculated from the known kinetic energy of the
photoelectron and energy of the x-ray photon, Equation 2-2.
Equation 2-2

K E = hv − BE
where KE is the energy of the emitted photoelectron, hv is the energy
of the photon, and BE is the binding energy of the electron in the
atomic orbital.

The result is a survey scan of all the atoms present at the surface. The survey scan is a
plot of counts per second (CPS) versus binding energy (BE). The data from the survey
scan can be analyzed and atomic percents can be calculated via CASA, a XPS software
program. Also, high resolution scans taken at lower pass energies of 20 eV and longer
acquisition times provide information regarding the oxidation species of the atoms
present at the surface. The data collected from XPS can help confirm the presence
certain functional groups and ligands at the nanoparticle surface.
There are four advantages in using XPS for surface chemical analysis: (1) it is an
analytical technique that can detect all elements with the high probability to capture core
electrons; (2) it can be used to determine functional groups at the interface and the
associated oxidation states of the atoms present; (3) it is surface sensitive with a
penetration depth between 1 to 10 nm; (4) it is quantitative without the requirement for
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standards. Although this technique is surface sensitive, it does not probe the interface
between drug particles and solution. Also, the nanoparticles must be dried in order to be
placed in a high vacuum chamber (10-6 Pa). Due to the high energy x-ray photons, the
sample will be structurally modified. Also, this technique cannot detect hydrogen, has a
poor lateral resolution (>5 µm), and large sample size is required especially for powders
and may be difficult to attain.
Surface Charge.

The surface charge of the nanoparticle is important in

determining its interactions with cells and proteins once it has been injected intravenously
and can be determined by the zeta potential (ζ-potential). A charged colloid in an
electrolyte solution is surrounded by a double layer. The first layer consists of firmly
attached counter-ions around the charged surface and this layer is known as the Stern
layer.

The second layer termed the diffusive layer is composed of counterions in

dynamic equilibrium with the bulk solution. The diffusive layer can be imagined as a
charged atmosphere surrounding the colloid.

The ζ-potential is the experimentally

measured potential (mV) at the boundary of the Stern layer and diffusive layer plane.
The ZetaPALS instrument measures the electrophoretic mobility, U, of particles moving
in an electric field. The instrument contains a built in algorithm that calculates the ζpotential from the U using the Smoluchowski equation:
Equation 2-3

U=

εζE 0
η

where U is the electrophoretic mobility, ε is the permittivity of the
solution, E0 is the electric field, and ηis the viscosity of the solution, ζ is

the zeta potential.
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The ζ-potential is not a direct measure of the surface potential, which is more difficult to
calculate.

The ζ-potential is responsible for inter-particle forces that can dictate

aggregation and this is affected by the pH, viscosity, and the ionic strength of the
solution.66
Surface Engineering of Nanoparticles
A major challenge in drug delivery is the development of long circulating carriers.
Long circulating carriers have the ability to extend the biodistribution and circulation
half-life of the drug delivery system by decreasing the rate of its elimination and
metabolism, thus allowing for successful delivery to the target site. This challenge is due
to the immediate interaction between the surface of the carrier with serum proteins and
cells of the mononuclear phagocyte system (MPS).46, 67, 68 Recent progress has been
achieved in reducing the clearance of drug carriers after intravenous injection. A number
of authors have illustrated that the surface of the colloidal carrier can be chemically or
physically modified with non-ionic polymers to increase in vivo circulation times.10, 19, 61,
69

Therefore, surface modification of the nanoparticle can help achieve a more robust

drug delivery carrier.
Long-Circulating Drug Carriers. The efficient delivery of therapeutic agents to
the diseased tissue requires long circulating drug carriers. To reduce protein adsorption,
opsonization, by blood serum proteins (fibronectin, albumin, fibrinogen, IgG)70 the drug
delivery carrier must have high curvature, nanometer size, a neutral surface charge, and a
hydrophilic surface.6,

66, 68

Drug delivery carrier size, charge, and shape71 greatly

influence the circulation time of the drug delivery system. The carrier must be less than 5
µm in diameter to circulate though capillaries. Also, carriers larger than this size limit
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have shown to be successfully internalized by the MPS.46 A particle with a high surface
area to volume ratio can promote adsorption of hydrophilic polymers to its surface.
Although the shape and size of the drug delivery system are important in prolonging
circulation times, hydrophilic surfaces are more desired. These polymer surfaces play an
important role in a type of colloidal stability known as steric stabilization.72 Particle
stability is important in the biological mileu, because it directly increases circulation halflife and reduces uptake by the MPS.
A non-ionic polymer that has demonstrated biocompatibility in various medical
applications and is FDA approved for in vivo use is poly (ethylene glycol) (PEG).6, 45, 46,
73-75

Long circulating PEG coated carriers exhibit reduced adsorption of blood proteins

and increased circulation half-life. The effect of PEG on protein adsorption can be
attributed to PEG’s unique solution properties and molecular conformation.68 Protein
adsorption can be explained in terms of interfacial energetics. The interfacial-free energy
hypothesis states if the interfacial-free energy goes to zero; there is no driving force for
protein adsorption as shown by equation 2-4.76, 77
Equation 2-4

∆G adsorption = ∆H − T∆S adsorption = 0

PEG chains chemisorbed to the nanoparticle surface minimally perturb the structure of
water, minimizing the tendency for hydrophobic interactions with proteins. Furthermore,
PEG’s interaction with water decreases the minimum interfacial energy at the water-PEG
interface. With a minimum interfacial energy it is energetically unfavorable for blood
proteins to adsorb to the surface. Also, desolvation of PEG chains is enthalpically
disfavored. Consequently, hydration by water molecules helps prevent protein adsorption
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and opsonization and creates a hydrophilic surface needed for long circulation of
nanovectors.46, 68, 72
Steric stabilization of a drug delivery carrier can be achieved by controlling two
parameters chain length and grafting density. PEG polymers within the molecular weight
range of 2000 to 20,000 Da are characterized by flexible and mobile chains that are
stretched in solution as elongated coils, allowing water molecules to hydrate their
chains.68, 69 Protein adsorption to PEG molecules within this critical molecular weight
range is entropically unfavorable because it decreases the number of possible PEG chain
conformations. The decrease in mobility or compression of PEG chains would contribute
to a small change in entropy and an overall positive change in interfacial energy, which is
not preferred.

Therefore, PEG chains resist protein adsorption and thereby forcing

proteins to bounce off these flexible and mobile chains. In summary this phenomenon,
steric hindrance or shielding, describes the mobility and flexibility of PEG chains to
prevent protein adsorption because of non-favorable energetics at the water-PEG
interface.72, 78, 79
The surface coverage or grafting density of PEG mediates its repellent nature by
sterically obstructing protein adsorption to the colloidal carrier surface.68,

70, 72

The

distance between two PEG chains can be controlled by manipulating the MW of PEG79
and the grafting density69. Minimizing the distance via decreasing MW and increasing
grafting density provides efficient steric obstruction and shielding.80

A mushroom

conformation of PEG molecules can arrange at the colloidal surface when the distance
between adjacent end-attached PEG chains is larger than the length of the chains. This
mushroom conformation is characteristic by low surface coverage resulting in increased
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protein adsorption and internalization by the MPS.10, 69, 79 High surface coverage of PEG
can be attained by increasing grafting density and this has been shown with Stealth®
liposomes at 5 mol% PEG and 30 (w/w)% PEG 20 kDa modified PLGA nanocapsules.79
Mosqueira and co-workers illustrated that smaller distances between chemically grafted
PEG chains for the same PEG MW (chain length), nanoparticle clearance was reduced
after 24 hours.80 Also, at the same distance between PEG chains higher MW PEG
resulted in longer in vivo circulation times.80
Steric stabilization of colloidal carriers with PEG involves varying the chain
length and grafting density. The ultimate carrier would have a uniform molecular cloud
of hydrophilic PEG molecules over the surface which can protect the drug-loaded
particles from protein adsorption and internalization by the MPS.
Current Colloidal Drug Carriers
In the last decade nano-sized vectors for tumor targeting have made an important
contribution to cancer therapy. The turn-of-the-century insight made by Paul Ehrlich in
the early 1900’s described the concept of a “magic bullet,” molecules that target a
pathological disease with precision and reduce stimulation of the autoimmune system.68
Nanoparticles, which can target and localize the chemotherapeutic within the tumor tissue,
are a medical necessity. The following section describes current colloidal carriers with
targeting capabilities that authenticate Ehrlich’s concept of the magic bullet.
Targeting with HER2/neu. The expression of HER2/neu provides an antibodybased targeting scheme for breast and ovarian cancer treatment.35,

81

Anti-HER2, a

monoclonal antibody, was covalently attached to PEG modified liposomes for the
delivery of adriamycin, a chemotherapeutic drug for breast cancer. In vitro studies
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performed with Anti-HER2 modified liposome by Kirpotin and colleagues demonstrate
that uptake by SK-BR-3-cells at 37˚C was slightly hindered if Anti-HER2 was directly
attached to the PEGylated liposome surface.35 The researchers hypothesized that PEG
reduces the lateral mobility of the liposome conjugated antigen fragment, which in turn
reduces the number of antigen fragments that may be exposed to the cell surface.35 To
circumvent this problem, Anti-HER2 was covalently attached to the distal terminus of
PEG 19 000 Da and as a result the formation of multiple interactions between liposome
and HER2 receptors is permitted. This multivalent interaction exhibits a higher affinity
to the HER2 receptors and smaller dissociation constants. This study illustrates an
apparent trade-off between a targeted and stealth delivery system.
Targeting with Folic Acid. Elevated expression of the folate receptor (FR) has
been found in various types of human cancers and is weakly expressed in normal tissues
including the lung, thyroid, and kidney.82 There are three isoforms of FR found in the
blood: α, β, and γ.83 FR-α is present at high levels in malignant tissues of epithelial cells,
especially in the ovaries. The FR α-isoform a glycosylphoshatidylinositol-linked
membrane glycoprotein has a dissociation constant (KD) of ~0.1 nM for folic acid, which
is internalized into cells via a high affinity receptor mediated process.40 Folic acid is a
popular targeting molecule because of its low immunogenicity, small molecular weight
(Mw ~ 441.4), compatibility with the use of organic solvents during preparation, and
operational stability.84 Folic acid conjugated proteins, chemotherapeutic drugs, virus
vectors, dendrimers, and nanoparticles have been fabricated to achieve high tumor
selective targeting.40
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Covalent conjugation of folic acid to the nanovector surface may alter its function
and targeting capabilities.

Stella and coworkers demonstrated that the covalent

attachment of folic acid to ~15% of the total PEG chains improved targeting of the
particulate drug delivery carrier.85 Leamon and colleagues investigated the targeting
activity of folic acid-liposomes by modifying the length of the PEG linker. The length of
the linker was important for the folate to enter the binding pocket of the cell surface
receptor.86 Their results demonstrated that a molecular weight of PEG as low as 1000
was sufficient for efficient in vitro targeting to KB cells.37 Thus, a PEG-folate modified
drug delivery system enhances the targeted delivery of chemotherapeutic drugs to the
cancer cells in vivo.
Targeting with Aptamers.

Recent published results by Farokhzad36 and co-

workers demonstrated the in vitro and in vivo efficacy of pegylated PLGA nanoparticles
(153 +/- 13.9 nm, ζ-potential -42 +/- 1 mV) bioconjugated with an aptamer that binds to
prostate-specific membrane antigen (PSMA) on the surface of prostate cancer cells (PCa).
The encapsulated chemotherapeutic agent Docetaxel (Dtxl) retained therapeutic activity
within the nanoparticle, and in vitro results demonstrated a reduction in cell viability of
42 +/-2% after 30 minutes and 30 +/-1% after 2 hours of incubation with PCa cells.
Efficacy and toxicity studies were performed for 109 days with 7 mice, bearing tumors
with size ~ 300 mm3. Mice treated with Dtxl-Np-Apt demonstrated the best efficacy;
tumor size was reduced to 119 +/- 84 mm3 and all mice in this group survived the 109
day study.36 For toxicity studies, the researchers analyzed the effect of dose on white
blood cell count (WBC) and found no evidence of leukpenia or associated toxicities with
Dtxl-Np-Apt compared to Dtxl-Np. The authors suggested that toxicity associated with
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non-targeted nanoparticles was a result of Dtxl release in the extracellular space opposed
to intracellular release with targeted nanoparticles.36
Layer-by-Layer Assembly
In the area of polymer thin films, Layer-by-Layer (LbL) self-assembly offers an
attractive method to prepare molecular and supramolecular architectures with nanometerscale precision. LbL technique requires the alternate electrostatic adsorption of cationic
and anionic polymers onto substrates that cover a range of length scales.87

The

popularity of this technique is due to the ability to fabricate tailored thin polymer films
with an array of functional groups. In recent years, closer examination of the interactions
within these polyelectrolyte thin films has led to the discovery that secondary short range
forces also play an important role in film thickness and morphology.88 LbL assembly
finds applications in various biomaterial based fields including coating surfaces for
biosensor development, microcapsules for drug delivery, and improvements in selective
membrane technologies.89,

90

In the last decade, LbL assembly has evolved into an

inexpensive, robust, and elegant adsorption process after its first introduction by Decher
in 1991.22
Fabrication of Thin Polymer Films. The driving force for multilayer LbL self
assembly is electrostatics.91 The electrostatic interaction depends on charge densities of
the polyelectrolytes (PEs) and on the concentration of counterions in solution. Shortrange hydrophobic forces and other secondary interactions, such as dipole-dipole, iondipole, Van der Waals, are also important in the multilayer formation and stability of the
thin film.91

The charge reversal upon the adsorption of the next sequential

polyelectrolyte layer confirms LbL thin film growth.

Multilayer assembly is an
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irreversible process that requires the polyelectrolyte and the substrate surface to contain a
certain charge density for adsorption to take place.92 Irreversible adsorption includes the
lack of spontaneous desorption upon sequential assembly of polyelectrolytes in the time
scale of multilayer buildup.93
A cross-section through the polymer thin film would show an interpenetrating
multilayer with each layer electrically neutralizing each other, which is referred as charge
compensation.94

The charge compensation can be explained in terms of intrinsic

compensation due to polyelectrolyte complexation and extrinsic compensation due to
additional neutralization by counterions within the film. Intrinsic compensation is a
balance between entropic loss imposed by polyelectrolyte adsorption (segment
localization and loss of conformation) and free energy gain from ion pair formation.93
The concept of extrinsic compensation has found conflict in the LbL literature. Several
groups have indicated extrinsic compensation within multilayers of polyelectrolytes with
high charge density while others, indicate the films do not contain small counterions.93, 95
Riegler and co-workers performed a study to determine the polyelectrolyte stoichiometry
within multilayers composed of poly allylamine hydrochloride (PAH) / poly (styrene
sulfonate) (PSS). Their results suggest that when PAH is fully charged at pH 5.5, 2/3 of
its charges are neutralized by complexation with PSS while 1/3 of its charges are
neutralized by small counterions.94 The charge stoichiometry for this pair was not found
to be 1:1, and importantly the authors suggest that ion content depends on charge density.
For the addition of multiple layers, a reversal in surface charge is required for the
electrostatic adsorption of the next sequential polyelectrolyte layer. If neutralization in
charge within the multilayer occurs, how is charge reversal created?

During
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polyelectrolyte adsorption, sites become mutually paired in a polyelectrolyte complex,
and the concentration and thickness of the layer increases until the absorption energy per
chain is overcome by unfavorable conformational entropy and segment-segment
repulsion, which are of steric and electrostatic origin81.96 In this scenario no more
polyelectrolytes can stick to the surface charges, and the adsorbing polyelectrolyte
remains extended into the solution. Thus, the charge of this terminating layer
overcompensates the neutral charge of the underlying multilayer film providing the
reversal in charge. The extent of overcompensation in charge at the surface relies on the
ionic strength in solution, charge density of the polyelectrolyte, and surface charge
density.90
Multilayer Growth Observations. Multilayer LbL of thin films composed of
PAH/PSS are described as linear growth regimes. Linear growth suggests that upon
sequential adsorption of PEs the film thickness increases linearly with adsorption step.
The multilayer film composed of PAH/PSS exhibit defined structures and has been
validated for multilayer adsorption onto flat and spherical geometries.97

The

polyelectrolyte chains do not diffuse in and out of the entire film but are locked into place.
On the other hand exponential growing films such as poly-(L-lysine) (PLL) and poly-(Lglutamic acid) (PGA) diffuse in and out of the film, and once compressed the films relax
towards their initial state.91 Kulcasar and co-workers used a surface force apparatus to
determine the dynamic behavior of PAH/PSS films. Their results showed that PAH/PSS
films prepared in high ionic strength buffer, 100 mM NaNO3, appear frozen, behave as
glassy materials, and once disrupted do not allow recovery to the initial situation.97
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Factors Influencing LbL Assembly. The formation of thin multilayer films is
influenced by a range of parameters. Parameters include salt concentration, dielectric
constants of solvent deposited from, type of salt, deposition time, polyion concentration,
molecular weight of polyions, charge density on polyelectrolyte chain, and surface charge
density.90, 98 Table 2-1 summarizes the listed parameters and their effects on multilayer
assembly. The ionic strength of the polyelectrolyte solution has the largest impact on
layer dynamics. This relationship can be explained by the Debye length which influences
electrostatic attraction and/or repulsion between two polyelectrolytes and/or along a
polyelectrolyte chain (segment-segment). The influence of ionic strength on multilayer
thickness varies for different polyanion-polycation combinations.
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Table 2-1
Parameter

Influence of Polyelectrolyte Layer Dynamics

High Ionic
Strength

(1) Electrostatic Driven Adsorption- Concentration of
adsorbed PE decreases but thickness increases
(2) Non-electrostatic Driven Adsorption - Concentration
of adsorbed amount increases and overcompensation
increases (3) Steric forces play an important role due to
compression of chains, reduction of entropy provides
repulsion (4) Non-equilibrium

Low Ionic
Strength

(1) Polyelectrolytes adopting an extended conformation
are inflexible due to segment-segment repulsion k-1>>1
(2) Thin adsorbed layers

Type of Solvent

(1) Methanol and Ethanol have poor solvating effect on
ions compared to water. Stronger ion-polyelectrolyte
association produce thicker films

Type of Salt

(1) Thickness of multilayers increase with different
types of salt: Li+ > Na+ > K+ and Cl- < Br-

Type of
Polyelectrolyte

(1) Hydrophobic polyelectrolytes induce stronger
increase in multilayer thickness (2) Polyelectrolyte pair
affects type of multilayer growth (PAH/PSS is linear)

Polyelectrolyte
Charge Density

(1) High charge density (PAH/PSS) produces flat, thin
adsorbed layers, Figure 2-3.
(2) Low charge density (PLL, HS, CHI) produces
thicker layers with a "loopy" conformation

Surface Charge
Density

(1) Electrostatically Driven Adsorption- Decreasing
charge density at low ionic strength decreases the
adsorbed amount. Increasing charge density at low
ionic strength increases adhesion force between 1st
polyelectrolyte layer and surface.

Table 2-1: The influence of parameters on polyelectrolyte multilayers assembled via
Layer-by-Layer (LbL) assembly.
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Figure 2-3

Figure 2-3: Schematic of conformation of polyelectrolytes of (a) low charge density (b)
high charge density adsorbed on oppositely charged surfaces (adapted from reference).99
Thermodynamic and Kinetics of Multilayer Formation.

The formation of

multilayer thin polymer films requires a thermodynamic and kinetics explanation. In the
LbL literature researchers agree that multilayer films fabricated from highly charged
polyelectrolytes are not in equilibrium, and the internal chains are assumed immobile.90
First, the thermodynamics of polyelectrolyte adsorption is introduced followed by an
explanation in the kinetics of multilayer fabrication.
The adsorption of a polyelectrolyte onto a charged surface can be explained in
terms of the Gibbs free energy of film formation (GFormation). For example the adsorption
of a polycation (PE+) onto a negatively charged polyelectrolyte surface (PE-) is
considered to be an ion exchange process.91

Kotov’s analysis of this phenomenon

required dividing the ∆G Formation into several contributions including:
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1. Transformation of the ionic atmosphere of the PE+ molecule in solution
and around PE- , ∆Gatm + , ∆Gatm −
2. Transformation of the hydration shell around PE+ and around PE- ,
∆G hyd + , ∆G hyd −

3. Electrostatic interaction of opposite charges between PE+ and PE- upon
adsorption, ∆G+ / − = ∆H + / − − ∆S .

The enthalpy term represents the

electrostatic attraction of charged head groups in the polyelectrolyte. The
entropy term includes the contribution from the release of counterions
from the

hydration shell, re-orientation of water, release of solvent

molecules oriented around hydrophobic PE parts, and the loss of chain
mobility upon film fabrication.
4. Hydrophobic interactions of organic parts of PE molecules, ∆Gorganic .
This term represents the hydrogen binding in the shells of structured water
around the hydrocarbons in the polyelectrolyte chain and the short range
Van der Waals forces between all atoms in the system.
Kotov’s calculation of ∆G Formation demonstrates that for a negative value, the
∆Gorganic contributed largely to its value.91 The free energy of polyelectrolyte adsorption

is associated with the liberation of structured water molecules surrounding hydrophobic
segments of the polyelectrolyte and the gained short-range Van der Waals interaction
between these hydrophobic portions. Kotov’s analysis shows that LbL assembly is not
solely dependent on electrostatic forces but on the sum of electrostatics, hydrophobic and
short-range interactions.

Also, Kotov illustrates that the adsorption of the first
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polyelectrolyte layer was found to be strongly dependent on hydrophobic interactions
between substrate and the polyelectrolyte backbone (-CH2-CH2).

Hydrophobic

interactions in the polyelectrolyte multilayers provide stability in the thin film and in the
internal properties of the multilayer.98
Experimental work has demonstrated that LbL self-assembly is an irreversible
process viewed as a time-dependent process at a polymer concentration large compared
to the saturation concentration.90 The kinetics can be described as a two step process;
first step involves fast adsorption occurring in seconds followed by a slower adsorption
process that may take hours. In the first step, the transport of PE to the charged surface
occurs rapidly because of high chain degrees of freedom and large attractive electrostatic
forces between charged segments. Also, the rate of adsorption is dependent on the
diffusion of the polyion to the surface. As time progresses, the chain dynamics change,
slower chain rearrangements take place until saturation has been reached and the
irreversible complexation of charges is achieved.93 Slower chain rearrangements allow
for polyelectrolyte diffusion into the multilayer film, polymer films are described as
interpenetrating or interdigitate.87 In this second step adsorption is slowed due to a large
ζ-potential repulsive barrier preventing further adsorption.
Desorption of the PE multilayer is kinetically limited. Experimental data has
demonstrated that upon sequential adsorption, the underlying polyelectrolyte layer (s) is
preserved. The adsorption of a polyelectrolyte to a charged surface occurs along the
whole polyelectrolyte chain, and multi-point attachment minimizes the probability of
desorption. Also, the stability of the thin film is compromised upon placement in a high
ionic strength environment.100 Heuvingh and co-workers demonstrated capsule softening
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upon addition of high salt concentrations (3 M NaCl) due to re-arrangements in the
multilayer.
Coating Colloids for Hollow Capsule Fabrication. The process of coating charged
colloids is similar to planar substrates; except intermediate centrifugation, washing, and
re-suspension steps are required. The fabrication of multilayers adsorbed to colloids
involves additional concerns regarding colloidal stability to prevent coagulation upon PE
adsorption. Template sizes ranging from 60 nm to 10 µm have yielded monodisperse
suspensions after multilayer assembly.23, 101 The timescale of adsorption and coagulation
are crucial to multilayer formation onto single particles. The rate of polymer chain
adsorption onto a colloid, kadsorption is:
Equation 2-5

k adsorption = 4πR particle D pol c pol
where Rparticle is the radius of the particle, Dpol is the polymer diffusion
coefficient, cpol = is the polymer concentration.90

This equation assumes that electrostatic adsorption is irreversible and diffusion controlled.
The competing process, the rate of collision between colloids, kcollision, can be expressed
as the following
Equation 2-6

k collision = 4πR particle 2 D particle c particle
where Rparticle is the radius of the particle, Dpol is the polymer diffusion
coefficient, cpol = is the polymer concentration, factor 2 takes into
account that both objects are diffusing.90

To avoid coagulation during LbL assembly the rate of polyelectrolyte adsorption has to
be faster than the rate of colloidal coagulation. For this to occur, colloidal particles are
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stirred or placed on a shaker plate to facilitate polymer-particle contact and the
polyelectrolyte concentration should be large compared to particle concentration
(kadsorption >>kcollision) which results in90,
Equation 2-7

Rg
R particle

<<

c pol
c particle

where Rg is the radius of gyration for the polymer.

The time required for successful multilayer assembly onto colloidal particles has ranged
between 20 to 30 minutes.58,

102

Also, researchers working in this field have

demonstrated that the molecular weight of the polyelectrolyte has an effect on
coagulation. The molecular weight of the polyelectrolyte becomes important when a
particle with a radius of the order of the polymer radius of gyration causes bridging
coagulation.

To prevent this event from occurring researchers have worked with

polyelectrolytes of molecular weights ranging between 10 to 200 kDa.
Successful multilayer encapsulation of colloidal particles has been demonstrated
with PE pair PAH/PSS by the pioneers of LbL technique, Mohwald, Sukhorukov, and
Caruso.

These authors have illustrated that LbL assembly with (PAH/PSS) can be

performed on dissolvable particles composed of polystyrene latex103 and weakly crosslinked melamine formaldehyde104 (MF) to generate hollow polyelectrolyte microcapsules,
Figure 2-3d.89, 104 The typical process conditions employed for LbL assembly are as
follows: polyelectrolyte concentration ranging between 1-2 mg/mL in 0.5 M NaCl,
particle concentration of ~ 1010 particles/mL, and an incubation time of 20 minutes.
These process conditions have been applied to other PE pairs and templates, such as
proteins and drug crystals, respectively.
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Recently a detailed study performed by Dong and co-workers analyzed the
mechanism of MF decomposition as a function of pH to determine structure-property
relationships for hollow capsule stability.105 Their results suggested that a stable hollow
capsule composed of PAH/PSS can be formed if the multilayer thickness is 10 nm before
MF decomposition.

Hollow capsules can serve as “containers” for protein or drug

loading utilized in drug delivery applications.
Future Directions
The development of nanometer scale colloidal carriers that can selectively
eradicate cancer cells without affecting normal healthy cells of the body is currently an
unmet medical requirement for the treatment of advanced cancers. Nanocarriers that can
encapsulate anti-tumor drugs, control the release of the drug with “zero-order” kinetics,
and target overexpressed receptors on the surface of diseased cells would be
revolutionary in the maximizing patient comfort and survival. In designing nanoparticles
for drug delivery the following properties are required: biocompatibility, in vivo stability,
nanometer size (100-1000 nm), selective to diseased tissue and cells, and
biodegradability.
The fabrication method used to prepare colloidal carriers must limit the use of
harsh solvents but optimize the recovery by utilizing surfactants approved by the FDA for
human use, such as GRAS surfactants. Also, the fabrication method must generate
monodisperse particles along with other relevant physicochemical properties including
surface charge and chemistry, which can promote increased in vivo circulation half-life.
Finally, the nanoparticle should minimize the sudden release or “burst” release of
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therapeutics agents often associated with biodegradable systems and maximize the ability
to control drug release rates within the diseased tissue, such as the tumor interstitium.
The requirement for the ideal drug delivery carrier for the treatment of diseases
such as advanced carcinomas has lead to the fabrication of core-shell nanoparticles. In
this dissertation, the dissolvable core is replaced with a solid hydrophobic drug
nanoparticle.

Solid core drug nanoparticles (~100-200 nm) can be fabricated using

modified emulsion techniques without the use of harsh solvents and with the use of
GRAS surfactants. Instead of loading the drug, protein, or small molecule inside the
hollow polyelectrolyte capsule, the fabricated drug nanoparticle is encapsulated within a
polyelectrolyte nanoshell using LbL assembly, Figure 2-4. Furthermore, imaging agents
such as magnetic nano-beads (~10-40 nm) can be incorporated within the nanoshell and
the shell can be surface functionalized with targeting ligands covalently attached to the
distal end of PEG. The hypothesized drug delivery carrier can find utility in many
medical areas where the controlled release of the therapeutic agent is required to
minimize adverse side effects for the patient undergoing treatment. This dissertation
reports the results collected from the fabrication of hydrophobic therapeutic agents with
focus on breast carcinoma and malignant gliomas for the rational design of a controlled
release, biocompatible, and selective drug delivery carrier.
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Figure 2-4

Figure 2-4: An illustration of a proposed core-shell nanoparticle. The nanoshell is
composed of biocompatible polyelectrolytes assembled via the LbL assembly and is
chemically modified with PEG and targeting moieties are covalently attached to PEG
termini.
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Chapter 3
Encapsulation of Dexamethasone Nanoparticles
in Self-Assembled Macromolecular Shells

LbL step-wise self-assembly of PAH and PSS was used to fabricate a
macromolecular nanoshell encapsulating solid drug nanoparticles (approximately 150 nm
in diameter) of dexamethasone.

Dexamethasone, a corticosteroid often used in

conjugation with chemotherapy, was chosen as a model drug and was formulated into
nanoparticles using a modified emulsification-solvent evaporation method. Measurement
of the ζ-potential after each polyelectrolyte electrostatic adsorption confirmed the
successful charge reversal upon addition of each layer. Additionally, data acquired from
x-ray photoelectron spectroscopy indicated the presence of peaks representative of each
physisorbed polyelectrolyte layer. Surface modification of the nanoshell was performed
by covalently attaching poly (ethylene glycol) with a molecular weight 2000 Da to the
outer surface of the nanoshell. ζ-potential measurements and XPS indicated the presence
of poly (ethylene glycol) chains at the surface of the nanoshell.1 The polymeric nanoshell
on the surface of the drug nanoparticle provides a template upon which surface
modifications can be made to create a “stealth” or targeted drug delivery system.
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Introduction
Dexamethasone a synthetic glucocorticoid

suppresses inflammation upon

response to inciting events such as immunological stimuli.2 Dexamethasone has shown
to bind to specific proteins in cells to form steroid-receptor complexes which result in
alterations in the synthesis of factors that generate the inflammatory response.3 This
synthetic steroid is routinely given to patients before they are about to receive
chemotherapy with either paclitaxel or doxorubicin to reduce swelling and prevent
nausea and other side effects associated with chemotherapy.2, 4 Also, dexamethasone
delivered by intravenous infusion has illustrated anti-tumor properties in the treatment of
multiple myeloma.5 A major challenge in the delivery of dexamethasone is its “high
potency and effectiveness on multiple organs”.2

Entrapment of the steroid within

nanoparticles has the possibility of increasing efficacy and patient comfort during
chemotherapy treatment.
The current techniques developed for the encapsulation of dexamethasone within
biodegradable

polymer

carriers

include

emulsification-solvent

evaporation,

nanodispersion, and in situ polymerization.2 Song and co-workers made use of the
emulsification-solvent evaporation method to fabricate nanoparticles composed of
biodegradable poly (lactic-co-glycolic acid) for the entrapment of dexamethasone.6
Using this technique a nanometer scale polymeric carrier, 60-200 nm, can be achieved
with high entrapment efficiencies ranging from 76 to 80%.7, 8 Unfortunately, many of
these methods result in a burst release of dexamethasone associated with it’s dissolution
at the particle surface, heterogeneous distribution in carrier size, and the use of harsh
stabilizers for fabrication.9 An alternate method for fabricating polymeric carriers for
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drug delivery is encapsulation within a macromolecular shell or microcapsule.10, 11 The
shell may be fabricated with nanoscale precision by the electrostatic adsorption method,
LbL self-assembly.12-14
In previous studies using LbL assembly, researchers have demonstrated the
loading of proteins and dyes into hollow-shell microcapsules.12, 14, 15 Ai and co-workers
were the first to demonstrate the LbL assembly on biological templates, platelets.16
Recently, Pargaonkar and co-workers used the LbL technique to encapsulate microcrystals of dexamethasone.17 Pargaonkar’s work published within the same year as Zahr1
and co-workers both demonstrate that LbL assembly may be used directly onto the drug
surface.

However, unlike Pargaonkar’s encapsulation of micronized dexamethasone

powder, Zahr demonstrated encapsulation of nanometer scale solid drug particles of
dexamethasone.
This chapter will describe the use of LbL self-assembly to fabricate a nanoshell
composed of polycationic PAH and polyanionic PSS polyelectrolyte layers that
encapsulate drug nanoparticles, thus creating a nanoparticle with a solid drug core that
has a surface that may be readily modified to improve biocompatibility or facilitate
targeting. The key concept in this work is that the assembly takes place directly onto the
drug nanoparticles, Figure 3-1. Here, nanoparticles of dexamethasone were fabricated by
a modified emulsification-solvent evaporation method.8, 18 The polyelectrolyte (PE) pair
PAH/PSS were used to illustrate that the assembly can indeed be achieved. With the LbL
assembly a controlled drug delivery may be accomplished. One factor that controls the
diffusion of the drug out of the encapsulation is the thickness of each polymer layer. The
polymer layers therefore help control drug release, which is desirable for any drug
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delivery system. In addition to creating an encapsulated drug particle, the nanoshell of
the encapsulation is surface modified with poly (ethylene glycol), PEG, to render a
biocompatible surface.

This chapter presents results for the LbL encapsulation of

dexamethasone drug nanoparticles and for the surface modification of the nanoshell by
the covalent attachment of PEG.
Figure 3-1

Figure 3-1: Illustration of the LbL assembly with PAH/PSS performed onto solid core
dexamethasone nanoparticles. The surface of the nanoshell is modified with PEG to
produce a biocompatible colloidal carrier.1

Experimental Notes
Materials
Poly (allylamine) hydrochloride (PAH, MW ~ 60,000) was purchased from
Polysciences, Inc, USA. Poly (styrene sulfonate) (PSS, MW ~ 70,000) was purchased
from Aldrich Chemicals, USA. Poly (vinyl alcohol) (PVA, MW 30, 000 – 70,000) was
purchased from Sigma, USA. USP grade dexamethasone was obtained from Sigma
Chemicals, USA. Succinimidyl ester of poly (ethylene glycol) propionic acid (mPEGSPA, MW 2000 Da) was purchased from Nektar, USA. Acetone and n-heptane were
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purchased from Sigma Chemicals, USA. Ultrapure water used for all experiments and
cleaning steps was obtained from a Barnstead Nanopure Diamond RO system having a
specific resistance of greater than 18 MΩ/cm.
The polyelectrolyte (PE) solutions were prepared in a phosphate buffered saline
solution (PBS, pH 7.4) consisting of 1.1 mM potassium phosphate monobasic, 3 mM
sodium phosphate dibasic heptahydrate, and 0.15 M NaCl. For the covalent attachment
of PEG to the nanoshell, a 0.1 M sodium bicarbonate buffer solution at pH 8.34 was used.
Centrifuge filters of sizes 0.1 µm and 0.2 µm were purchased from Millipore,
USA and NALGENE syringe filters were purchased from Nalge Nunc International,
USA respectively.

An Eppendorf Centrifuge 5810 was used for the centrifugation

procedures. An Ultra TURRAX IKA T18 Basic homogenizer was used in the fabrication
of solid core drug nanoparticles
Design of Dexamethasone Nanoparticles
Emulsification-solvent evaporation technique.

Solid core nanoparticles of

dexamethasone were prepared by a modified emulsification-solvent evaporation method
as previously reported in the literature.8,

18

The technique is based on the use of

immiscible liquids to form droplets of polymer/drug in the continuous phase which
hardens to form micro or nano particles by polymer precipitation and solvent removal.19
Our modified protocol does not require the use of polymer in the organic phase. Briefly,
a 20 mg/mL solution of USP grade dexamethasone in acetone (1.0 % w/v) was
emulsified with twice the volume of n-heptane for 30 minutes at low temperature and
high magnetic stirring. The drug particles were collected by centrifugation at 5000 RPM
for 10 minutes and re-suspended in PBS.

A second evaporation procedure was
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performed to ensure that n-heptane was removed from the drug particles. The drug
particles were suspended in the buffer solution and continuously stirred under low heat
for 30 to 60minutes.

The drug particles again were collected, centrifuged and re-

dispersed in PBS buffered solution. Finally, they were centrifuge filtered through a 0.2
and 0.1 µm pore size filter as to achieve a more homogeneous size distribution and to
eliminate aggregated drug particles. Each fraction was resuspended in PBS solution and
stored in a refrigerator for future use.
Fabrication of Nanoshell with LbL assembly. For the fabrication of the nanoshell
the pH of the PE solutions were maintained at 7.4 for both adsorption and re-suspension
steps. The assembly procedure was as follows: 1.0 mL of a 20 mg/mL PE solution was
mixed with a solution of 10-20 mg/mL of drug particles, sonicated for 5 minutes and
followed by 20 minute incubation under gentle shaking. After each layer was added,
three cycles of centrifugation, removal of supernatant, and re-suspension in 1.5 mL of
buffer solution were performed to ensure the removal of unbound PE. The centrifugation
step was performed at 5000 RPM for 20 minutes. The process continued by alternating
the polycationic and polyanionic layers until the desired number of layers was added.
Chemical Modification of Nanoshell with PEG. The surface modification of the
nanoshell with PEG required that the last layer of the nanoshell contain a reactive amine
group. The PEG-conjugation procedure has been modified from previously reported
protocols for peptides and proteins.20, 21 The reaction requires the reactive amine group
concentration to be between 5-20 mg/mL. The solution of drug particles therefore had to
be diluted 1.5X and suspended in a 0.1 M sodium bicarbonate buffer at pH 8.34. Next,
100 µL of a 2 mg/ 100 µL solution of mPEG-SPA was added to the drug particles. The

53
reaction took place over the period of 1 hour under gentle shaking at room temperature.
After an hour, the suspension was centrifuged and the pellet was re-suspended in a 0.1M
PBS buffered solution. This cleaning process was repeated two more times.
Characterization of Drug Nanoparticles
ζ-potential Measurements.

The ζ-potential of each adsorbing layer was

determined with a Brookhaven ZetaPALS instrument. Aqueous electrodes, AQ 422 and
AQ 319, were used for these measurements. Each sample was run twice, with each run
consisting of ten or more data points.
X-ray photoelectron Spectroscopy.

X-ray photoelectron spectroscopy (XPS)

analyses were performed using a Kratos Analytical Axis Ultra instrument. The x-ray
source was a monochromatic aluminum (1486.6 eV) and powered at 280 watts. Survey
and high-resolution spectra were collected at a takeoff angle of 90˚ with respect to the
sample plane. The analysis of these powder samples required the charge neutralization to
be turned on at low energy. All spectra were referenced for C-C in carbon 1s peak at 285
eV. Survey spectra were collected from 0 to 1200 eV with pass energy of 160 eV, high
sensitivity scans for the PSS layer were collected at pass energy of 80 eV, and highresolution spectra were collected for each detected element (C, O, N, and F) with pass
energy of 20 eV. Quantification was performed by deriving relative sensitivity factors
from the given polymer standards: poly(ethyleneimine), PEI, poly(ethylene terephthalate),
PET, and poly(tetrafluoroethylene), PTFE.
Sample preparation was as follows; suspended drug particles were centrifuged
and the pellet was dried in a vacuum oven overnight at room temperature. The powdered
sample was mounted on silicon wafers using double sided carbon tape. Each silicon
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wafer was then placed on a sample holder and mounted into the transfer arm of the
instrument.
Scanning Electron Microscopy. Images of the drug particles encapsulated within
the polymeric nanoshell were obtained from a Hitachi S-3000H unit. Sample preparation
included pipetting 200 µL of the suspended drug particles in deionized water onto a goldcoated wafer. The sample was allowed to dry under ambient conditions for a day prior to
imaging. Next, the sample was gold sputtered for 30 seconds to minimize charging.
Additionally, SEM with energy dispersive x-ray spectroscopy, EDS, was used to
determine the atomic composition of the drug particles. This procedure did not include
sputter-coating the sample.
Transmission Electron Microscopy. A JEOL JEM 1200 EXII TEM was used to
image the encapsulated drug particles. Drug nanoparticles (in solution of de-ionized
water) were placed on copper grids for imaging. A Tietz camera was used to take digital
images. All images were acquired at a tension of 80 kV and current density of 20 pA/cm2.
ZetaSizer Nano ZS. The particle size distribution of the centrifuge filtered sample
fractions were analyzed by a ZetaSizer Nano ZS. Material indexes of refraction for both
PEs were 1.46 and PBS solution was 1.33. A volume of 1.5 mL of the drug particle
solution was pipetted into a disposable cuvette. Data was collected at room temperature.
Results and Discussion
Preparation of Solid Core Nanoparticles of Dexamethasone
Solid core dexamethasone nanoparticles were prepared using a modified solventevaporation oil-in-water emulsification protocol.8, 18 The solvent evaporation technique
has been used by several researchers to fabricate biodegradable (PLGA) encapsulated
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hydrophobic drugs.22 Here, an aqueous phase containing a surfactant was mixed with an
organic phase containing the drug. Next, the organic solvent was evaporated by either
heating or high speed homogenization under ambient conditions. As the organic phase
partitioned into the aqueous phase and evaporated at the liquid/air interface, spherical
drug nanoparticles were formed.18 While this process indeed produces nanometer-sized
particles, the size distribution can be hetergenous.8, 18, 23 However, the size distribution
can be controlled by optimizing emulsification speed, surfactant concentration, organic to
water volume ratio, and polymer to drug concentration ratio.8, 24
In the procedure described here, USP grade dexamethasone powder was
dissolved in acetone and this solution was emulsified with a second organic phase of nheptane, refer to Appendix C. The organic solvent pair was chosen based on their vapor
pressures. The first organic solution must have a higher vapor pressure than the second,
and most importantly, the drug must be insoluble in the second organic phase. As the
emulsion proceeds, acetone evaporates, leaving the dexamethasone drug particles
suspended in the second organic phase. The drug particles were then collected by
centrifugation and re-suspended in a 0.1 M PBS solution. To ensure that there were few
or no traces of n-heptane on the surface of the drug particles, the drug particle solution
was allowed to mix under high agitation rate and low heat to allow further n-heptane
molecules to evaporate. The solid core drug particles were collected, centrifuged, resuspended in buffer solution, and this procedure was performed three times.

The

modified solvent emulsification-evaporation procedure described here yielded a 55%
recovery of dexamethasone.
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In order to use the LbL assembly technique to fabricate thin polymer shells on
drug nanoparticles, it was necessary that the drug particles must be charged.

To

determine the charge on the drug nanoparticles, the ζ-potential of the suspended solution
was measured. The average ζ-potential for dexamethasone nanoparticles was determined
to be -22 mV (+/- 3). This charged was assumed to be the result of phosphate ions
adsorbing to the particle surface, thus producing a negative ζ-potential It was important
that the drug particles be charged in order coat with the first PE layer of PAH and to
prevent partial desorption of the first layer which can result upon the adsorption a
stronger PE layer.25
The sample was separated into two fractions. The two fractions were centrifuged
filtered through a 0.1 µm and a 0.2 µm filter respectively. Size distribution data of the
two fractions were determined.

Before the data was collected, the fractions were

sonicated for 10 minutes to break aggregated drug particles. Figures 3-2 shows the size
distribution results from each fraction of a given sample. The average size of drug
particles filtered through the 0.1 µm and a 0.2 µm pore size filters were respectively, 47.6
+/- 8.0 nm and 146.5 +/- 8.0 nm.
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Figure 3-2

Figure 3-2: Size distribution of dexamethasone drug particles. The first fraction was
centrifuged through a 0.2 µm filter and the insert graph represents size data from the
second fraction of drug particles that were centrifuged through a 0.1µm filter.

The results suggest that, after centrifugation a low polydisperse colloidal suspension is
attainable. The size of the drug delivery system plays an important role in the release of
the therapeutic agent that is encapsulated within the polymeric nanoshell. Factors that
affect the particle size include homogenizer speed, surfactant concentration,
concentration of the water-soluble solvent and organic phase solvent viscosity.8, 23
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LbL Assembly for fabrication of the Nanoshell
The ζ-potential, measured at the surface of the hydrodynamic shear, also confirms
the presence of alternating layers.26

The PAH/PSS polyelectrolyte pair was chosen

because this is a well-studied combination, and the process variables including salt
concentration, pH, incubation times, and washing process have been established.15, 25, 27, 28
The LbL adsorption procedure involved the alternating electrostatic adsorption of
20 mg/mL of each PE solution onto the core drug particles. The salt concentration for the
PE adsorption, washing, and re-suspension solutions was 0.15 M NaCl.

The salt

concentrations were maintained constant to demonstrate that the PE layers can be
successfully adsorbed to the drug nanoparticles. The thickness of the adsorbing layers
may be increased by adjusting the salt concentration in the buffer solution.25, 28 The LbL
assembly procedure applied here differs from current LbL researchers, because in their
wash and re-suspension steps deionized water is used instead of a salt solution.
The ζ-potential results obtained after three layers have been added to the
negatively charged nano-drug particles verify the successful LbL assembly required for
drug encapsulation (Table 3-1). The ζ-potential is not a direct measure of the surface
potential but an experimentally measured potential that is responsible for inter-particle
forces.29, 30 The larger ζ-potential, -38.06 (+/- 1.65), of the PSS layer accounts for the
bulky and rigid styrene sulfonate group that is able to extend further toward the solution,
thus contributing more to the measured ζ-potential.25,

31

The results collected from

Möhwald and coworkers suggest that weak PEs such as PAH adsorb loosely to the core
particle and this interaction can allow PSS to compete with PAH for binding sites on the
core particle.14 This observation can also be further explained as follows; although the
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overall charge of the drug particles is negative; there can still be patches of neutral or
positive charges on the particle surface;32 i.e. there is not a homogenous distribution of
charge on the particle surface.
Table 3-1
Layer
Number

Layer Description

Mean ζ−Potential (mV)

Standard Deviation (n>10)

0

Dexamethasone
Core Particles

-22

3

1

PAH

27

2

2

PSS

-38

2

3

PAH

26

2

Table 3-1: The ζ-potential (mV) for core particles and each adsorbing layer. The
standard deviation is based upon n > 10.

The interaction between two polyelectrolytes is also stronger than that between PAH
and the drug particles, because multivalent interactions characteristic of ionic polymers
produce strong irreversible forces.14 The findings from the literature show that the ζpotential of first layer, PAH, on polystyrene latex spheres was approximately 25 mV less
than the third PAH layer.25 In our results this difference was not observed. The ζpotentials for the first and third layer were comparable, differing only by 1 mV.
The results from the electrophoretic mobility studies indicated that the success of
LbL assembly depends on the charge of the adsorbing PE layer. Subsequently, the
charge is dependent upon the pH of the solution. The pH of the nanoparticle solution
described here was approximately 7.4 to mimic physiological conditions. At pH 7.4 the
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amine group is protonated and carries a positive charge (pKa isolated amine = 10.6)33.
Kato and colleagues studied the influence of pH on the ζ-potential of the PAH layer25 and
were able to measure the ζ-potential as a function of pH ranging between 2 and 12. From
their results it was clear that the optimal pH that produces the highest electrophoretic
mobility is 7.0.25 At pH 8.0 the ζ-potential was 0 mV, and below this pH the values
plateau to -45 mV. Also, Riegler and Essler demonstrated that the effective pK of PAH
in a salt concentration of 10-2 M NaCl is 7.6.33

At pH 7.4 the ζ-potential of

dexamethasone nanoparticles encapsulated with PAH was in agreement with the results
of Kato and Riegler. The results attained by Kato and coworkers further confirm that the
LbL assembly on the dexamethasone drug particles was successful.
To further characterize the LBL encapsulation of dexamethasone drug particles,
XPS survey scans, high sensitivity scans, and high resolution scans were collected. XPS
survey scans and high sensitivity scans (Figure 3-3) illustrated the distinguishing
characteristic peaks of dexamethasone and the added polyelectrolyte layers. The short
dwell time for the survey scan was unable to pick up the sulfur 2p peak; consequently a
pass energy of 80 eV was used to collect spectra for this PE addition. The F 1s peak at
700 eV, N 1s peak at 400 eV and S 2p peaks at 220 eV confirmed the presence of
fluorine, PAA, and PSS respectively. The F 1s peak is the distinguishing characteristic
atom present in the steroid chemical structure. As the layers were added, the fluorine
peak began to decrease in intensity, confirming the presence of added polyionic layers.
Relative atomic compositions were calculated for each characteristic atom of the
adsorbed PE layer, Table 3-2.
normalized and

The calculated relative atomic compositions were

residual contaminants, silicon and phosphate, were subtracted from
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each atomic composition.

Using this data, comparisons were made between the

adsorbing PE layers and their standards. When PAH was added, the atom percent of
fluorine, 2.9%, decreased when compared to the standard dexamethasone powder, 3.6%.
Figure 3-3

Figure 3-3: XPS survey scans with pass energy 160 eV (a) spectrum of dexamethasone
(b) dexamethasone encapsulated with PAH (c) spectrum of dexamethasone encapsulated
with PAH and PSS (d) spectrum of PEG surface modified dexamethasone.

As the second layer was added, the fluorine atom percent continued to decrease to 1.6%.
This observation clearly demonstrates the adsorption of the PE layers. The concentration
of nitrogen and sulfur at the surface of the drug particles were small when compared to
their standards but, this was expected because the thickness of each adsorbing PE layer
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was very thin due to strong interactions between PAH/PSS. Although the concentrations
for nitrogen and sulfur are minimal, the fact that the spectra appeared at the designated
binding energies affirmed that the LbL assembly was successful.
Table 3-2

Surface Condition

Relative atomic composition
(%)

Dexamethasone + PAH

O (1s)
13.5

C (1s)
80.1

N (1s)
3.4

F (1s)
2.9

S (2p)
0

Na (1s, 2s)
0

Dexamethasone + PAH/PSS

15.1

82.0

1.1

1.6

0.11

0

PEG modified
Dexamethasone

15.9

79.5

2.4

2.1

0

0

Dexamethasone Standard

17.9

78.6

0

3.6

0

0

PAH Standard

0

75.0

25

0

0

0

PSS Standard

25.3

46.8

0

0

7.0

7.4, 6.8

PEG standard

30.1

69.6

0.3

0

0

0

Table 3-2: XPS elemental analysis of encapsulated and PEG-modified dexamethasone
drug particles. Relative atomic percents represent normalized atomic compositions.

A high resolution scan of the N 1s peak of the PAH layer, Figure 3-4, was
captured to determine the surface functionality of the nitrogen atoms present in the
adsorbing PE layer. Two peaks were curve fit which represented two different chemical
states of N 1s. The protonated amine (–NH3+ ) peak at 401.2 eV corresponded to similar
values of 401.6 eV found in the literature.34 This result was in agreement with results
from the ζ-potential measurements that indicated the amine was protonated. Since the
relative peak amounts of protonated and deprotonated nitrogen would change after the
chemisorption of PEG, it was important that the N 1s peak was characterized under high
resolution.

Changes in protonation state of the N 1s peak would further confirm the
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conjugation of PEG to the PAH layer, as this reaction would change the primary amine to
a secondary amine.
Figure 3-4

Figure 3-4: XPS high resolution scans of N 1s peaks. The curve fits provided percent
concentrations for each peak at positions 401 eV and 399 eV respectively. (a) 63.6% and
36. 4% for dexamethasone encapsulated with PAH (b) and 29.1% and 70.8% for surface
modified dexamethasone particles with PEG.

Characterization by electron microscopy. To visually determine whether LbL
assembly successfully encapsulated the drug particles, SEM and TEM were used to
examine the surface characteristics and size of the drug delivery nanoparticles. High
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resolution microscopy can be used to view these nanoparticles at a resolution of one
nanometer.23 A SEM image of the drug nanoparticles is shown in Figure 3-5. The
particles were passed through a 0.2 µm centrifuge filter to remove large agglomerates.
The size distribution of the particles captured in this dry state illustrates a relatively
homogenous distribution in good agreement with the laser light scattering results shown
in Figure 3-2. The drug particles were spherical and nanometer sized, approximately 150
nm in diameter.
Figure 3-5

Figure 3-5: SEM image of dexamethasone drug nanoparticles. The drug particles were
filtered though a 0.2 µm centrifuge filter before image was taken.

To visualize these nanoshell-encapsulated nanoparticles in more detail, TEM was
used. A TEM image of an encapsulated drug particle with two PE layers is shown in
Figure 3-6. The diameter of this encapsulated drug particle was approximately 130 nm.
At this magnification of 300,000, two PE layers were evident. Also, the thickness of the
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two PE layers was less than 10 nm. This verified that LbL assembly may be used to
fabricate a nanometer scale nanoshell to encapsulate drug nanoparticles.

The data

acquired from SEM and TEM are in agreement with each other and with the size
distribution data collected by laser light scattering.
Figure 3-6

Figure 3-6: TEM image of dexamethasone drug particle (top) drug particle encapsulated
with two layers of polyelectrolytes (bottom) thickness of the two layers can be seen and
is approximately 10 nm.

Verification of Poly (ethylene glycol) modified Nanoshell
The surface of the nanoshell was chemically modified with PEG to create a

hydrophilic and stealth carrier. The outer PAH layer provided the appropriate chemistry
for the covalent attachment of PEG.20,

21

Surface modification of the nanoshell was
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accomplished by the covalent attachment of mPEG-SPA 2000 Da to the PAH layer of the
encapsulated drug particles via the reaction between the hydroxysuccinimidyl (NHS)
moiety of mPEG-SPA with an amine on PAH. The requirement for this reaction to take
place is for the pH of the buffered solution to be between 8.2 and 8.5. At this basic pH,
the protonated amine of the PAH layer becomes deprotonated and PEG can be covalently
attached to this secondary amine.

Consequently, the chemisorption of PEG to the

nanoshell of the encapsulated drug particle created neutralization in the charge of coreshell nanoparticles.
PEG coatings create a cloud of solvated hydrophilic and neutral chains at the
particle surface which can repel approaching plasma and blood proteins.35,

36

PEG

polymers with molecular weights between 2000 and 5000 have shown to increase halflife circulation times for liposome drug delivery vehicles.35, 37 In this molecular weight
range, PEG chains are stretched in solution as elongated, flexible coils, which allow
water molecules to hydrate their chains.35 Furthermore, this hydration serves to minimize
protein adsorption and opsonization by the MPS.35-37
The fluctuation of ζ− potential between small positive and negative values was
observed after PEG was chemisorbed. This fluctuation was indicative of a ζ− potential
close to the isoelectric point of the drug particles. The ZetaPALS instrument will not
show a ζ− potential of 0 mV but instead provides results within a range close to 0 mV.
The ζ− potential of the nanoparticles after PEG conjugation was found to be 0.03 (+/0.14 mV, n=5). When comparing these results with the ζ− potential after one layer of
PAH was added, one can indeed notice the difference. The addition of PEG to the
surface of the encapsulated drug particles resulted in the neutralization of the overall
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charge. This result was expected because initially PEG is a non-ionic polymer, and
secondly the covalent attachment requires a non-charged secondary amine.

PEG

modification of the core-shell nanoparticles is hypothesized to prevent particle
aggregation, sterically stabilize the nanoparticles, and prevent opsonization by the MPS.35,
36

Analysis of high resolution spectra of the C 1s, O 1s, and N 1s peaks by XPS
further confirmed the chemisorption of PEG. High resolution spectra allowed additional
surface sensitivity, because at the lower x-ray energy of 20 eV, atomic charge states can
be resolved with more detail and with a detection error of less than 1%. Comparisons
were made between high resolution spectra of dexamethasone standard, drug particles
with PAH layer and surface modified drug particles, to verify the covalent attachment of
PEG to the outer portion of the nanoshell. Changes in the oxidation state of the C 1s, O
1s, and N 1s spectra clearly indicated the surface modification of the nanoshell.
In the structure of PEG there is a repeating glycol unit of C-C-O in the backbone.
This functionality was observed in the C 1s (atomic orbital 1s of carbon) peak as a
shoulder at 286.34 eV (Figure 3-7). Curve fit analysis was performed on these high
resolution spectra, and the relative peak area (%) for specific carbon chemical bonds are
summarized in Table 3. Comparison between the peak areas of two chemical bonds C(O,N) and C=O,C-F present at the surface of the drug particles indicated the
chemisorption of PEG. These two chemical bonds or species represent the surfaces of
PEG modified drug particles and non-surface modified drug particles, respectively.
There was an apparent increase in C-(O,N) (286.34 eV) peak area and decrease in
C=O,C-F (287.64 eV) peak area when PEG was covalently attached to the PAH layer of
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encapsulated drug particles.

Also, a visual comparison can be made between the

shoulder at 286.34 eV in Figure 3-7a and Figure 3-7b to illustrate that there was an
observable increase in this shoulder after PEG was chemisorbed. The more defined
shoulder at 286 eV in Figure 3-7b was amplified due to the presence of PEG. The data
collected from the C 1s spectra therefore verified the surface modification by PEG to the
nanoshell.
Figure 3-7

Figure 3-7: (a) High resolution scan of the C 1s peak for dexamethasone drug particles
surface modified with PEG. The peak at 286 eV represents C-O and C-N bonds. The
overlay of figures (b) illustrates that this extra peak at 286 eV must come from the
covalent attachment of PEG to dexamethasone drug particles. The second figure in the
overlay is a high resolution scan of C 1s peak of dexamethasone.
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Additionally, oxygen intensity increased after PEG was covalently attached to the
nanoshell. A comparison was made between high resolution O 1s (atomic orbital 1s for
oxygen) spectra for drug encapsulated with PAH and surface modified drug particles.
This comparison was made by observing the change in intensity for the O 1s peak and the
change in atomic composition of oxygen after PEG chemisorption. The peak intensity of
drug particles modified with PEG was approximately 10 CPS units higher than nonmodified drug particles (Figure 3-8). This is an important observation because, PEG
contains many oxygen atoms; therefore, this apparent increase in intensity of the O 1s
peak was anticipated. The component analysis also suggested the presence of PEG
because the oxygen atomic relative composition increased from 13.5 % to 15.9% after
PEG was chemisorbed to the nanoshell (Table 3-3). With these two results from analysis
of the O 1s spectra, it was further concluded that the nanoshell was successfully modified
by PEG.
Table 3-3

Surface Condition

Binding energy (eV)
(relative peak area %)
C 1s
C-C
C-(O,N)
C=O, C-F

Drug particles + PAH

285.0
(62.7)

286.3
(29.1)

287.6
(8.2)

PEG modified drug
nanoparticles

284.9
(64.3)

286.3
(32.0)

287.6
(3.7)

Table 3-3: XPS binding energies and peak areas for encapsulated dexamethasone drug
particles.
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Figure 3-8

Figure 3-8: XPS high resolution scans of O 1s peak at 532 eV for (a) dexamethasone
encapsulated with PAH (b) and surface modified dexamethasone particles with PEG.

Finally, the N 1s (atomic orbital 1s for nitrogen) spectra provided results that
confirmed the presence of PEG at the outer layer of the nanoshell. In Figure 3, two high
resolution spectra illustrate two different electronic states for nitrogen. As previously
discussed the two peaks in the spectra represent a protonated and non-protonated
electronic state of nitrogen. Before the addition of PEG the protonated amine peak at
401.2 eV had a relative peak area of 63.6%. After PEG was chemisorbed, this peak
became a weaker shoulder with relative peak area of 29.1%. Additionally, the relative
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peak areas for the secondary amine at 399 eV increased as the protonated amine peak
decreased upon the chemisorption of PEG. The XPS results agreed with ζ-potential
measurements with regards to the surface charge of the encapsulated drug particles.
With an increase in the secondary, non-protonated nitrogen peak, the charge at the
surface of the drug particles would be close to neutral. These results were important
because they demonstrated that by observing changes in the N 1s spectra, one could
confirm whether PEG was successfully chemisorbed to the nanoshell.
The results obtained from the surface modification of drug particles with PEG
were in agreement with values found in literature for the PEG modified bare silica and
metal oxide surfaces.38, 39 These studies concluded that an increase in C-O intensity of
the high resolution C 1s spectrum, together with an overall increase in oxygen content,
indicated the successful attachment of PEG chains onto the surfaces.

The same

observation was made in this LbL modified drug nanoparticle. Results attained from
XPS alone indicated the presence of PEG chains at the outer layer of the nanoshell.
The impetus for modifying the outer portion of the nanoshell with PEG was to
create potential stealth nanoparticles. One hypothesis suggests that protein adsorption to
high molecular weight PEG is disfavored by steric repulsion.35,

40

The adsorption of

proteins to the glycol chains restricts the conformation of the chains, which is
entropically disfavored.41 PEG’s hydrophilic nature helps to minimize protein adsorption
thereby reducing recognition by the MPS (hence the stealth adjective applied to many
such systems). Also, the flexibility and the mobility of PEG chains help accomplish the
task of reducing protein adsorption; this is dependent on the molecular weight of the
molecule.35

As the molecular weight increases, the chains fold into a hydrated coil,
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which can form a repulsive hydrated layer.

This mechanism is characteristic of

molecular weights between 1500 and 3500 Da.35 For the drug delivery system described
here, a molecular weight of 2000 Da was used, thus creating the potential for a stealth
drug delivery system.
Optimization of Solid Core Nanoparticle Size
The process for fabricating solid core dexamethasone particles was modified from
earlier procedures performed in this work. Instead of fabricating dexamethasone core
nanoparticles using a double emulsification-solvent evaporation procedure, a single oilin-water (o/w) procedure was investigated. A factorial design of experiments (DOE) was
implemented to evaluate two independent factors, emulsification speed (RPM) and
surfactant concentration (wt/v) % on the size and monodispersity of the solid core
dexamethasone particles. The number of levels of the factor was equal to the number of
variations of that factor.

For example, in the case for homogenization speed, two

variations were studied, 6 000 and 14 000 RPM. The factorial design of four independent
experiments was calculated from the DOE, Figure 3-9.
The objective of the DOE was to twofold; first to determine the parameters
required to achieve a characteristic particle size of 100 to 200 nm and secondly if a
monodisperse distribution of solid core drug nanoparticles can be attained with the
chosen parameters. To meet the first goal, the characteristic size of distribution was to be
evaluated by measuring the z-average from the volume distribution of each experiment.
The characteristic size of 100 to 200 nm was chosen because within this size range
extravasation of colloidal carriers into the tumor interstitium has been confirmed by
researchers in this field.42 To meet the second goal, a polydispersity index (PDI) of less
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than 0.2 would indicate monodispersity.43

PDI is a dimensionless measure of the

broadness of the size distribution and lies between zero and 1.
Figure 3-9

Figure 3-9: Factorial Design of Experiments (DOE). Four experiments were calculated
for the DOE with two independent factors emulsification speed and surfactant (wt/v) %.

An important step in the fabrication of nanoparticles is the formation of the
emulsion droplet and is it related to the final particle size.44 The fixed variables in this
study were weight of dexamethasone (mg) and the organic to aqueous volume ratio (O:A).
Acetone was chosen as the water-miscible organic solvent and it is pharmaceutically
accepted in regards to toxicity.44 Variation in the stabilizer polyvinyl alcohol (PVA)
concentration in the aqueous phase has been shown to influence particle size,
encapsulation efficiency, and initial burst.24 To study the influence of this parameter on
the size of dexamethasone particles, a weight (mg) per volume (mL) (wt/v) % of 2 and 6
were chosen.

Homogenization induces high shear forces which break up emulsion
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droplets and this parameter is expected to determine the final particle size. As stated
before, homogenization speeds of 6 000 and 14 000 RPM were studied.
The o/w procedure was as follows; 1 (wt/v) % of dexamethasone in acetone was
sonicated at room temperature for 10 minutes. This organic phase was added to the
aqueous phase (40 mL) containing PVA with a concentration at either 2 or 6 (wt/v) %.
The O: A was set to 1:2 in the experiments performed. Immediately after the organic
phase was added to the aqueous phase the homogenizer was turned on and set to 6 000
RPM. Acetone was finally removed via evaporation after placing the emulsified particles
on a magnetic stir plate overnight. At this point, particles were sonicated for 20 minutes,
filtered through 450 nm pore size filter, and analyzed with the ZetaSizer for the
determination of the z-average, Figure 3-10.
Figure 3-10
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Figure 3-10: Z-average based on volume distribution for each experiment performed for
the factorial DOE. The z-average of #1 and #2 represent the sample variance composed
of two runs. DOE #3 and #4 were replicated twice and results represent the average of
replicated experiments, with each experiment the sample variance composed of two runs
was determined.
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The first criterion was achieved by all the experiments performed; the
characteristic size of the fabricated solid core nanoparticles was within range of 100 to
200 nm. The second criterion was to fabricate a monodisperse distribution of particles.
DOE #1 and #2 produced monodisperse size distributions with one characteristic peak.
The average polydispersity index (PDI) was determined to be 0.17, 0.06, 0.22, and 0.22
for experiments #1, #2, #3, and #4 respectively. In experiment #3 and #4 polydisperse
distributions with two to three peaks was observed. A sub 100 nm peak was observed
and this peak was thought to represent PVA micelles. In the case for DOE #3 the PVA
micelles were perhaps formed because the critical micelle concentration of PVA was
reached or because the high viscous aqueous phase and low shear rate was unable to
produce an effectively mixed emulsion. Researchers have noted that increased stabilizer
concentrations enhance stabilization of the emulsion but decrease the effectiveness of
mixing and therefore increase the PDI.44

The trend in the data reveals that surfactant

concentration impacts size and PDI more so than homogenization speed. Further analysis
must be performed before explicit conclusions are drawn. Evaluating the results from the
factorial DOE, solid core dexamethasone nanoparticles fabricated in #1 and # 2 achieve
the outlined goals.

The modified protocol documented here illustrates that

dexamethasone nanoparticles with a monodisperse size and size average ranging between
100-200 nm can be achieved.
The ζ-potential for each DOE was determined to validate that the modified
procedure can still produce charged nanoparticles. The particles were re-suspended in a 1
mM KCL solution before measurements were collected. Table 3-4 summarizes the
results for each study performed in the DOE. In each study the dexamethasone particles
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carry a low negative charge. This can be attributed to the presence of non-ionic PVA and
the adsorption of chloride ions at the particle surface.45 In summary, LbL assembly can
be performed to encapsulate the nanoparticles fabricated in this study with the modified
emulsion procedure.
Table 3-4
DOE #

ζ-potential (mV)

Stdev

1

-11.9

2.4

2

-7.7

0.2

3

-7.1

0.1

4

-8.6

0.4

Table 3-4: The ζ-potential (mV) of dexamethasone core nanoparticles for each study
performed in the design of experiments. The standard deviation is calculated from the
average of one sample run two times with twenty-five repeated measurements. Samples
were taken at room temperature.

Conclusions
LbL self-assembly of polyelectrolytes was demonstrated to be successful in
encapsulating of dexamethasone drug nanoparticles.

The step-wise assembly of

alternating charged polymer electrolyte solutions, PAH and PSS, was also demonstrated.
ζ-potential and XPS experimental results were in agreement and illustrated that their
adsorption was present at the surface of the drug particles. SEM and TEM images
captured encapsulated drug particles and a magnified image of the encapsulated PE layer
affirmed the nanometer scale thickness.
The surface of the nanoshell or encapsulated drug was surface modified by the
chemisorption of PEG (MW 2000 Da). The overall charge of the drug particles was
neutral after the covalent attachment of PEG to amine reactive sites. The results obtained
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by XPS provided sufficient information to conclude that PEG chains were present at the
surface. The increase in C-O intensity and oxygen atomic percentages affirmed that a
stealth drug delivery system is feasible. The surface density and coverage of PEG chains
was not investigated in this study but future studies will be performed to demonstrate
how surface coverage may affect the compatibility of a nanoparticulate drug delivery
system in vivo.
In the next chapter in vitro release studies are performed to determine how well
the nanoshell can control drug release. In the third chapter LbL assembly is performed
with bio-macromolecules and an in vitro biocompatibility study is performed.
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Chapter 4
Analyzing the Release of Dexamethasone from Core and Core-Shell Nanoparticles

In the last chapter, solid core dexamethasone nanoparticles were encapsulated
within a multilayer nanoshell composed of PAH/PSS/PAH with shell thickness ranging
between 10 to 15 nm. The polyelectrolyte nanoshell has the potential to control the
release of dexamethasone or other mendicants for drug delivery applications. In the
forthcoming chapter, the evaluation of how effectively non-degrading polyelectrolyte
nanoshells can control the dissolution rate of solid core and core-shell dexamethasone
nanoparticles is discussed.
In vitro dissolution profiles of core dexamethasone nanoparticles were evaluated
using two separate methods centrifugation and diffusion dialysis. Of the these methods,
diffusion dialysis was determined to provide the most reproducible and reliable results
due to the consistency of the data. Perfect sink conditions were assumed and sink
medium dexamethasone concentration was analyzed using high performance liquid
chromatography (HPLC). The release studies carried out in 0.1 M PBS (pH = 7.4) with
dialysis cassettes show that drug dissolution profiles resemble first order release kinetics.
Results illustrated that there was no comparable difference between dissolution profiles
of core dexamethasone nanoparticles and core-shell dexamethasone nanoparticles with a
nanoshell composed of PAH/PEG 20 kDa.
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Introduction
In traditional drug therapy, after the drug has been injected into the blood, the
systemic drug level exceeds the therapeutic level for a brief period and then gradually
decreases to an ineffective level.1 This sawtooth fluctuation in drug concentration is not
desired and can lead to adverse side effects that may be uncomfortable for the patient.
Controlled drug delivery can alleviate this fluctuation by allowing the drug concentration
to remain constant and within the therapeutically effective dose, which is described by
the therapeutic window.2 In the therapeutic window, shown in Figure 4-1, the drug
concentration is maintained between a maximum and minimum desired level. Above and
below threshold levels the drug becomes toxic and ineffective, respectively. Controlled
delivery is especially important for chemotherapy, because it ensures that the maximum
possible benefit with minimum side-effects is derived from the drug.2
Polymeric drug delivery systems (biodegradable and non-biodegradable) are
excellent carriers that can regulate the rate of anti-tumor drug release with a duration of
action longer than a day.3 An ideal nanoparticle would provide controlled drug release
with zero order release kinetics.4 In a zero order release, the fraction of drug being
released is linear with time, and concentration of drug in the plasma is constant.4
Achieving this goal has proven to be difficult, polymeric nanoparticles have illustrated
burst release kinetics.5 Many approaches are taken to reach zero order kinetics that
includes changing the matrix geometry, preparing polymer erosion controlled carriers,
and polymer dissolution devices.6 The choice of which polymer to use depends on the
following parameters molecular weight, crystallinity, solubility, chemical functionalities,
degradation rate, and glass transition temperatures.7
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Figure 4-1

Figure 4-1: Drug concentration versus time. Periodic dosages can cause the
concentration in the blood to go above the toxic level and below the effective
level. Controlled release from encapsulated drug nanoparticles reduces this
effect.3
Drug release rates can also be controlled by entrapping the therapeutic agent
within ultra-thin polymer films prepared by the LbL self-assembly.8 The versatility in
this self-assembly technique allows nano-scale control over polymer thickness and
porosity.9 This chapter describes the in vitro release profiles of dexamethasone core and
core-shell nanoparticles.
Theory of Drug Release
Diffusion is a mechanism used to control drug release from pharmaceutical
devices.10 Release of a drug from its encapsulation into the bulk solution frequently
occurs in three steps (1) dissolution of drug within the core (2) dissolution of the drug
into the polymer and (3) diffusion of the drug across the polymer membrane. The rate of
water uptake or penetration into the polymeric matrix influences the dissolution rate of
the drug in step (1).11 If the diffusion of the drug across the polymer membrane occurs at
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a slower rate compared to the dissolution of the drug at both interfaces, a mass balance
can be written for the drug within the polymer encapsulation. To analyze release, the
diffusion equation component mass balance in spherical coordinates is solved. Assuming
symmetry in the sphere and radial diffusion, the equation is as follows;
Equation 4-1

⎡ 1 ∂ ⎛ 2 ∂c p ⎞⎤
⎜r
⎟⎥
= Di , p ⎢ 2
⎜
∂t
∂r ⎟⎠⎥⎦
⎢⎣ r ∂r ⎝

∂c p

where cp is the concentration of the drug within the polymer (mg/mL), Di,p is the
diffusion coefficient of the drug within the polymer (cm2/sec)

The concentration of the drug as a function of position and/ or time in the encapsulated
nanoparticle can be solved analytically. The total mass of drug release as a function of
time can be calculated using Fick’s first law of diffusion in spherical coordinates. First,
the flux of drug out of its polymeric matrix is calculated:
Equation 4-2

J = − Di, p

dc
dr

where J is the flux in (g/cm2sec), Di,p is the diffusion coefficient of drug in the
polymeric matrix with units of cm2/sec, and dc/dr is the concentration
gradient.

Next, the flux is multiplied by the total surface area of release, for spherical coordinates 4πr2, and
is then integrated with respect to time. Once boundary conditions and initial conditions are

established, a diffusion model for drug release from a polymeric material can be
determined. In each theoretical model developed several assumptions have been made
and include: (1) the diffusivity is constant irrespective to time, distance, and
concentration, (2) dissolution of the drug into the surrounding medium is the first step of
the drug release process, and (3) a pseudo-steady state exists in the controlled release
process.1
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The general form of Fickian drug release from polymer matrices is12:
Equation 4-3

Mt
= kt n
M∞

where Mt/Minfinity is the fractional drug release of the drug, Minfinity is the total
amount of drug initially within the matrix, t is the release time, k is the constant
incorporating structural and geometrical characteristics of the controlled release
device, and n is the release exponent indicating the mechanism of drug release.

This equation holds true for short times where Mt/M∞ < 0.60.12 When the exponent n in
equation 4-3 takes a value of 1.0 the drug release rate is independent of time, which
corresponds to a zero-order release.12 This equation has been used to model drug release
from slabs, spheres, cylinders, and discs independent of release mechanism.13 Factors
such as matrix thickness, matrix shape, dosage form, polymer solubility, solution
diffusivity, drug solubility in the polymer, and drug content play an important role in the
design for a zero-order drug release.1
If the pure drug were to be placed into solution, its release rate is characterized by
a first-order approximation. In first order release, the release rate is dependent on the
drug’s solubility. An improvement in release kinetics can be achieved with t1/2 release
which is much slower than first order release but is still time dependent. In t1/2 release
the drug is homogenously dispersed in the polymeric material.4, 7 Delivery systems that
have illustrated control of drug diffusion and near-constant release include reservoir
systems, coated hemispheres6, and polymer slabs with altered initial concentration
profile.3 Although the mentioned systems have illustrated near zero order kinetics, each
has shown inherent disadvantages. Improvements in controlling drug diffusion from such
systems may be realized by incorporating thin polymer films assembled using the LbL
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technique. In the next section, a detailed analysis on using such thin films for controlling
drug diffusion is performed.
Release from Polyelectrolyte Hollow Capsules
Hollow polyelectrolyte capsules fabricated by the LbL self-assembly technique
have illustrated sustained release of small molecules, crystals, anti-cancer drugs, and
proteins.14-16 The permeability of these capsules is different from planar polyelectrolyte
multilayers. Release rates from hollow capsules change inversely with layer thickness.
Further studies by Antipov and co-workers revealed that release rates can be controlled
by adjusting pH, temperature, and ionic strength in the release medium.17 The LbL
assembly provides an alternate method in controlling release rates from nano and
microparticles which is an important criterion in areas such as drug delivery.
The semi-permeability of the hollow capsule is an important feature that allows
for efficient loading inside the capsule. Two factors control the permeability of the
capsule wall. The first is the core decomposition pH; the second, the polyelectrolyte wall
thickness.18 Decomposition of the template core, melamine formaldehyde (MF), created
the formation of pores with defined nanometer size (2-50 nm).18 The pore size depends
on the thickness of the polyelectrolyte capsule such that an increase in layer thickness
resulted in a decrease in pore size.

Once stable hollow capsules are formed, the

permeability of the capsule wall can be reversibly switched to an “open” and “closed”
state by changing pH, ionic strength, or temperature in the bulk solution.19, 20 Figure 4-2
illustrates of loading of macromolecules inside a hollow polyelectrolyte capsule
composed of PAH/PSS by changing the ionic strength of the solution.
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Figure 4-2

Figure 4-2: Schematic of encapsulation and release of macromolecules via switching the
permeability of the capsule by changing the ionic strength of the bulk solution
(illustration reproduced from original reference).19
Antipov and co-workers studied the release rate of fluorescein particles, 4 to 9 µm,
encapsulated within a capsule composed of 9, 13, 15, and, 19 PAH/PSS layers. The
fluorescein core was dissolved in an aqueous buffer at pH 8 and the fluorescence was
monitored and recorded at discrete time points. Their results illustrated the following
relationship, increasing the number of polyelectrolyte layers, thus thickness of the shell,
reduced the rate of fluorescein dissolution. For a polyelectrolyte shell containing 18
layers, the total time for fluorescein dissolution was 500 seconds. Also, the permeability
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was found to be inversely proportional to the number of layers. Using simple diffusion
models, the permeability of fluorescein through the capsule wall was derived as

dc
Equation 4-4

P=

V
dt o
cs S

where P is permeability in m/s, dc/dt is increased in released drug with
time, Vo is the volume of the release solution, cs is the concentration in
solution at complete release, and S is the total nanoparticle surface area.

The results showed that for 8 to 18 layers the permeability varied between 7 x 10-9 to 2 x
10-9 m/s.14 When multiplying the permeability coefficient by the layer thickness (3 nm),
Antipov and co-workers illustrated that diffusion coefficient for 8 to 18 layers was
constant (~ 2 x 10-17 m2/s). In summary, hollow capsules fabricated from LbL assembly
produce permeable capsule walls and the permeability of the wall can be attenuated upon
increasing the number of layers, thus thickness of the multilayer capsule wall,
temperature, pH, and ionic strength of the release medium.16
Experimental Notes
Materials
Dexamethasone (USP grade) was purchased from Sigma-Aldrich. Acetonitrile
(HPLC grade, 99.8% min. purity) was purchased from VWR International. Nanopure
water (resistance > 18.0 MΩ · cm) was obtained from a Nanopure Diamond® device
manufactured by Barnstead. Microcon® Ultrafree-MC centrifugal filter devices, model
YM-3 (NMWL = 3,000 Da) was purchased from MILLIPORE, USA. Slide-A-Lyzer®
Dialysis cassettes (MWCO = 3,500 Da) were purchased from VWR International, USA.
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Equipment
Sink dexamethasone concentration was determined using High Performance
Liquid Chromatography (HPLC). The analytical column used was a Waters Spherisorb®
reverse phase C-18 column. The HPLC unit consisted of a Waters In-line Degasser AF,
1525 Binary HPLC pump, 2487 Dual λ Absorbance Detector, and 717 Plus Autosampler.
The UV detection was set to 254 nm for dexamethasone detection. The retention time for
dexamethasone was between 15.5-17.0 min when a 70/30 v/v mixture of water
/acetonitrile was run through the column at 1.0 mL/min. Calibration standards were
prepared as described in the USP-NF and analyzed with HPLC.21 Calibration curve was
a linear regression, y = 3.8256 E + 07 x + 2.1329 E + 04 where y was equal to peak area
and x was equal to dexamethasone concentration (mg/mL); linear fit R2= 9.993E-01.
An Eppendorf Centrifuge 5810 swinging bucket rotor and a VWR Galaxy 16
fixed-angle rotor centrifuge were used for centrifugation and ultracentrifugation
procedures.
Drug Release Methods
Centrifugation Procedure.

Dexamethasone nanoparticles, M∞= 20 mg, were

suspended in 1.0 mL of 0.1 M PBS, pH 7.4 and placed in a 2.0 mL centrifuge tube. The
nanoparticle suspension was placed on a shaker plate at room temperature ~25˚C. At
certain time intervals, the drug nanoparticles were centrifuged in the fixed-angle rotor for
10 minutes at 15,000×g, the supernatant was removed, and a sample of 200 µL was
collected for analysis by HPLC. The pellet was re-suspended in fresh 1.0 mL PBS
solution to maintain sink conditions.
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Ultrafiltration Procedure. Dexamethasone nanoparticles, M∞= 10-24 mg, were
suspended in 5 mL of 0.1 M PBS. The nanoparticle suspension was placed on a shaker
plate at room temperature ~25˚C. At designated time points, 0.5 mL of the solution was
removed and transferred to a YM-3 Microcon® filter.
ultrafiltration at 15,000 x g for 10 minutes.

The sample was separated by

The ultra-filtrate was analyzed for

dexamethasone via HPLC. The removed volume of 0.5 mL was replaced with 0.5 mL of
fresh 0.1 M PBS. Due to user error this procedure did not provide reliable results and
was dropped from the dissolution studies.
Diffusion Dialysis Procedure. Dexamethasone nanoparticles, M∞= 10-24 mg,
were suspended in 2 mL of 0.1 M PBS, pH 7.4 and placed into a Slide-Lyzer® dialysis
cassette. The dialysis cassette was submerged in 200 mL of 0.1 M PBS, pH=7.4 and
placed on a shaker plate at room temperature (25˚C). At each time point, 4.0 mL was
removed from the reservoir solution and replaced with an equal amount of fresh 0.1 M
PBS to maintain perfect sink conditions. Also, dissolution studies were performed at
37˚C for comparison with dissolution studies at 25˚C. The system was placed in a
water/shaker bath maintained at 37˚C. Analyses of the samples were performed using
HPLC.
Results and Discussion
Sampling Method
Dissolution of solid core dexamethasone nanoparticles was studied using two in
vitro techniques centrifugation and diffusion dialysis. Dissolution profiles from each in
vitro method were substantially different from one another. Dissolution profile from the
centrifugation study displayed very slow dissolution rate; after 50 hours, less that 2% of
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dexamethasone was released. At each sampling time point major drug loses from the
centrifugation and re-suspension steps occurred. This loss may have contributed to the
skewed dissolution rate for centrifugation. It was also observed at 50 hours a pellet no
longer formed after centrifuging the nanoparticle suspension, indicating complete
nanoparticle loss. Diffusion dialysis was the only method that produced dissolution
profiles that were similar to those found in literature.3, 22 The data collected using the
centrifugation method was unreliable and difficult to replicate, and thus the method of
choice for performing dissolution studies of the solid dexamethasone core nanoparticles
was diffusion dialysis.
Diffusion Dialysis Analysis
Three independent studies were performed to determine the dissolution profiles of
core and core-shell dexamethasone nanoparticles using the diffusion dialysis method.
These studies included core dexamethasone nanoparticle at 25˚C and 37˚C, and core-shell
nanoparticles with shell composition of PAH/PEG 20 kDa at 25˚C. Figure 4-3 displays
the experimental results that were collected for each study. Drug dissolution profiles
demonstrate that complete dissolution is attained after ~5.5 days. The profiles plateau to
approximately the percent recovery of dexamethasone nanoparticles attained after
fabrication and LbL assembly. The dissolution profiles resemble and fit well to first
order release kinetics with the following form:
Equation 4-5

Mt
kA
= α ⋅ (1 - e - β ⋅t ) and β =
M∞
Vsol
where Mt is the total amount of dexamethasone released at time t,
M∞ is the total amount of dexamethasone that was believed to be
encapsulated, α is a correction factor that accounts for incomplete
encapsulation, and β is a fit parameter that is a function of the mass
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transfer coefficient and the total surface area per volume in the
solution available for drug release.
The assumptions that were made to derive Equation 4-5 were; (1) any changes in solution
volume due to sampling and evaporation are negligible, (2) constant temperature and
pressure operation ensures the CD,sat is constant, and (3) approximate sink conditions
where CD<<CD,sat. The fit for the experimental data was determined by minimizing the
sum square error between the experimental data and predicted data calculated from
Equation 4-5.
Overlaying the fit with the experimental data shows good agreement with the
model given by Equation 4-5. The parameters α and β were determined from the model
and are presented in Table 4-1. Parameter α represents the correction factor for the
percent recovery from the initial mass of dexamethasone used for nanoparticle fabrication.
The percent recovery of core-shell dexamethasone nanoparticles is much less than core
nanoparticles at 25˚C and this is attributed to sample loss in the preparation steps, which
included LbL assembly, PEG modification, and centrifugation procedures. The third
release study was performed at 37˚C to mimic in vivo temperatures.
Table 4-1
Parameter
α
β (1/min)
koverall (m/s)

Core (25˚C)
16.77
0.00044

Core (37˚C)
14.33
0.00031

Core-Shell (PAH/PEG 20 kDa 25˚C)
12.73
0.00041

8.6 E -09

8.9 E -09

1.2 E-08

Table 4-1: Fit parameters, α and β from model that follows drug release with first order
kinetics. Parameter α is a correction factor equal to the percent nanoparticle recovery
and β is a fit parameter that is a function of mass transfer coefficient and the total surface
area per volume of the solution available for release. The overall mass transfer coefficient,
koverall was calculated from the fit of the experimental data.
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Figure 4-3

Figure 4-3: In vitro release of dexamethasone solid core nanoparticles at 25˚C and 37˚C,
and core-shell nanoparticles encapsulated with a nanoshell composed of PAH/PEG 20
KDa collected at 25˚C. The curves represent the model that was fit to the collected data
by minimizing the sum square error. In the inset figure, the curves represent the model
that was fit for the three studies; percent release was corrected by parameter α.
Experimental data collected from the diffusion dialysis (MW 3400 Da) method and
analyzed with HPLC.
The insert in Figure 4-3 represents the original data that has been re-plotted, Mt /
M∞*α versus time, to include the parameter α. The three drug dissolution profiles have
nearly collapsed into a single curve, suggesting dissolution rate of dexamethasone core
and core-shell nanoparticles was independent of temperature and the presence of the

92
nanoshell, PAH/PEG 20 kDa. A comparison of the parameter β between core and coreshell nanoparticles at 25˚C reveals that the two values are statistically similar. The
parameter β is a function of the overall mass transfer coefficient and the total
nanoparticle surface area per volume of solution (release medium) available for core
dissolution. The overall mass transfer coefficient, koverall, for each study was determined
using Equation 4-5 and the experimental data, Table 4-1.

Under the conditions

investigated here, there was no measurable difference in dissolution between core and
core-shell nanoparticles at 25˚C. The experimental overall mass transfer coefficient for
core and core-shell nanoparticles at 25 ˚C was determined to be statistically insignificant.
Since the time for dissolution of the solid dexamethasone nanoparticle was very
long (>8000 min), it was desired to determine the contributing resistance to dissolution.
The overall mass transfer coefficient is the sum of three mass transfer coefficients in the
particle, layer, and bulk, Figure 4-4:

1
k overall
Equation 4-6

=

1
k particle

+

1
k layer

+

1
k Bulk

where
k particle ~

D particle
R particle

, k layer =

Dlayer
Rlayer

, k Bulk =

DBulk
R particle

Figure 4-4 summarizes a simple approach to understanding where the resistance to the
dissolution dexamethasone nanoparticles occurs. The diffusion coefficient of dilute
dexamethasone in water, DA,B was calculated using the Wilke-Chang equation at
temperatures 25˚C and 37˚C.

The molar volume, a parameter in the Wilke-Chang

equation was calculated from the atomic molar volumes at the normal boiling point.23
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Figure 4-4

Figure 4-4: Illustration of dexamethasone dissolution from core-shell nanoparticles and
the contributing resistances to mass transfer include the particle, the polyelectrolyte layer,
and the bulk.
.
The diffusion coefficients at 25˚C and 37˚C were calculated as D AB, 25C = 4.73x10 −10 m 2 / s
and

D AB,37C = 6.20 x10 −10 m 2 / s respectively. The bulk transfer coefficient at 25˚C and

37˚C were k Bulk , 25C = 0.0063m / s and k Bulk ,37 C = 0.0083m / s respectively. Comparison of
kBulk with koverall at 25˚C and 37˚C indicates that the resistance in the bulk is not the
limiting factor for dexamethasone mass transfer in the diffusion dialysis method. In the
case for the solid core without layers, the kparticle turns out to be equal to the kbulk
confirming that resistance to drug dissolution occurs at the particle surface. Next, klayer
was calculated to be ~0 m/s, indicating that the nanoscale dimension of the PAH/PEG 20
kDa was too thin or porous to create a hindrance to drug dissolution. The electrostatic
adsorption of additional PE layer, thus increased capsule thickness (after addition of 8
layers) has shown to control the rate of drug release.14, 17, 24 Therefore, additional PE
layers is hypothesized to play a more dominant role in controlling drug release for core-
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shell nanoparticles studied here. In summary, the resistance to dissolution of solid core
dexamethasone nanoparticle originates from mass transfer coefficient at the surface of the
nanoparticle.
Conclusion

In summary the diffusion dialysis method provided reliable results for the
dissolution of core and core-shell dexamethasone nanoparticles compared to the
centrifugation procedure. The dissolution profile for core and core-shell nanoparticles fit
well to a first order release kinetics. The mass transfer coefficient calculated in the
indicated that dissolution of dexamethasone core nanoparticles was not limited by the
bulk. Under the conditions studied here, the original hypothesis from Chapter 1, that the
nanoshell can help control drug release was not correct. The nanoshell composed of
PAH/PEG was too thin to produce an apparent hindrance in the dissolution of
dexamethasone from its polymeric encapsulation.
Future Work

The data collected up to this point suggests that the resistance in core dissolution
is coming from the surface of the core nanoparticle. In order to confirm the hypothesis
that the nanoshell has the potential to control drug release, two studies can be performed.
The first study will include electrostatically adsorbing additional polyelectrolyte layers to
produce a sufficient reduction in drug release. The second study will involve altering the
drug core structure in order to increase its solubility and encourage drug nanoparticle
dissolution. The first proposed study is straight forward, while the second requires a
more detailed approach. It is hypothesized that the hydrophobic core nanoparticle has a
crystalline structure and this can be confirmed with X-ray diffraction. It is conceivable
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that mixing dexamethasone with a small molecule or covalently modifying the molecular
structure of dexamethasone can change the morphology and structure of the core
nanoparticle. In the dissolution studies performed here, dexamethasone nanoparticles
were fabricated without a surfactant. Perhaps a surfactant such as poly (vinyl alcohol)
can help soften the core structure and thus accelerate dissolution at the surface; this will
need to be tested.

Another envisioned method would be to chemically modify

dexamethasone with β-cyclodextrin, which is known to improve a drug’s solubility and
stability. The main goal in these proposed future experiments is to show that drug release
from a nanoshell with defined thickness and composition can control release rate.
Overcoming the large resistance found in the drug nanoparticle is the first step in proving
this hypothesis.
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Chapter 5
Macrophage Uptake of Core-Shell Nanoparticles Surface
Modified with Poly (ethylene glycol)

In this chapter the in vitro uptake of core-shell nanoparticles encapsulated in a
bio-macromolecular nanoshell is studied. Sulfate modified fluorescent polystyrene nanobeads (diameter 200 nm) were used as a solid core upon which charged multilayers of
poly-L-lysine (PLL), chitosan (CHI), and heparin sulfate (HS) are electrostatically
deposited utilizing the LbL self-assembly process.

The nanoshell composed of the

multilayered polyelectrolytes was modified with poly (ethylene glycol) (PEG) of varying
molecular weights (either MW 2000, 5000, and 20,000 Da) to form a hydrophilic and
long-circulating nanoparticle.

The assembly of the nanoshell was confirmed by ζ-

potential, transmission electron microscopy (TEM), and x-ray photoelectron spectroscopy
(XPS). The reversal in charge upon the deposition of alternating polyelectrolytes was
observed by ζ-potential measurements. The nanometer thickness of the nanoshell was
confirmed by TEM. The presence of the (C-C-O)n backbone in PEG at the surface of the
nanoshell was confirmed by the increase in (C-O,N) peak area % compared to (C-C) peak
area %, and these results were gathered from XPS.
In vitro studies between suspension macrophages and core-shell nanoparticles
were performed to determine how surface chemistry, hydrophobicity/hydrophilicity, and
surface charge of the nanoshell can promote or reduce uptake. Results showed that after
24 hours uptake was decreased 3-fold when PEG 2 kDa and PEG 20 kDa were
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chemisorbed to the nanoshell, as opposed to a nanoshell with either a positive or highly
negative charge. Confocal microscopy assisted in verifying that core-shell nanoparticles
were internalized within the cell cytoplasm and were not attached to the cell surface.
Protein adhesion studies with bovine serum albumin were performed to determine the
relationship between surface charge and opsonization of core-shell nanoparticles. It was
found that a hydrophilic surface with a low negative charge reduced protein adsorption
and uptake. The in vitro uptake of macrophages and protein adsorption onto core-shell
nanoparticles formed using LbL assembly has not been previously studied by researchers
in this field.
Introduction
The use of polymeric nanoparticles to deliver therapeutic agents is currently being
studied as a method by which drugs can be effectively targeted to specific cells in the
body, such as cancerous cells.1-5 A major limitation facing the intravenous delivery of
polymeric nanoparticles is their rapid elimination from the systemic circulation by
monocytes and cells of the mononuclear phagocyte system (MPS).6, 7 Phagocytosis is a
cellular phenomena that describes the process in which macrophages and other cells of
the MPS uptake foreign particles in blood by an actin-based mechansim.8, 9 Phagocytosis
is commenced by the attachment of the circulating foreign particles to the surface
receptors of phagocytic cells.

This attachment is thought to be preceded by the

adsorption of ‘opsonins’, proteinaceous molecules, to the surface of polymeric
nanoparticles.10, 11 Opsonization of the polymeric nanoparticle is a crucial step by which
the nanoparticle becomes recognizable to the cells of the MPS and is subsequently
cleared from circulation by phagocytosis.10 It is therefore desirable to engineer a long-
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circulating carrier with a surface that can avoid opsonin adsorption and the subsequent
clearance from the body by phagocytic cells.
It has been established that the physico-chemical characteristics of a polymeric
nanoparticle such as surface charge, size, shape, functional groups, and hydrophilicity
can affect its uptake by the cells of the MPS.12-14

Previously it was suggested that a

long-circulating, “stealth” carrier could be designed by incorporating hydrophilic
polymers on the surface of the polymeric carrier.6, 15, 16 A neutral and hydrophilic surface
can lead to a longer half-life in the blood circulation.17 In particular, nanoparticles
whose surfaces were modified by the incorporation of poly(ethylene glycol) (PEG)
during nanoparticle formulation either through covalent attachment of PEG to surface
functional groups or through physical adsorption of PEG to the surface, have illustrated a
decreased uptake by cells of the MPS and an increased circulation time to effectively
target diseased cells.16, 18 PEG molecules on the surface of a polymeric nanoparticle
reduce the adsorption of opsonins and other serum proteins by a mechanism known as the
“steric repulsion effect”.12 Due to the chain flexibility and electrical neutrality of the
PEG backbone, it has been hypothesized that PEG molecules on the surface of a
nanoparticle will form a dynamic molecular “cloud” over the particle surface.17 This
cloud of mobile and flexible PEG molecules imparts a repulsive effect by which it is
energetically-unfavorable for proteins to adsorb to PEG molecules.15, 17
Encapsulation of solid drug nanoparticles in macromolecular nanoshells can be
performed using layer-by-layer (LbL) assembly to produce core-shell polymeric
nanoparticles.19

It was previously demonstrated that solid core nanoparticles of

dexamethasone that had a negative charge can be formed using a modified
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emulsification-solvent evaporation technique.19 Bio-incompatible polyelectrolytes (PEs),
poly (allylamine hydrochloride)/ poly (styrene sulfonate), were alternately deposited onto
the charged, solid drug core. A polymeric shell with a thickness of 10 nm was formed
after the deposition of two PE layers onto the solid dexamethasone core. Decher and coworkers first investigated this polyelectrolyte pair and found that the mass and thickness
of the films increase linearly with deposition steps.20 Recently, more work has been
performed with polysaccharides and polypeptides to construct non-adhesive and
biocompatible films.21-24
LbL assembly allows control of the deposition process on the nano-scale.25 This
feature is important because a heterogeneous multilayer film with unique properties can
be fabricated on a variety of templates, including colloidal particles.26, 27 The current
research interests focus on utilizing this self-assembly technique to fabricate a polymeric
shell that can encapsulate drug nanoparticles. The surface of the polymeric shell can be
directly modified by the covalent attachment of hydrophilic polymers and functional
groups to render a biocompatible and targeted delivery system. Other encapsulation
methods, such as the encapsulation of drugs in poly(lactide-co-glycolide), require a
chemical modification in the backbone of the encapsulating polymer before nanoparticle
formation can be performed.4, 28, 29
In this chapter, fluorescent polystyrene latex particles were used as a model of
core-shell drug nanoparticles, and a multilayer shell composed of biocompatible
polyelectrolytes was formed to encapsulate the solid cores. Multilayers of HS, PLL, and
CHI composed the bio-macromolecular nanoshell. To study the effect of surface charge,
hydrophobicity/hydrophilicity, and surface chemistry on the in vitro uptake of these core-
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shell nanoparticles, a flow cytometric assay was used to measure uptake of the core-shell
nanoparticles by macrophages. Also, protein adsorption studies to further confirm results
collected from flow cytometry were conducted with bovine serum albumin (BSA). A
fluorescent core with diameter 200 nm was chosen because of its fluorescent properties,
which made it desirable for analysis with confocal microscopy and flow cytometry and
because this size is within the range of solid core drug nanoparticles that have been
fabricated in Chapter 3. PEG chains of varying molecular weights (2000 Da, 5000 Da,
and 20,000 Da) were chemically attached to the surface of the nanoshell to impart an
electrically neutral and hydrophilic surface on these core-shell nanoparticles. The in vitro
uptake by macrophages and protein adsorption will provide the knowledge necessary for
the design of long-circulating core-shell nanoparticles for the treatment of advanced
cancers.
Experimental Notes
Materials

Poly-L-lysine hydrochloride (PLL, MW 15,000- 30,000) is a polycation (1 amino
group/ monomer repeat unit) with pKa ~ 9, was purchased from Sigma Chemicals,
USA.30 Chitosan (CHI, Low molecular weight, 75-85% deacetlyated), a polycation with
pKa ~ 6 was purchased from Aldrich Chemicals, USA.31 Heparan sulfate sodium salt
(HS, 20% N-acetylated) was purchased from Sigma Chemicals, USA.

USP grade

dexamethasone was obtained from Sigma Chemicals, USA. Succinimidyl ester of poly
(ethylene glycol) propionic acid (mPEG-SPA, MW 2000, 5000, and 20,000 Da) was
purchased from Nektar, USA. Cell Tracker Green CMFDA (492/517) was purchased
from Molecular Probes, USA. FluoSpheres® sulfate modified, 0.2 µm, yellow-green
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fluorescent (505/515), 2% solids (YB) were purchased from Molecular Probes. Bovine
serum albumin (BSA, MW ~ 66 kDa) was purchased from Sigma Chemicals, USA.
Dulbecco’s Modified Eagle’s Medium (DMEM) and Antibiotic-Antimycotic were
purchased from Sigma Chemicals, USA. Fetal Bovine Serum (FBS) was purchased from
Hyclone, USA. Flasks for cell culture, T-75 and 6 well plates were purchased from
VWR, USA. Acetone and n-heptane were purchased from Sigma Chemicals, USA.
Ultrapure water used for all experiments and cleaning steps was obtained from a
Barnstead Nanopure Diamond RO system having a specific resistance greater than 18
MΩ/cm.
The PE solutions were prepared in PBS consisting of 1.1 mM potassium
phosphate monobasic, 3 mM sodium phosphate dibasic heptahydrate, and 0.15 M NaCl.
The pH for both polycations was adjusted to 4.0 with a 0.05 M Acetic Acid solution.
Polyanion, HS, was prepared in PBS with pH 7.4. For the covalent attachment of PEG to
the nanoshell, a 0.1 M sodium bicarbonate buffer solution at pH 8.34 was used. A 10
mM HEPES buffer with 0.15 M NaCl at pH 7.4 was used for wash steps and resuspension in the cell culture experiments.
An Eppendorf Centrifuge 5810 (VWR, USA) and Galaxy 16 (VWR, USA) were
used for the centrifugation procedures.
Layer-by-Layer Assembly of Nanoshell
Core nanoparticles, which were the fluorescent beads (YB) were diluted from a
20 mg/mL solution to a concentration of 0.66 mg/mL for LBL assembly and 5 mg/mL for
PEGylation. The particles were then sonicated for 20 minutes before nanoshell assembly.
The nanoshell assembly procedure was as follows: 1.0 mL of a 2 mg/mL PE solution was
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mixed with a solution of 0.66 mg/mL of YB, sonicated for 5 minutes followed by 30
minute incubation under gentle shaking. After each layer was added, three cycles of
centrifugation, removal of supernatant, and re-suspension in 3.0 mL of buffer solution
were performed to ensure the removal of unbound PE. The centrifugation step was
performed at 14,000 RPM (10,000 x g) for 10 minutes.
Surface Modification of the Nanoshell. The surface modification of the nanoshell
with PEG is a substitution-elimination reaction involving N-hydroxysuccinimide (NHS)
and a primary amine.32-34 After the last polycation layer is adsorbed the YBs are
centrifuged and re-suspended in 1 mL of a 0.1 M sodium bicarbonate buffer at pH 8.34.
Next, 100 µL of a 10 mg/mL solution of mPEG-SPA was added to the core-shell
nanoparticles. This amount and concentration were the same for the three molecular
weights of PEG investigated. The reaction took place over the period of 1 hour under
gentle shaking at room temperature. After an hour, the suspension was centrifuged and
the pellet was re-suspended in a 0.1 M PBS buffered solution, pH 7.4. This cleaning
process was repeated three more times.
Culture of Macrophages and Quantification of Uptake
Mouse peritoneal suspension macrophage cell line CRL-2449 and adherent
macrophage RAW 264.7 (American Type Culture Collection, Rockville, MD) were grown
in DMEM medium (Sigma Chemicals, USA) supplemented with 10 % fetal bovine serum
and 1 % streptomycin. The cells were grown in T-75 flasks to a density of 105 cells/ mL
and then sub-cultured into 6 well plates (1 mL cells with 2 mL of medium) and incubated
at 37˚C in an atmosphere containing 5% CO2 for 24 hours. At the end of this incubation
period, 10 µL of approximately a fluorescent bead solution (1.5 x 108 YB/µL) in a 10
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mM HEPES buffer supplemented with 0.15 M NaCl, pH 7.4 were added to four wells,
while the remaining two wells were used as controls.

After a 24 hour period,

macrophages were centrifuged (900 rpm for 7 min) and rinsed with 4˚C 10 mM HEPES
and this was performed four times. The rinse step process involved re-suspension of cells
in 4 mL, 3 mL, 2 mL, and finally 1 mL of buffer. The rinse step was important in
removing unbound beads and non-phagocytosed beads attached to the surface of the
macrophage.
Equipment
Flow Cytometry.

Analyses were performed on an XL-MCL flow cytometer

(Beckman-Coulter, Miami Lakes, FL). Forward-scatter (FS) and side-scatter (SSC) dot
plots were used to gate live cells, dead cells and eliminate free beads. Macrophages that
were live had a larger cell size, fewer granularities, smaller side scattering and larger
forward scattering then dead cells. In general live and dead cells will scatter light
differently due to their size and cell granularity. A second gate, SSC versus log beads,
was drawn around the population of macrophages that were alive. This gate corresponds
to the percent of suspension macrophages with associated fluorescence.

Bead

fluorescence was excited at 488 nm. 20,000 cells were counted.
Confocal Microscopy. The cell cytoplasm was labeled with a 5 µM solution of
Cell Tracker Orange CMRA (Molecular Probes, USA). Cell nucleus was stained with a
5mM DRAQ5 (Biostatus Limited, United Kingdom).

An Olympus Fluoview 300

Confocal Laser Scanning Microscope was used to capture images of fluorescently labeled
macrophages and phagocytosed core-shell nanoparticles. This microscope includes three
single-line lasers with individual shutters that are software controlled for sequential
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acquisition. A 5 µL suspension of cells was placed on a glass microscope slide and
analyzed.

A minimum of three samples was visualized per experiment to ensure

nanoparticles were internalized within cell cytoplasm
X-ray Photoelectron Spectroscopy.

X-ray photoelectron spectroscopy (XPS)

analysis was performed using a Kratos Analytical Axis Ultra instrument. The x-ray
source was monochromatic aluminum (1486.6 eV) and powered at 280 W. Survey, high
sensitivity, and high-resolution spectra were collected at a takeoff angle of 90˚ with
respect to the sample plane. The analysis of these powder samples required the charge
neutralization to be turned on at low energy. All spectra were referenced for C-C in
carbon 1s peak at 285 eV. Survey spectra were collected from 0 to 1250 eV with pass
energy of 160 eV, high sensitivity scans for the HS layer were collected at pass energy of
80 eV, and high-resolution spectra were collected for each detected element (C, O, and
N) with pass energy of 20 eV.

Quantification was performed by deriving relative

sensitivity factors from the given polymer standards: poly(ethyleneimine), PEI,
poly(ethylene terephthalate), PET, and poly(tetrafluoroethylene), PTFE.
Sample preparation was as follows: suspended nanoparticles were centrifuged
and the pellet was dried in a vacuum oven overnight at room temperature. The powdered
sample was pressed into a small square piece of permanent double-sided Scotch® tape.
The sample was then placed directly onto double-sided carbon tape, which was then
mounted onto the sample rod.
Calculation of ratio intensities between high sensitivity O 1s peaks was
determined by calculating the ratio of (CPSIntensity/CPSBackground) for each O 1s peak. This
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value was then compared between the two O 1s peaks to determine the intensity or
increase in the oxygen concentration (peak area).
Survey spectra for the core surface illustrated that these fluorescent beads
contained the following atoms, oxygen (O 1s), nitrogen (N 1s), carbon (C 1s), and sulfur
(S 2p), Appendix B. High resolution spectra, 20 eV, were collected for each atom
present at the surface of the YB core. A high resolution spectrum of the carbon 1s atom,
Figure 1b, illustrates the different carbon species present at the core surface. Relative
atomic concentrations (%) were determined using a CasaXPS program and setting the BG
type to Linear. The relative atomic concentrations were derived from the respective
atom’s high sensitivity spectra collected at 80 eV. The relative atomic concentrations
from the following core-shell compositions were determined: YB, YB/PLL, YB/PLL/HS,
and YB/PLL/HS/PLL, Appendix C.
Results and Discussion
Preparation of Core-Shell nanoparticles
As a model for core-shell drug nanoparticles, sulfate modified yellow green
fluorescent beads (505/515 nm) were used. The fluorescent core used in this study was
200 nm in diameter and reflected that of the previously fabricated drug nanoparticle
carrier.19 Fluorescent beads are routinely used in uptake assays because of their intense
fluorescence, which can be easily observed in flow cytometry and confocal microscopy.35
In this uptake assay the concentration of the core-shell nanoparticles introduced to the
cells were maintained constant, whereas the charge and functional groups present on the
surface of the nanoshell were varied. The size of the particulate carrier has been shown
to directly affect the rate of phagocytosis.36, 37 Nanoparticles within a size range between
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10 and 1000 nm are less susceptible to uptake when compared to microparticles, which
have sizes between 1 and 1000 µm.36
Also, with a larger surface area to volume ratio, the surface of the nanoparticle
may be modified with a homogenous distribution of polyelectrolytes, hydrophilic
polymers and functional groups. This monodispersity is important in establishing a
relationship between uptake and surface properties of the drug delivery carrier. The
concentration of beads, 0.66 mg/mL, was chosen so as to reflect concentrations that have
been studied extensively in literature.38

The average zeta potential for the fluorescent

YBs was -42 +/- 3 mV. This negative charge was anticipated because the fluorescent
beads were sulfate modified and therefore carry a negative surface charge. Once the zeta
potential

of

the

core

was

determined

the

encapsulation

procedure

using

biomacromolecules could follow.
Layer-by-Layer Self-assembly.

The nanoshell, defined as the number of

multilayer PEs encapsulating the core was fabricated using biomacromolecules PLL, CHI,
and HS. The self-assembly of the nanoshell involved the alternate sequential deposition
of polycations, PLL and CHI, and polyanion, HS, onto the charged YB core. The PEs
were chosen because of their biocompatible and non-toxic properties, thus producing a
nanoshell that may be regarded as biocompatible.22, 23, 39, 40
The LbL procedure involved the adsorption of 2 mg/mL of each PE solution onto
the charged core. A salt concentration of 0.15 M NaCl was maintained constant
throughout the PE, washing, and re-suspension procedures. The salt concentration within
these steps has been found to influence the thickness of each adsorbed PE layer.41, 42 The
pH for the incubation and rinse procedures varied for the two polycations used. The
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incubation procedure for PLL and CHI required an acidic pH of 4.0 while rinse and resuspension procedures required a pH of 4.0 for CHI and pH of 7.4 for PLL. The pH in
the re-suspension procedure was important as it contributes to the positive charge of the
polycation, which is necessary to establish an electrostatic interaction with the negative
charge of adsorbed polyanion layer.
The adsorption of CHI and PLL onto the highly negatively charged core initiates
the LbL assembly process.

The LbL assembly initiates through the electrostatic

interactions between YB core sulfate groups, –SO42- , and protonated amines, –NH3+,
from CHI and PLL chains. Zeta potential measurements were taken to confirm the
presence of each adsorbed PE layer onto the negatively charged core. Results in Table 51 and 5-2 summarize the zeta potentials measured after a three-layer adsorption of
CHI/HS and PLL/HS polyelectrolyte pairs, respectively.
Table 5-1
Description

Zeta (mV)

Std dev.

YB

-42

3

YB/CHI

25

6

YB/CHI/HS

-27

7

YB/CHI/HS/CHI

24

6

YB/CHI/HS/CHI/PEG 2kDa

-6

4

YB/CHI/HS/CHI/PEG 5kDa

-9

5

YB/CHI/HS/CHI/PEG 20 kDa

-6

4

Table 5-1: The zeta potential (mV) for core particles encapsulated within PE pair CHI/HS.
The standard deviation is based upon n > 15 and samples were taken at room temperature.
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Table 5-2

Description

Zeta (mV)

Std dev.

YB

-42

3

YB/PLL

16

3

YB/PLL/HS

-26

4

YB/PLL/HS/PLL

15

1

YB/PLL/HS/PLL/PEG 20 kDa

-1

7

Table 5-2: The zeta potential (mV) for core particles encapsulated within PE pair
PLL/HS. The standard deviation is based upon n > 15 and samples were taken at room
temperature.

The zeta potential for the PE pair CHI/HS oscillates between approximately -27
mV for HS layer and +24 mV for both CHI layers deposited. The adsorption of the
second CHI layer is within the same statistical value as the first adsorbed CHI layer. This
observation is important because a strongly charged surface and adsorbed PE layer can
promote a flattened thin polymer film.23 A lower positive charge is observed with the PE
pair PLL/HS. The zeta potential after the first PLL layer is deposited is +16 +/- 3 mV.
The deposition of HS layer leads to an overcompensation of the previous positive charge
excess with a zeta potential of -26 +/- 4 mV. Upon the adsorption of the second PLL
layer, the charge is reversed back to a similar positive value of +15 +/- 1 mV. The
surface charge of the nanoshell with an outer layer of PLL was studied as a function of
pH in the re-suspension step. Considering the nature of PLL as a weak polycation, the
degree of ionization will vary with pH.43 A pH of 7.4 in the re-suspension buffer with a
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0.15 M NaCl concentration produced the highest positive charge, while pH 4.0 and 6.0
produced a less positively charged surface. Perhaps another explanation for the behavior
of this polycation is the influence of secondary interactions such as hydrogen bonding
and hydrophobic interactions that may co-exist with electrostatic interactions.43 PLL has
a neutral polypeptide backbone that can provide intra- and inter-molecular hydrogen
bonding.23 Its alkylamine side chains can contribute to electrostatic and hydrophobic
interactions.23 Considering the hydrophobic nature of the fluorescent polystyrene latex
core, the alkylamine side chains of the first PLL adsorbed layer may interact by
hydrophobic and electrostatic interactions. The PLL molecules in the first layer could
rearrange so as to maximize this hydrophobic interaction.23 The configuration of the PLL
layer may be distorted; therefore, contributing to the lower positive charge observed after
the first PLL deposition. Also, the pH of 7.4 of both rinse and re-suspension steps is at a
lower pH then the pKa of PLL, which is 9.0.30 Therefore, the amine functional groups
should be protonated.

The adsorption of the second PLL layer produces a similar

positive charge as it electrostatically interacts with HS. Decher was first to explain the
concept of “fuzzy” polyelectrolytes, which can be defined as polymers that lack a wellordered structure and can interpenetrate or diffuse “into” and “out of” of the polymer
layers beneath them.44 PLL is a “fuzzy” polyelectrolyte and diffuses into the multilayers,
and it can also form new complexes with the polycationic layers.21 These findings
illustrate that the reversal in charge upon the adsorption of three PE layers suggest the
successful encapsulation of the core within the self-assembled nanoshell.
Visualization of the bio-macromolecular nanoshell was provided by TEM, Figure
5-1. The core particle in Figure 1B is encapsulated within two layers, CHI and HS. Both
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adsorbed layers are nano-thick and the image suggests that the CHI layer is thicker than
HS layer. The results acquired from TEM are in agreement with results attained from
zeta potential.
Figure 5-1

A

B

Figure 5-1: TEM image of (a) core fluorescent particle and (b) core-shell nanoparticle
with shell composition CHI/HS. Core particle contains a darker region surrounded by a
lighter coating (particle was not modified). Shell can be visualized with a lighter coating
of CHI surrounded by a thin but darker coating of HS, as indicated on the figure.
Images were taken at magnification x 60K.

The alternating changes in zeta potential for both CHI/HS and PLL/HS pairs
suggested the growth of multilayer films. To further confirm the presence of each
adsorbed PE layer, X-ray photoelectron spectroscopy (XPS) was utilized.

Relative

atomic concentrations from the following core-shell compositions were determined: YB,
YB/PLL, YB//PLL/HS, and YB/PLL/HS/PLL. When PLL was adsorbed to the core
surface, an increase in the relative atomic concentration of nitrogen was observed. This
concentration, 1.25%, was also validated by the counter-ion, chloride 1.26% , present in
the buffered solution. A 1:1 ratio of N 1s (-NH3+) to Cl 2p (Cl-) was observed. Upon the
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subsequent adsorption of HS to the already absorbed PLL layer, an increase in sulfur
concentration to 0.21% was observed. This concentration is small but compared to the
HS standard only 0.82% S 2p is present at the surface. A 1:2 ratio between counterions S
2p (sulfate) and Na 1s (sodium) was observed, which was important to validate the
presence of HS.

The last adsorbed layer, PLL, resulted in an increase in N 1s

concentration to 2.77% and a small decrease in S 2p concentration to 0.20% was
observed.

The 1:1 ratio between N 1s and Cl 2p remained constant.

After each

successive LbL assembly the relative atomic concentration of C 1s decreased and O 1s
increased and is validated by the observation that both standards PLL and HS contain a
smaller relative atomic concentration of carbon and a higher relative atomic
concentration of oxygen. Therefore, the surface of each adsorbed layer should contain
atoms that are characteristic of each PE.
High resolution spectra of the N 1s peak for the first PLL adsorbed layer was
collected to determine the nitrogen species present at the surface. Two curves fitted at
binding energies of 400 eV and 401.5 eV represent a primary amine and protonated
amine (-NH3+), respectively.45 The relative atomic concentrations of these two species
after curve fitting are primary amine 87.5% and protonated amine 12.5 %. Comparison
to a PLL standard there is a noticeable difference. The atomic concentrations for each
species present in the PLL standard were found to be 48.96% primary amine and 51.04 %
protonated amine. The decrease in atomic concentration for the protonated amine in the
PLL adsorbed layer corresponds to the observations made from the zeta potential. A high
resolution spectrum of the S 2p peak was collected after HS deposition and confirmed the
presence of the HS layer. The survey spectra and high resolution spectra collected
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reconfirmed the presence of each adsorbing layer.

Also, considering the surface

sensitivity of XPS for polymer films is between 1 to 5 nm, these results also further
reconfirm the presence of nanometer thick layers deposited onto the core particle.
Modification of the Nanoshell. To properly study how the hydrophilicity of a
carrier may prevent uptake in vitro, the surface of the nanoshell was chemically modified
with PEG. Approaches to immobilize PEG on the surface of particles involve covalent
grafting, or adsorption of PEG containing surfactants.46 The molecular weight of PEG,
and thus its chain length has an influence on phagocytosis.12 The hydration of coiled,
flexible PEG chains help deter the approach of proteins, and this phenomenon has been
illustrated with PEG of molecular weights between 1500 and 5000 Da.47 Its has also
been shown that PEG with a molecular weight of 20,000 Da can effectively reduce
protein adsorption on a nanoparticle surface.12 Napper suggested that the stability of the
polymer coverage could determine the distribution of a colloidal carrier in a biological
environment.48 The stability of PEG chains at the surface of a particle can be promoted
through covalent attachment. Mosqueira and co-workers demonstrated that covalently
attached PEG cannot be displaced by plasma proteins when compared to unstable
particles in which PEG poloxamer were physically adsorbed to the surface.12 For the
core-shell nanoparticles described here, PEG with a molecular weight of either 2000 Da,
5000 Da, or 20,000 Da was used, thus creating a hydrophilic shell with the potential to
minimize phagocytic uptake and protein adsorption.
The outer CHI and PLL adsorbed layers permitted the appropriate chemistry for
the covalent attachment of mPEG-SPA.34 The reaction takes place between an amino
group, –NH2, of CHI and PLL and the NHS moiety of the PEG molecule at a pH of 8.2
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and 25˚C. The covalent attachment of a neutral polymer, such as PEG, should produce a
neutralization in charge at the nanoparticle surface. The zeta potential was determined
after the chemisorption of PEG to the nanoshell, Table 5-1 and 5-2. A fluctuation of zeta
potential between positive and negative values was observed for the surface with
adsorbed PLL, which is an indication of a neutral carrier.19 The zeta potential of -1.0 +/7 mV indicates this oscillation and the electrical neutrality of the core-shell nanoparticles.
On the other hand, the zeta potential for PEG modified surfaces with a CHI adsorbed
layer, was negative. This observation held true for the three molecular weights of PEG
studied. This may be explained by the observations made with CHI adsorption onto flat
films. Islands and islets of PE form on the surface after the adsorption of a polyanionic
film onto a CHI layer.21, 22 After the deposition of new polyelectrolytes, onto this surface,
a coalescence of the islands and islets takes place.21,

22

Even though an

overcompensation in charge was observed after the deposition of the third layer, CHI, the
surface charge is not homogenous and has pockets of positive and negative charges.49
Also, the adsorption of the third layer may not mask the charge between or on the islets
and islands. Therefore, a negative charge from the HS can still be felt by the next
adsorbing layer onto CHI.

Regardless of the molecular weight of PEG that was

chemisorbed to the outer nanoshell, a decrease in the surface charge and neutrality was
observed indicating the presence of PEG molecules.
XPS high resolution spectra aided in the further analysis of PEG modified
nanoshells. Analysis of the C 1s, O 1s, and N 1s peaks confirmed the presence of PEG at
the surface. The following core-shell nanoparticle compositions, YB/C/HS/C/PEG 20
kDa and YB/CHI/HS/CHI/PEG 5kDa were studied. Comparisons were made between
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the core particles, YB, and PEG modified nanoshells. Changes in the oxidation state of
the C 1s, O 1s, and N 1s spectra can indicate the presence of PEG molecules.19 The
concentration of the repeating glycol unit C-C-O in the PEG backbone should increase
relative to the decrease in C-C when PEG is chemisorbed to the nanoshell. This was
previously illustrated with PEG modified drug-shell nanoparticles.19 Curve fit analysis
was performed on high resolution C 1s spectra for PEG modified shells and core particles.
Peak area (%) for each carbon oxidation species was calculated. An increase in C-(O,N)
peak area and a decrease in C-C peak area was apparent with PEG 20 kDa and PEG 5
kDa conjugation. A small increase in C-(OOH) peak area and decrease in C=C peak area
was noticed.

The C-(OOH) originated from the core particle and after successive

depositions of PLL, HS, and CHI, this chemical species increased due to the presence of
carbonyl groups. The C=C peak at 291.7 eV represents a shake up peak from the C=C
bond in the styrene phenyl group from the core. The increase in the C-(O,N) bond and
decrease in the C-C bond for PEG modified nanoshells was apparent with PEG molecular
weight 20 kDa and PEG 5 kDa.
The O 1s peak intensity increased after the covalent attachment of PEG to the
nanoshell. This visible increase in oxygen was 2.2 times the original oxygen found at the
surface of the core particle. The ratio of
(CPSIntensity/CPSBackground)1/(CPSIntensity/CPSBackground)2
was calculated to determine the increase in oxygen intensity. A theoretical calculation
was made for the percent of carbon bonded to an oxygen atom.

This theoretical

calculation included determining the number C-C-O repeat units, n, in PEG 20 kDa,
which was found to be 1377. From the theoretical calculations made, 99.3% of all

116
carbons should be bound to oxygen. Also, 33% of the PEG polymer is comprised of
oxygen. The increase in the intensity of O 1s and the peak area % of C-(O,N) species reaffirm the presence of PEG.
The N 1s spectrum was the last high resolution spectra collected to confirm the
presence of PEG molecules at the nanoshell surface. It was earlier shown that after the
deposition of the polycationic layer, two nitrogen species were present at binding
energies of 400 eV and 401.7 eV.

The covalent attachment of PEG requires the

deprotonation of the –NH3+ group and the covalent attachment to an amino group. The
chemical reaction produces a secondary amine. This secondary amine would represent
the peak at 400 eV. Therefore, the covalent attachment of PEG to the outer nanoshell
should decrease the peak at 401.7 eV. The PEG modified nanoshell with composition
CHI/HS/CHI has one characteristic peak. This peak at 400 eV represents the secondary
amine functionality. XPS results clearly demonstrated the successful covalent attachment
of PEG with molecular weights 5 kDa and 20 kDa to the surface of the core-shell
nanoparticles.
In vitro Uptake Studies
Once core-shell nanoparticles were fabricated and the nanoshell, with or without
PEG, was determined to be present at the surface, uptake studies were begun. Initial
studies were performed with adherent macrophages, cell line RAW 264.7. The goal of
these studies were to determine if after a 24 hour incubation period with core-shell
nanoparticles surface attached and/or internalized nanoparticles can be distinguished.
This was an important concept to prove because internalized nanoparticles are more
potent to stimulate inflammation than surface adhered nanoparticles.

Previous
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researchers have utilized adherent macrophages, but their particles were micrometer scale
instead of nano-size. Another concern was that due to the size of our core-shell particles,
settling velocities would be much slower than microparticles; therefore, a 24 hour assay
may not be long enough to effectively study uptake. Core-shell nanoparticles with
nanoshell

composition

PLL/HS/PLL

were

incubated

with

confluent

adherent

macrophages attached to a glass coverslip for 24 hours. After 24 hours, the cells were
rinsed with cold (4˚C) 30 mM HEPES pH 7.4. The nucleus and actin cytoskeleton were
stained to assist in imaging the position of the core-shell nanoparticles. As shown in
Figure 5-2, core-shell nanoparticles seem to be aggregated together and attached to the
surface of the cell. Confocal images represent a three dimensional sliced cell taken at the
middle slice, position 6 µm. The xz and yz images illustrate that the green fluorescence
is not in the same plane as the nucleus. The DIC image also shows that the nanoparticles
are adhering around the circumference of the cell. Interestingly the actin cytoskeleton is
localized around the attached particles, which indicates that phagocytosis is commencing.
The results from confocal microscopy indicate that 24 hour incubation period is not long
enough to study cellular uptake with adherent macrophages.
Suspension macrophages with phagocytic properties were chosen instead of the
standard adherent murine macrophage cell line RAW 264.7 to mimic in vivo conditions at
the tumor site. Macrophages that attack foreign particles are in suspension patrolling the
tissues as opposed to others adherent macrophages that find a location and remain fixed
in tissue.50 For the uptake studies performed the amount of particles incubated with the
cells was maintained at 1.5 x 109 particles/well.
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Figure 5-2

Figure 5-2: Confocal images of Z-stacked adherent macrophages with surface associated
core-shell nanoparticles, YB/PLL/HS/PLL (green) (a) xyz image at slice 6 µm, (b) yz
image at slice 6 µm, (c) xz image at slice 6 µm, and (d) xyz image with red fluorescent
actin cytoskeleton and yellow staining is the overlap between green fluorescent particles
and actin cytoskeleton. Insert represent DIC image. Images taken at x 60 K with oil.

Cellular Imaging. Confocal microscopy was utilized to discriminate between
internalized and externally adsorbed particles. Faraasen and co-workers similarly used
confocal microscopy to verify the intracellular localization of PLL-g-PEG coated PLGA
microspheres.46

In working with suspension macrophages a wash procedure was
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implemented to determine the number of centrifugation and re-suspension steps required
to accurately remove surface bound core-shell nanoparticles from the cell. Tyteca and
co-workers demonstrated that after five washes with PBS at 4˚C, surface bound beads
incubated with cells at 4˚C were significantly removed.51

A revised method was

employed here, after 24 hours of incubation with core-shell nanoparticles, suspension
macrophages were centrifuged, re-suspended, and washed five times with a HEPES
buffer at 4˚C to ensure the removal of particles adhered to the cell surface. The shape of
the macrophages was visualized by staining with cell tracker orange (red) and the nucleus
was stained (blue), while the core-shell nanoparticles were green.

Z-stacking was

performed on individual cells with associated green fluorescence.

Core fluorescent

nanoparticles and core-shell nanoparticles with shell composition YB/PLL were studied.
Figures 5-3 and 5-4 represent slices taken from the middle of a three dimensional
resolved cell.

Also, YZ and XY projections provided sufficient evidence that

nanoparticles were located within the cell cytoplasm. Therefore, the centrifugation/wash
steps performed was sufficient to displace surface bound nanoparticles and provide a new
method in studying uptake of 200 nm sized particles. In regards to the mechanism of
uptake whether internalization events are mediated by phagocytosis or endocytosis this
remains unclear. It has been demonstrated that internalization of particles smaller than 1
µm show characteristics of both endocytosis and phagocytosis.9
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Figure 5-3

Figure 5-3: Uptake of YB nanoparticles in a macrophage cell (a) middle slice of Zstacked cell with cross-hairs to indicate position of nanoparticles in the xyz plane (b) xz
projection image and (c) yz projection image from the same cell as seen in the xy plane
illustrate internalized nanoparticles (d) middle slice resolved by de-convolution. Cell size
5 µm.
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Figure 5-4

Figure 5-4: Uptake of YB/PLL nanoparticles in a macrophage cell (a) middle slice of Zstacked cell with cross-hairs to indicate position of nanoparticles in the xy plane (b) xz
projection image and (c) yz projection image from the same cell as seen in the xy plane
illustrate internalized nanoparticles (d) middle slice resolved by de-convolution.

Flow Cytometry Results.

Once a wash/rinse procedure was developed and

confirmed with confocal microscopy, a flow cytometric assay was also developed. The
assay was used to study the interactions between core-shell nanoparticles with varying
surface compositions and macrophages after a 24- hour incubation period. Media used in
all incubations with core-shell nanoparticles contained 10% v/v FBS to account for
possible opsonization events. Gating was performed around a control population of cells
thus distinguishing them between live and dead cells, Figure 5-5a, histogram 1. It was of
interest to gather results from live cells that contained fluorescent core-shell nanoparticles.
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Histogram 2 of Figure 5-5b measures the intracellular granularity of live cells (side
scatter) versus fluorescence (log scale).
Cytotoxic assays performed by Olivier et al, illustrated that polystyrene bead
concentrations can have an effect on the cell viability and release of cytokines, which
may help induce uptake.38 Our studies showed that 86 +/- 2 cells were viable after 24
hours incubated with the core-shell nanoparticles and control cell populations had a
viability of 85+/- 4. Therefore, the particulate suspension did not interfere with the
viability of the cells.
The charge of the colloidal carrier can have an influence on uptake. It has been
shown that positively charged carriers can increase the uptake rate compared to neutral
or negatively charge carriers.38, 52 Javier and co-workers showed that positively charged
polymeric microcapsules incubated with MDA-MB-435S and MCF-7 cells were ingested
at a higher rate than negatively charged microcapsules, 5 µm. Our results illustrate that
after the 24-hour incubation period, the PEG modified nanoshells reduced cell-associated
fluorescence 3-fold lower than that of both positively charged core-shell nanoparticles
and of the unmodified core. For example, in Figure 5-5b, histogram 2, 84 +/- 4 % of live
cells are associated with fluorescent core-shell nanoparticles with a shell composition of
CHI/HS/PLL.

Figure 5-6 is a plot of the percentage of macrophages associated with

fluorescent core-shell nanoparticles versus surface composition.
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Figure 5-5

Figure 5-5. Histograms for flow cytometric assay with 20,000 cells counted (a) control
cell population without ingested core-shell nanoparticles and (b) cells that have ingested
core-shell nanoparticles with nanoshell composition CHI/HS/PLL. Histogram 1
illustrates the gating that was performed to distinguish between live (gate A), dead cells
(gate E), and aggregated cells (gate B). Histogram 2 was used to determine the percent of
live cells that have ingested fluorescent core-shell nanoparticles, gate D.
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Figure 5-6

Figure 5-6: Percent of (live) macrophages with associated fluorescent core shell
nanoparticles versus surface composition of the nanoshell introduced at time = 0 and
incubated for 24 hours. The data was determined from flow cytometry, histogram 2.
Inset represents the percent of live macrophages with associated fluorescence versus
particle concentration for PEG 20 kDa and PEG 2 kDa modified shells. The data is
presented as an average with a standard deviation from n >4.
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The percentage of cells associated with fluorescence will be the definition for the
percent of uptake.

The hydrophobic fluorescent core is effectively recognized and

ingested. This result is similar to results reported by Tabata and Ikada.53 With only one
deposited polycationic layer, the percent uptake was greater than that of the hydrophobic
core, 98 +/- 0.2 %. When the third PE layer, CHI was adsorbed to the nanoshell surface
the percent fluorescence decreased slightly to approximately 92%.

However, for a

polycationic nanoshell with adsorbed PLL as the outer layer, the % phagocytosed
decreased. This is an interesting observation and can be explained by comparing the zeta
potential of both surfaces. A nanoshell composed of CHI as the outer observed layer
carried a higher positive charge than that of a nanoshell with PLL as the outer adsorbed
layer.

Therefore, a surface with a nanoshell that carries a high positive charge is

expected to be internalized to a greater extent. These observations were consistent with
the conclusions drawn by Gbadamosi and co-workers, in which they stated that the extent
of uptake can be predicted by measuring the zeta potential of the particles.54 Also, a
positive surface interacts through electrostatic interactions with the negative charges on a
cell’s surface more prominently then either a neutral or negative surface.52,

55

The

nanoshell with a negative surface charge with shell composition CHI/HS showed a
marked reduction in percent uptake. Yamamoto and co-workers reported on similar
findings, where the surface functional groups had an affect on phagocytosis.56
Polystyrene microparticles having a primary amine at the surface were effectively
phagocytosed within the first two hours of incubation when compared to microparticles
having sulfate, hydroxyl, and carboxyl groups.56

Although repulsive electrostatic

interactions can prevail, the approach of these core-shell nanoparticles to the surface of
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the cell can be promoted by the adsorption of serum proteins onto the surface of the
nanoshell and this concept is explained further in the next section.
PEG modified nanoshells effectively reduced the uptake of core-shell
nanoparticles.

The chain length of PEG did not play a large role in reducing

phagocytosis; instead, surface coverage and the configuration of PEG molecules were
predicted to have a larger effect. PEG 2000 Da and 20,000 Da reduced uptake of coreshell nanoparticles to approximately 16% when covalently attached to the nanoshell
surface with an outer polycationic layer of CHI. Alternately, when PEG 20 000 Da was
covalently attached to the nanoshell with outer adsorbed layer PLL, the % of uptake was
approximately 32%. The differences are clearly not between chain lengths but instead
between the densities of the surface coverage of PEG molecules. The stability of a
polymeric carrier in a biological environment is dependent on the density of the surface
coverage.12 A dense surface coverage with hydrophilic PEG molecules can produce a
hydrated nanoshell that may effectively result in a repulsive force between nanoparticles
and cells.12, 54 The PEG 20,000 Da modified nanoshell with composition PLL/HS/PLL
must have a heterogeneous distribution of PEG molecules at the surface so as to produce
a larger uptake when compared to a nanoshell surface with the same PEG molecular
weight but a different nanoshell composition. A heterogeneous distribution of PEG
molecules can produce non-hydrated pockets on the surface that promote uptake.
The configuration of PEG molecules on the surface of the nanoshell is important
for the steric repulsion in vitro. A brush configuration versus a mushroom, or flat, regime
can provide a conformational mobility of PEG molecules that results in higher cloud
density and uniformity that may enhance the shielding effect.18, 57 PEG 5000 Da had a
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higher percentage of uptake compared to PEG 2000 Da and 20,000 Da with the same
nanoshell composition. The first explanation for the higher uptake has previously been
stated that is a heterogeneous distribution of PEG molecules at the surface that results in
inefficient surface density and stabilization of the nanoparticle. The second explanation
may be in regard to the conformation of the PEG chain at the nanoparticle-solution
interface. One could hypothesize that PEG 5000 assumes a mushroom-like conformation
when chemisorbed to the nanoparticle surface. A mushroom regime relates to the semispherical volume occupied by a single flexible molecule.18 Therefore, if every PEG 5000
Da molecule attached to the surface is in a mushroom regime, the hydrated shell is
underdeveloped and the shielding effect is minimal. Although PEG 5000 Da did not
reduce uptake as effectively as PEG 2000 Da and PEG 20,000 Da, it was successful in
reducing uptake when compared to a positive and highly- charged negative nanoshell.
The hydrophilicity of the nanoparticle was found to minimize the interactions
with the suspension macrophages.

The low negative charge of the PEG modified

nanoshell was also thought to contribute to this reduction in uptake.

The dose

dependence of PEG modified core-shell nanoparticles was studied; higher concentrations
of a particulate carrier can promote higher uptake rates.36 The concentration of PEG
modified core-shell nanoparticles introduced to culture was doubled from 1.48 x 109
particles/ µL to 2.96 x 109 particles/ µL. The insert in Figure 5-6 presents the results
from this study after 24 hour incubation with PEG 2000 Da and PEG 20,000 Da modified
nanoshells. Doubling the concentration of core-shell particles approximately doubled the
percentage of uptake. This increase in uptake still remained smaller than nanoshells with
a positive and negative surface.
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Protein Adsorption Studies
Proteins adhere to solid, hydrophobic surfaces so as to minimize their surface
energy, which results in an increase in conformational entropy.11, 15, 58-62

The nature of

serum proteins adsorbing to the surface of nanoparticles could promote an increase in the
phagocytic uptake.12, 16, 63-66 To study the interactions between core-shell nanoparticles
and protein adsorption, bovine serum albumin (BSA) was used as a model protein. A
concentration of 400 µg/mL was chosen as to replicate experiments performed by other
researchers.13 The ζ-potential was measured after protein adsorption to determine the
influence of nanoshell charge on protein adsorption and this measurement offers
sensitivity when studying adsorption to colloidal particles13.
The ζ-potential of core-shell nanoparticles after incubation with BSA for one hour
can be found in Figure 5-7. The ζ-potential of BSA was found to be -13 +/- 4.2 mV in
0.1 M PBS, pH 7.4. The nanoshell surfaces coated with BSA developed a large shift in
the surface charge.

Hydrophobic core particles and positively charged nanoshells

experienced a large shift in zeta potential.

Electrostatic interactions between CHI

nanoshells and BSA accommodated protein adsorption, which shifted the surface charge
was to approximately -20 mV from an original potential of +24 mV. Nanoshells that
carried a negative charge also had BSA adsorbed to the surface. The zeta potential for
HS nanoshells was shifted by approximately 4 mV units. BSA adsorption to PEG
modified nanoshells was observed by the shift in the average surface charge to a more
negatively charged surface. This shift in zeta potential was approximately 8 mV units
more negative for the three PEG chain lengths studied. While the ζ-potential is lower for
BSA adsorption onto PEG modified particles, the ζ-potential is within the error of the
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experiments, which indicates little to no protein adsorption took place. Also, the surface
charge of PEG modified nanoshells remained less negative than either positively or
negatively charged nanoshells.

Gbadamosi and co-workers demonstrated that a

lower negative charge decreased uptake.54 Muller and co-workers illustrated PLL-g-PEG
coated PLGA microspheres showed a decrease of adsorbed proteins compared to
uncoated PLGA microspheres.67 The results presented here suggest that although the
surface of PEG modified nanoshells contained an adsorbed protein layer, which had a
small affect in uptake of the core-shell nanoparticles. The core-shell nanoparticles were
incubated in media containing serum.

The results from BSA adsorption suggests that

serum proteins did adsorb to the surface of PEG modified nanoshells, but their affect in
promoting uptake was minimal, as suggested by the results from flow cytometry. Future
studies will be performed to determine how to improve the surface density of PEG
molecules so as to improve surface homogeneity for all three PEG chain lengths studied.
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Figure 5-7
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Figure 5-7: Protein adsorption onto core-shell nanoparticle surface after 1 hour
incubation with 400 µg/mL BSA. Dark gray bar graphs represent zeta potential before
BSA exposure, light gray bar graphs represent zeta potential of core-shell nanoparticles
after BSA incubation. White bar graph represents the surface charge of BSA at a
concentration of 400 µg/mL. The results are presented as an average of zeta potential
values with plus and minus a standard deviation with n=10.

Conclusions
The successful encapsulation of a solid core composed of a fluorescent nano-bead
(diameter 200nm) by the charged biomacromolecules using LbL assembly was
demonstrated. The fluorescent nanoparticles were chosen to model drug nanoparticles
that have been previously fabricated using a modified emulsification solvent-evaporation
procedure and because of their fluorescent properties that can be used to develop a flow
cytometry assay. Zeta potential results showed that there was a charge reversal upon the
adsorption of each polyelectrolyte layer. It was found that surface charge of CHI was
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higher than that of PLL they were physically adsorbed to an HS layer.

It was

hypothesized that secondary interactions may contribute to the lower observed charge of
a PLL adsorbed layer.

TEM was used to visualize the polymeric multilayers and

confirmed the presence of a nanometer thick shell surrounding the core particle. XPS
further confirmed the presence of each adsorbed polyelectrolyte layer and of PEG (with
molecular weights 2 kDa, 5 kDa and 20 kDa), which was covalently attached to the outer
polymeric layer of the core-shell nanoparticles.

Results collected from the flow

cytometry assay showed that PEG with three molecular weights studied, was successful
in reducing the uptake of core-shell nanoparticles by suspension macrophages.
PEG modified core-shell nanoparticles had the lowest percentage of uptake
when compared to a positively and highly negatively charged nanoshells. Negatively
charged core-shell nanoparticles had a lower percentage of uptake compared to positively
charged surfaces but a higher percentage of uptake compared to PEG modified nanoshells,
of 64%.

PEG 5000 Da modified core-shell nanoparticles demonstrated the highest

percentage of uptake compared to PEG 2000 Da and 20,000 Da. It was hypothesized that
a minimum in surface coverage of PEG 5000 Da molecules along with a “mushroom”
configuration promoted higher uptake.

A protein adsorption study with BSA, a

negatively charged protein at physiological pH, was found to adsorb to all surfaces.
Adsorption of BSA onto the nanoshell was determined by a change in the zeta potential
of the nanoparticles. The zeta potential of PEG modified nanoshells after the adsorption
of BSA was increased but still remained less negative then positively and negatively
charged core-shell nanoparticles. This small negative charge of approximately -14 mV
for BSA adsorbed PEG modified nanoshells seemed to contribute less to the recognition
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and uptake when compared to the surface density and configuration of PEG molecules at
the nanoshell surface. A relationship between uptake and physico-chemical properties
including, surface charge and the hydrophilicity of the core-shell nanoparticles was
determined. A low negative to neutral and hydrophilic nanoshell and reduce uptake of
core-shell nanoparticles in vitro.
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Chapter 6
Paclitaxel Core-shell Nanoparticles and their in vitro Therapeutic Efficacy

LbL self-assembly technique was used to encapsulate solid core paclitaxel
nanoparticles within a macromolecular nanoshell. This approach provides a new strategy
for the development of polymeric vehicles that control drug release and target diseased
tissues and cells specific to the ailment, such as breast cancer.

Core paclitaxel

nanoparticles, 153 +/- 28 nm in diameter were synthesized using a modified
nanoprecipitation technique. A nanoshell composed of multilayered polyelectrolytes,
PAH and PSS was assembled step-wise onto core charged drug nanoparticles. An in
vitro cytotoxic assay was performed to determine the anti-cancer activity of paclitaxel
core-shell nanoparticles. Paclitaxel core-shell nanoparticles induced cell cycle arrest in
the G2/M phase after 24, 48, and 72 hours of incubation with a human breast carcinoma
cell line, MCF-7. Changes in MCF-7 cell morphology, fragmentation of the nucleus, and
loss of cell-cell contacts indicated that the cells responded to paclitaxel core nanoparticles
upon treatment for 24, 48, and 72 hours. Cells arrested in G2/M phase illustrated
abnormal microtubule and actin cytoskeleton morphology.

The core-shell drug

nanoparticles fabricated using this procedure provides a new approach in the delivery of
paclitaxel devoid of Cremophor® EL, a solvent that causes adverse side effects in
patients undergoing chemotherapy for treatment of metastasized mammary cancers.
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Introduction
Invasive breast cancer is the second leading cause of death and the most
frequently diagnosed nonskin cancer in women in the United States.1 The estimated
prevalence of breast cancer among women in 2006 is 200,000 and of those diagnosed
approximately 41,430 deaths are expected.2 The incidence of breast cancer increases
with age, approximately 75% of breast cancer cases in the United States are diagnosed in
women older than 50 years of age. High risk factors for breast cancer include age and
family history. Several molecular abnormalities, genetic mutations, have been identified
and account for 5 to 10% of all breast cancer cases. These genetic mutations include
genes BRCA1 and BRCA2.2 Biological factors that help improve staging and diagnosis
include HER-2/neu overexpression and the expression of p53 oncogene.1 For example,
the p53 oncogene plays an important role in cancer as 50% of analyzed human tumors
contain a mutation or deletion in the gene that makes p53.3 p53 is a tumor suppressor
protein that repairs broken DNA and kills cells containing defective DNA. Although p53
can improve tumor death, it has negative effects on chemo patients, because p53 also
causes hair loss and extreme nausea.3 Current research has illustrated that suppressing
p53 during chemo and radiotherapy diminishes toxic side effects.3

Consequently,

diagnosis of a mutated p53 can help tailor drug therapy given to specific patients within
this subgroup. Also, other standard diagnostic modalities for palpable lesions include
fine-needle aspiration, core-needle biopsy, and mammography. Suspicious non-palpable
lesions require biopsies guided by mammography, ultrasonography, or MRI.
Treatment options for women diagnosed with invasive breast cancer are
determined by tumor size, cancer stage, patient preference, and other architectural
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characteristics.

In many cases, the solid tumor is removed via lumpectomy or

mastectomy, and the remaining cancer cells are managed by either radiation therapy,
hormone therapy, or chemotherapy.4 Once the tumor has metastasized the only effective
treatment option is chemotherapy. Although advances since the 1980’s have been made
in the development of pharmacological agents to treat breast cancer, the delivery of these
anti-tumor agents remains a difficult challenge. Cancer-selective delivery systems are
desired for chemotherapeutic agents, such as paclitaxel, doxorubicin, and 5-fluorouracil.
Packaging chemotherapeutics, such as paclitaxel within nanoparticles, can promote
selective delivery to the tumor tissue, improve bioavailability and patient efficacy.
Paclitaxel (Taxol®, Bristol-Myers Squibb, New York, NY) is a clinically useful
anti-neoplastic agent in the treatment of advanced human cancers including ovarian and
breast cancer.5-7 Phase II clinical studies show that continuous intravenous infusion and
subcutaneous delivery of paclitaxel 110 to 300 mg/m2 over 3, 24, or 96 hours every 3 to 4
weeks produced complete or partial response of up to 61% of the patients with metastatic
cancer.8 Paclitaxel in combination with radiotherapy was found to be more effective than
chemotherapy or radiotherapy alone.4

Also, paclitaxel in combination therapy with

doxorubicin produced response rates in 30% to 60% of patients with metastatic disease.4
The most effective dose given to patients with metastatic breast cancer was found to be
paclitaxel monotherapy at a concentration of 175 mg/m2 intravenously administered for 3
hours pre-medicated with oral dexamethasone, which is required preventive measure to
help reduce hypersensitivity.4 Toxicity profiles indicate that paclitaxel causes transient
bradycardia8, sensory neuropathy9, mild nausea, and other common side effects.10 Short
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infusions of 1 to 3 hours can decrease the occurrence of the common side effects,
particularly the incidence of neurotoxicity which is dose-limiting.
Paclitaxel has a unique mechanism of action on the assembly of microtubules in
vivo and in vitro. Microtubules are hollow tubes of protein composed of α-tubulin and
β−tubulin heterodimers.11 Paclitaxel reversibly binds to the β subunit of tubulin on the
inside surface of the microtubule with a 1:1 stoichiometric ratio in a concentration
dependent mode.8 The binding shifts the dynamic equilibrium to microtubule assembly
resulting in microtubule stabilization.12-14 The microtubules produced as a result of
paclitaxel induction are shorter, more flexible, and form abnormal bundles and asters.8
The mechanism by which paclitaxel induces its antineoplastic effect has not been fully
explained but, in vitro and in vivo results indicate that cell motility is drug concentration
dependent.

Paclitaxel inhibits cell proliferation and induces apoptosis at low drug

concentrations (0.005-0.05 µM) and necrosis at high concentrations (5-50 µM).15, 16 The
dynamic stabilization of the microtubule network blocks cancer cells in mitosis and leads
to their eventual death by apoptosis. Also, microtubules have a supporting role in cell
migration through indirect or direct interactions with the actin cytoskeleton.17
Microtubule affecting agents such as paclitaxel may have a significant role in reducing
cell migration, preventing metastasis via the drug’s interactions with the actin
cytoskeleton.8, 17
The clinical success of Taxol is hindered by its low solubility in water (solubility
~ 0.6mM)18 as well as in many pharmaceutically acceptable solvents.6, 12 Pharmaceutical
excipient combination 50% Cremophor® EL (polyoxyethylated castor oil) and 50%
dehydrated alcohol is used in the current clinical solubilization and administration of
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paclitaxel.9 The amount of Cremophor administered with paclitaxel is approximately 25
mL for a recommended dose of 175 mg/m2.9

The intravenous administration of

Cremophor causes serious side-effects including neurotoxicity, acute hypersensitivity
reactions, and nephrotoxicity.12,

15

Another problem arising from Cremophor and

ethanol solvent is the leaching from PVC bags and infusion set in routine clinical use.19
To overcome the problems caused by Cremophor® EL, alternative approaches for
packaging paclitaxel are currently under investigation and include cationic liposomes5,
polymer micelles20, polymeric biodegradable nanoparticles6, 7, 18, and albumin-stabilized
nanoparticles9. ABI-007 albumin stabilized nanoparticles suspended in normal saline
have illustrated an increase (>50%) in maximum tolerated dose of paclitaxel compared to
conventional formulations. Phase III clinical studies in patients with metastatic breast
cancer led to its registration in the United States for this indication.9 Encapsulation of
paclitaxel within the aforementioned vehicles can promote an increase in bioavailability,
protection of the drug during administration, controlled drug release, and reduction of
systemic toxicity.7, 9, 18
In this chapter the fabrication of core-shell drug nanoparticles of paclitaxel and
their anti-tumor in vitro activity with a breast carcinoma cell line, MCF-7 is reported.
The nanometer-thick shell is composed of a multilayer polymer film fabricated by LbL
self-assembly method. Advantages for encapsulating solid core paclitaxel nanoparticles
within a polymeric nanoshell include reducing the potential for burst drug release often
found in emulsified biodegradable nanoparticles21, reducing the systemic toxicity of
paclitaxel by confinement, providing a surface for chemical modification with targeting
ligands and the hydrophilic polymer poly(ethylene glycol) (PEG) for tissue selectivity
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and biocompatibility14, and enabling the suspension of the drug carrier in a buffered
aqueous non-toxic solution for intravenous infusion.

The thickness of the shell,

wettability, and swelling behavior can be controlled by varying experimental conditions
such as pH, ionic strength, polymer functionality, and polymer concentration.22 Coreshell nanoparticles provide an alternative method for delivery of water insoluble antineoplastic agent such as paclitaxel.
Experimental Notes
Materials
Poly (allylamine) hydrochloride (PAH, MW ~60 000) was purchased from
Polysciences, Inc, USA. Poly (styrene-sulfonate) (PSS, MW ~ 70 000) and Alginic acid
calcium salt were purchased from Aldrich Chemicals, USA. Paclitaxel from Taxus
Brevifolia was purchased from Sigma-Aldrich, USA.

Succinimidyl ester of poly

(ethylene glycol) propionic acid (mPEG-SPA, MW 20 kDa) was purchased from Nektar,
USA. Potassium Chloride was purchased from Fisher Scientific, USA. Acetone and
methanol were purchased from Sigma Chemicals, USA. Dimethyl sulfoxide (DMSO)
was purchased from CALBIOCHEM, USA. Ultrapure water used for all experiments
and cleaning steps was obtained from a Barnstead Nanopure Diamond RO system having
a specific resistance of greater than 18 MΩ/cm. Polyelectrolyte solutions were prepared
in a 30 mM KCL solution consisting of additional 0.15M NaCl, (pH 7.4). Phosphatebuffered saline solution (PBS, pH 7.4) consisting of 1.1 mM potassium phosphate
monobasic, 3 mM sodium phosphate dibasic heptahydrate, and 0.15 M NaCl. For the
covalent attachment of PEG to the nanoshell, a 0.1M sodium bicarbonate buffer solution
at pH 8.34 was used. Antibiotic-Anti-mycotic was purchased from Sigma Chemicals,
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USA. Fetal Bovine Serum (FBS) was purchased from Hyclone, USA. Flasks for cell
culture, T-75, 6 and 24 well plates were purchased from VWR, USA. Centrifuge filter of
sizes 0.2 µm and 0.45 µm were purchased Millipore, USA and PALL Life Sciences,
USA, respectively.

Nalgene syringe filters were purchased from Nalge Nunc

International, USA.

Eppendorf Centrifuge 5810 was used for the centrifugation

procedures.
Design of Paclitaxel Nanoparticles
Solid core drug nanoparticles of paclitaxel were fabricated utilizing a modified
nanoprecipitation method. For scale up and optimization a high speed homogenizer was
required.
Modified Nanoprecipitation Method.

An Ultra TURRAX IKA T18 Basic

homogenizer was used in the fabrication of solid core paclitaxel nanoparticles. A 8
(w/v) % solution of paclitaxel dissolved in acetone or methanol was homogenized with a
4 (w/v) % of polyvinyl alcohol (PVA) in 0.1M PBS for 30 minutes at 6000 RPM. Next,
the particles were stirred overnight on a magnetic stir plate. The next day, the particles
were collected by centrifugation and filtered through a 450 nm filter. Data analysis was
performed using SEM.
Characterization of Paclitaxel Core-Shell Nanoparticles
ζ-potential Measurements.

The ζ-potential of each adsorbing layer was

determined with a Brookhaven ZetaPALS instrument. Aqueous electrodes were used for
these measurements. Samples were run at room temperature and dispersed in 30 mM
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KCl. The ζ-potential for one sample was calculated from of five runs and run required
twenty-five iterations.
Transmission Electron Microscopy. A JEOL JEM 1200 EXII TEM was used to
image the core-shell nanoparticles.

Core-shell nanoparticles (in solution of

ethanol/water) were placed on copper grids for imaging. A high resolution Tietz F224
camera was used to take digital images. All images were acquired at a tension of 80 kV
and current density of 20 pA/cm2.
Scanning Electron Microscopy. Images of the solid core drug nanoparticles were
obtained from a Hitachi S-3000H unit.

Sample preparation included spraying a

suspension of drug nanoparticles in 70% isopropanol/30% deionized water onto SEM
specimen holders. The sample was allowed to dry under ambient conditions for a day
prior to imaging. Next, the sample was gold sputtered for 30 seconds to minimize
charging.
ZetaSizer Nano ZS. The particle size distribution of the centrifuge filtered sample
fractions were analyzed by a ZetaSizer Nano ZS. Material indexes of refraction for both
polyelectrolytes were set to 1.46 and PBS solution was set to 1.33. A volume of 1.5 mL
of the drug particle solution was pipetted into a disposable cuvette. Data was collected at
room temperature.
Culture of MCF-7 cells
Human epithelial breast cancer cells, MCF-7 (American Type Culture Collection,
Rockville, MD, USA) were grown in Minimum essential medium (American Type
Culture Collection, Rockville, MD, USA) supplemented with 10 % fetal bovine serum,
1 % streptomycin, and 0.01 mg/mL bovine insulin (Sigma-Aldrich, USA). The cells
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were grown in T-75 flasks to a density of 105 cells/mL and then sub-cultured into 6 well
plates (1 mL cells with 1 mL of medium) and incubated at 37˚C in an atmosphere
containing 5% CO2 for 24 hours. For confocal image analysis, cells were plated onto
glass cover slips (25 mm circle, VWR, USA) and grown 24 hours prior to inoculation
with core-shell nanoparticles. All experiments were performed in 10% serum.
Flow Cytometric Assay. Cell cycle analyses were performed on an XL-MCL
flow cytometer (Beckman-Coulter, Miami Lakes, FL). Cells sub-cultured into 6-well
plates were trypsinized and then fixed in 70% ethanol. The cells were then centrifuged
and the pellet was treated with 10 µL RNase, DNase-free (10 mg/mL) (Roche
Diagnostics, Inc, USA) and with 10 µL Propidium iodide (1mg/mL). The cells were
incubated in these solutions for 20 minutes at room temperature. Forward-scatter (FS)
and side-scatter (SSC) dot plots gave the cellular physical properties of size and
granularity. After 488nm laser excitation, a 550nm dichroic long pass filter split the
emission sending the green light to PMT1 which has an additional 525nm bandpass filter,
and the red light to PMT 3, which has an additional 610 bandpass filter. Propidium
iodide positive cells were eliminated from the green distribution. 10,000 live cells were
counted. DNA cell cycle analysis was collected using MultiFlow software.
Confocal Microscopy. Image analysis was performed on an Olympus FV300
laser scanning confocal microscope. Green fluorescence, Calcein AM (Molecular Probes,
USA) was collected on channel 1 after 488 nm argon laser excitation. Phalloidin Alexa
Fluor 568 (Molecular Probes, USA) used to stain the actin cytoskeleton was collected on
channel 2 after 543nm helium neon laser excitation. Far red fluorescent DNA dye
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DRAQ5™ (Biostatus Limited, UK) was used as a nuclear stain. A 560 dichroic filter
split this emission light to the two photodetectors.
The manufacturer’s protocol was used for staining F-actin cytoskeleton with
Alexa Fluor 568-phalloidin, Molecular Probes, USA. Briefly, cells were fixed with a
3.7 % formaldehyde solution in 0.1M PBS for ten minutes at room temperature and then
washed with 0.1M PBS. Next, 500 µL of a 1% Triton X-100 solution in PBS was added,
and the cells were incubated in this solution for 5 minutes and subsequently washed two
times with PBS. A 1% BSA blocking solution was added to each coverslip and left for
20 minutes. The working solution was prepared by diluting 5 µL of a 6.6 µM phalloidin
methanolic stock solution in 200 µL of PBS. After 20 minutes 200 µL of the working
solution was added to each coverslip and incubated with the cells at room temperature for
20 minutes. At the end of the incubation period, cells were washed two times with PBS
with a final suspension in 1 mL of PBS. At this point 1 µL of DRAQ5™ was added to
each cover slip and incubated for 20 minutes at room temperature.
Microtubules were stained with Alexa-Fluor 488-tubulin tracker for live cell
imaging (Molecular Probes, USA). A 1mM stock solution of Tubulin Tracker was
prepared by adding 71 µL of anhydrous DMSO to the lyophilized powder. Next, the
intermediate stock solution 500 µM was prepared by adding 2 µL of the stock solution
was added to 2 µL of a 20% Pluronic F-127 in DMSO. For final staining, 4 mL of media
was added to the intermediate stock solution. For staining, 0.5 mL of the final stock
solution was added to each coverslip and incubated at 37˚C, 5% CO2 for 30 minutes.
After 30 minutes, the cells were rinsed three times with PBS and viewed immediately
with the confocal microscope.
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Results and Discussion
Preparation of Solid Core Paclitaxel Nanoparticles
Core-shell drug nanoparticles were fabricated by a modified nanoprecipitation
technique.6 Nanoparticles of poly(lactic-co-glycolic acid) (PLGA) containing paclitaxel
have been previously reported and prepared by oil-in-water emulsion12, spray drying23,
and interfacial deposition6 techniques. The nanoprecipitation method involves a one step
dispersion of an organic phase in the aqueous phase.24

Unlike the previously reported

nanoprecipitation fabrication of PLGA containing paclitaxel6, the method herein does not
require the addition of a polymer within the organic phase. Briefly, an organic solution
of paclitaxel in acetone (2mg/2 mL) was added to an aqueous solution containing a 2
(w/v) % solution (4 mL) of GRAS (generally regarded as safe) surfactant calcium
alginate under high magnetic stirring and low heat. The organic to aqueous solution ratio
was maintained at 2:1.

Solid drug nanoparticles were collected after two hours,

centrifuged, and resuspended in a phosphate buffered saline solution, pH 7.4 and
recovery was calculated to be 90%. The morphology, size, and surface charge of the
particles were characterized. SEM was utilized to determine the morphology and size
distribution of the solid core drug nanoparticles. Figure 6-1 illustrates the nano-size of
the core particles and their homogenous distribution.
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Figure 6-1

Figure 6-1: SEM image (s) of paclitaxel core drug nanoparticles (a) at x 30k, 5.00kV and
filtered through a 0.45 µm filter (b) core drug nanoparticles prepared using high speed
homogenization with an organic- to-aqueous ratio of 3:1 and filtered through a 0.45 µm
filter, x 40k at 5.00kV.

Also, the particle size was confirmed with dynamic laser light scattering (ZetaSizer Nano
ZS, refractive index 1.60). The z- average was determined to be 153 +/- 28 nm (PDI .22,
n= 4). The size of the paclitaxel drug nanoparticles falls within the tumor pore cutoff size
and is suitable for delivery into the tumor interstitium utilizing the EPR effect.25

The

surface charge of the core drug nanoparticles was determined by measuring the ζpotential. The ζ-potential for core paclitaxel nanoparticles was determined to be -35 +/2 mV (n = 4). This surface charge was due to the adsorption of surfactant to the surface
of the particles. The surface charge of the drug nanoparticles was important because a
charged substrate is required to utilize the LbL self assembly method to construct a
multilayer polymer shell.26, 27
Trials were performed to optimize the particle size, size distribution, and
morphology of the core paclitaxel nanoparticles by varying the experimental conditions,

147
which included organic-to-aqueous volume ratio, the organic phase composition, and
homogenization speed (RPM). Table 6-1 outlines the three experimental procedures
Table 6-1

Table 6-1: Experimental conditions for the optimization of paclitaxel core nanoparticles.

performed to investigate the influence of the outlined parameters. The aqueous phase in
all trials contained a 4 (w/v) % solution of surfactant polyvinyl alcohol. SEM images
illustrated that the experimental conditions affected the size, size distribution, and
morphology of core paclitaxel nanoparticles. The core nanoparticles in Trial 1 produced
larger particles that were approximately 300 nm in diameter with a polydisperse
distribution. Decreasing the organic to aqueous ratio to 3:1 resulted in the formation of
core particles that were approximately 100 nm in diameter with a homogeneous size
distribution and a smooth/flat surface as shown in Figure 6-1b. Also, the composition of
the organic phase had an influence on the size of paclitaxel nanoparticles. Replacing
acetone with methanol as the solvent in the organic phase decreased the size of the solid
core particles to approximately 80 nm in diameter. Comparatively, a 2:1 ratio with
acetone as the organic phase produced paclitaxel nanoparticles with a z-average of 167
nm +/- 5 nm (n=2) and mono-modal in size. The results demonstrate that the size, size
distribution, and morphology of the core paclitaxel particles can be controlled by varying
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organic to aqueous volume ratio and organic composition. The results presented here are
in agreement with literature results obtained by using the nanoprecipitation method to
spontaneously form colloidal particles.6, 28
Verification of the Nanoshell. Core paclitaxel nanoparticles were encapsulated
within a polymeric nano-sized shell utilizing LbL self assembly. LbL is a unique self
assembly procedure that can be used to prepare multilayer polymer films with controlled
thickness on substrates through electrostatic interactions, hydrogen bonding, as well as
hydrophobic interactions.26, 29-33 The principle behind this method of film preparation is
the sequential adsorption of cationic and anionic polymers onto a charged substrate and
was previously demonstrated that solid core nanoparticles of dexamethasone that had a
negative charge can be encapsulated within a macromolecular nanoshell utilizing LbL
assembly.22, 27 The polyelectrolyte pair, poly (allylamine hydrochloride) / poly (styrene-4
sulfonate) (PAH/PSS) was chosen as a proof-of-concept to demonstrate the feasibility of
using this method for fabricating a polymeric paclitaxel delivery vehicle without
Cremophor® EL as the solvent. Negatively charged core paclitaxel nanoparticles were
encapsulated step-wise with PAH and PSS at a concentration of 20 mg/mL in a 30 mM
KCL solution buffered at pH 7.4. After each adsorption period of 20 minutes, the
particles were centrifuged (4000 RPM, 20 minutes) and re-suspended in the 30 mM KCL
solution. This cycle was performed three times. The zeta potential was measured after
each polyelectrolyte adsorption, and a reversal in charge demonstrated the successful
step-wise encapsulation of core paclitaxel nanoparticles (see Figure 6-2).
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Figure 6-2

Figure 6-2: ζ-potential (mV) of core paclitaxel nanoparticles and each adsorbing
polyelectrolyte layer. Each data point represents the mean +/- standard deviation
obtained from duplicates of four independent experiments. PEG 20kDa data point
represents the mean +/- standard deviation obtained from duplicates of three independent
experiments.

Transmission electron microscopy (TEM) was used to visualize the polymeric nanoshell.
Figure 6-3 clearly illustrates the nano-size of the shell with approximate thickness of 10
nm with composition PAH/PSS/PAH.
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Figure 6-3

Figure 6-3: TEM image of paclitaxel core-shell nanoparticle encapsulated within a
nanoshell composed of (PAH/PSS/PAH). Image obtained at magnification of 100k.

A stability study was performed to determine how storage conditions of core-shell
particles affect shape and morphology of the paclitaxel nanoparticles.

Core-shell

nanoparticles were suspended in 1 mL of PBS and stored at 4˚C for month. After one
month the particles were centrifuged and re-suspended in PBS and sprayed on SEM
templates. SEM images were taken and illustrate that the core-shell particles remain
spherical in shape, Figure 6-4. Also, as can be seen in this figure, needle-like structures
are not visible unlike the inset image. The inlet image corresponds to paclitaxel core
nanoparticles stored at 4˚C for 14 days. As can be seen, needle-like structures are
beginning to form and this can be attributed to the low water stability of paclitaxel;
therefore, core paclitaxel nanoparticles encapsulated within a polymeric nanoshell can be
stabilized and protected from an aqueous environment.
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Figure 6-4.

Figure 6-4: SEM image of paclitaxel core-shell nanoparticles after storage in buffer for
one month (x 25k). The inset is an SEM image of core paclitaxel nanoparticles after
storage 14 days. Needle-like structures are forming and represent insoluble crystals of
paclitaxel.

Nanoparticles delivered by intravenous delivery are taken up the liver, spleen, and
other parts of the RES depending on size and surface characteristics.14, 34 In order to
reduce the clearance of nanoparticles by macrophages, the drug delivery carrier is coated
with hydrophilic polymers such as PEG.35 The surface of the nanoshell was chemically
modified with PEG 20kDa by covalent attachment to the PAH adsorbed layer.27 The zeta
potential of the nanoshell after chemical modification with PEG 20kDa was determined
to be 2 mV +/- 1 (n=3), Figure 6-2. In vitro biocompatibility studies were previously
performed with core-shell nanoparticles cultured with mouse macrophages, and results
indicated that nanoshells modified with PEG 20kDa or PEG 2kDa reduced the percentage
uptake compared to positively or negatively nanoshells.36 Therefore, the neutral charge
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of the PEGylated core-shell paclitaxel nanoparticles should promote longer circulation
times in vivo.
In vitro Anti-tumoral Activity
It has been recognized that paclitaxel-induced mitotic arrest results in apoptotic
cell death in acute leukemia, prostate cancer, and breast cancer cells lines.13, 16 Apoptosis
of paclitaxel treated cells can occur at high concentrations and also upon prolonged
treatment with low concentrations of the drug.11 Lieu and co-workers found that low
concentrations of paclitaxel induce apoptosis in human myeloid leukemia HL-60 cells in
the G2/M phase and in the S phase.37 Yeung and co-workers illustrated that Taxol
treatment induced a biphasic decrease of viable cells in various breast cancer cell lines,
apoptosis at low concentrations, and necrosis at high concentrations.16 In opposition,
Liao and co-workers revealed that in U937 cells, paclitaxel induces apoptosis or a
combination of apoptosis and necrosis depending on the cell cycle stage of the cell.13
There seems to be a discrepancy in the literature concerning the mode of action of Taxol
treated leukemia, prostate, and breast cancer cells with low and high concentrations of
Taxol.13, 16, 38 In this study the goal was to demonstrate the in vitro anti-tumor activity of
core and core-shell paclitaxel nanoparticles at drug concentration ~25 µg/mL. Due to a
10% loss from the fabrication procedure, the working concentration was 22 µg/mL rather
than 25 µg/mL. This concentration was chosen because it corresponds to the plasma
levels achievable in humans39 and because Fonseca and co-workers demonstrated that at
this concentration PLGA-loaded paclitaxel nanoparticles achieved the highest cytotoxic
effect after 168 hours of incubation with a small cell lung cancer line6.
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Flow Cytometry Results. Human breast cancer cells, MCF-7, were incubated
with core and core-shell paclitaxel nanoparticles for 24 and 48 hours. Flow cytometry
was utilized to monitor cell cycle progression of dose treated MCF-7 cells, 22 µg/mL at
t=0.

MCF-7 cells treated with both core and core-shell paclitaxel nanoparticles were

blocked in the G2/M phase after 24 and 48 hours of treatment, Figure 6-5. A two-tail
student t-test analysis was performed and the results indicated that core and core-shell
nanoparticles were statistically significant compared to the control at blocking MCF-7
cells at the G2/M phase. Also, the t-test analysis showed that both core and core-shell
nanoparticles induced the same percent of cell cycle inhibition at the G2/M phase. These
results indicate that MCF-7 cells responded to the drug and not to the polymeric
nanoshell. One concern in performing this study was that cellular toxicity may arise due
to the PAH coated, non-biocompatible nanoshell. Further studies with PAH coated
polystyrene nanoparticles should be performed in the future to confirm that the nanoshell
surface is not eliciting the biological response.
The results in Figure 6-5 illustrate that the fabrication of paclitaxel solid drug
nanoparticles and its encapsulation within a polymeric nanoshell did not weaken
paclitaxel’s mechanism of action.

Upon prolonged treatment with paclitaxel core

nanoparticles, MCF-7 cells were more sensitive to paclitaxel and were further
accumulated at the G2/M phase, 77 +/- 2 % at 48 hours compared to 58 +/- 5% at 24
hours (contrast to untreated cells which accumulated in the G0/G1 and S phase). The
same trend was observed with core-shell paclitaxel nanoparticles, after 48 hours 71 +/7% of MCF-7 cells were blocked at interphase in comparison with 64 +/-7 % after 24
hours. These results indicate that the encapsulation of solid drug nanoparticles within the
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Figure 6-5: MCF-7cells arrest in the G2/M phase following core paclitaxel nanoparticle
and core-shell paclitaxel (PAH/PSS/PAH) treatment. Cells were treated with either 22
µg/mL of core or 22 µg/mL core-shell nanoparticles for 24 hours. Inset graph represents
results from a 48 hour study performed with core and core-shell nanoparticles. Results
represent the mean +/- standard deviation from of two to four independent studies with
five to six runs per experiment.
Paclitaxel core and core-shell nanoparticles were
statistically significant compared to the negative control, which was the 100 µL of PBS.

polyelectrolyte nanoshell composed of PAH/PSS/PAH can control the dissolution and
release of paclitaxel. The mechanism of drug release from the core-shell nanoparticles is
hypothesized to occur by two routes. In the first route, core-shell nanoparticles carrying a
positively charged surface can attach to the surface of negatively charged membrane of
MCF-7 cells. As the drug is released from its encapsulation, a concentration gradient is
generated that would favor drug influx into the cell.6 The second route proposed by
Fonseca and co-workers is the internalization of nanoparticles into the cell cytoplasm.
This second route may not be dominant in this study because the internalization of the
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drug nanoparticles would require ligand-receptor complex and the surface of the
nanoshell was not modified with targeting ligands. The results from the cell cycle
analysis justify the importance of encapsulating this anti-tumor agent within a polymeric
nanoshell and clearly demonstrate that paclitaxel activity is preserved within the
polymeric nanoshell.
Cell cytotoxicity studies performed with 22 µg/mL solid core drug nanoparticles
were incubated with MCF-7 cells for different times at 37˚C. The viability of dosetreated cells was not statistically significant compared to the negative control, Figure 6-6.
The percentage PI positive cells, dead cells, determined after 24 and 48 hours of
incubation were 19 +/- 1 % and 24 +/- 2%, respectively and not statistically significant.
Although cells were arrested in the G2/M phase after 24, 48, and 72 hours of treatment,
cell death was dose-limiting. If the MCF-7 cells were apoptotic a sub G0/G1 peak would
be revealed in the cell cycle analysis. After 72 hours of treatment, an apoptotic peak was
not found. The results gathered from Fonseca and co-workers showed that pronounced
cell death was found after 120 hours of incubation with nanoparticles independent of
concentration and concentrations studied were 25, 2.5, 0.25, and 0.025 µg/mL.6
Comparison with results from Fonesca and co-workers suggests that a threshold
concentration of paclitaxel in the cell culture medium has not been achieved after 48
hours to promote a decrease in cell viability.
The results collected are encouraging because the core-shell nanoparticles
fabricated here illustrate that hydrophobic drugs can be fabricated into drug
nanoparticles, encapsulated within a polymeric nanoshell, and the drugs’ mechanism of
action is retained.

Core-shell nanoparticles can provide solutions to problems
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encountered with hydrophobic therapeutic agents that are difficult to administer, such as
paclitaxel.

In the clinical administration of paclitaxel, the presence of the diluent

Cremophor® EL has shown to block cells in the G1 phase of the cell cycle preventing
entry into the G2/M phase and the non-selectively targeting healthy cells of the leading to
systemic toxicity.6

Future work would require studying the effect of core-shell

nanoparticles upon prolonged treatment. In a controlled drug delivery system, release
should be contained during systemic circulation and initiated at the tumor site.
Confocal Microscopy Results
Microtubule Morphology. The stabilization of microtubules upon treatment with
paclitaxel core nanoparticles was visualized utilizing confocal microscopy. Live MCF-7
cells were treated with Tubulin Tracker® Green and DRAQ5™ to image cells treated
with 22 µg/mL of paclitaxel core nanoparticle upon 24 and 48 hours of incubation at
37˚C, Figure 6-7.

Control MCF-7 cells exhibited a fine irregular meshwork of

microtubules while dose treated cells had apparent morphological differences. Loosely
packed microtubule bundles were observed after 24 hours of incubation with core
nanoparticles. Also, as observed in Figure 6-7b, the microtubules were forming parallel
alignments around the nucleus, which is indicative of microtubule stabilization.40 After
48 hours of incubation, the irregular meshwork had disappeared and bundles of
microtubules were formed. These results suggest that treatment with paclitaxel core
nanoparticles were able to stabilize microtubules during cell cycle blockage at the G2/M
phase.

As discussed earlier microtubule dynamics play an imperative role in cell

proliferation.41
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Figure 6-6: MCF-7 cell viability after treatment with 22 µg/mL of core and core-shell
nanoparticles. Cells were PI stained and analyzed with flow cytometry. Results represent
the mean +/- standard deviation of three independent studies replicated with six
experiments. Control (negative) was the addition of 100 mL of 0.1 M PBS. Inset graph:
cell cycle analysis comparing dose treated MCF-7 cells with paclitaxel solid core
nanoparticles after 24, 48, and 72 hours. Cells were stained with PI and DNASE-free
RNASE and analyzed with flow cytometry. Results represent mean +/- std. dev of three
to five independent studies replicated with six experiments.

The results collected in this study were similar to results found in literature; except these
findings illustrate that re-packaging paclitaxel in a core-shell carrier can maintain its
unique mechanism of action. It is hypothesized that upon longer incubation times (>72
hours) with the core-shell nanoparticles, MCF-7 cells blocked at the G2/M phase may
eventually die either by apoptosis or necrosis. In the next section, the morphological
changes in the actin cytoskeleton were studied after extended dissolution of core
paclitaxel nanoparticles.
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Actin Cytoskeleton Morphology. The actin cytoskeleton plays an important role
in tumor cells.41 Changes involved in abnormal growth properties, such as the ability to
adhere to tissue and the increased ability to metastasize, are mediated by the actin
cytoskeleton. Anti-mitotic agents that affect the microtubule network, reduce the level of
tumor growth and migration, and these effects are hypothesized to occur via reorganization of the actin cytoskeleton.17 If anti-mitotic agents induce cell death via
apoptosis or necrosis, changes in the microtubule network and in the actin filaments take
place. As previously discussed, paclitaxel treated cells have been shown to induce
apoptosis after prolonged arrest in the G2/M phase.16 Apoptosis is programmed cell
death with distinct morphological features which include nuclear DNA fragmentation,
membrane blebbing, loss of cell-cell contact, formation of apoptotic bodies, and actin
granule formation near the plasma membrane.42
The results from microtubule staining suggested that MCF-7 cells were
responding to the treatment with paclitaxel nanoparticles, and the response of actin
filaments to core dose treated cells was studied. Paclitaxel nanoparticles were diluted to
22 µg/mL in cell culture medium and left at 4˚C for 5-6 days. After 6 days, confluent
MCF-7 cells (x 105 cell/coverslip) were treated with 2 mL of the paclitaxel nanoparticle
treated medium and incubated at 37˚C/ 5% CO2 for 24, 48, and 72 hours. Analysis of the
actin cytoskeleton was completed using confocal microscopy. Figure 6-8 illustrates the
results collected from dose treated MCF-7 cells. DIC images illustrate that the cells are
rounder.

In (b) and (c) crystal like structures are found attached to the cellular

membrane, which is indicative of paclitaxel crystals. In all incubation periods, the
nucleus of the cells contains fragmented DNA signifying cell death via apoptosis.
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Figure 6-7

Figure 6-7: Effect of paclitaxel core-shell nanoparticles on microtubule structure and
stability. MCF-7 cells grown on glass cover slips treated with (a) control (b) core
paclitaxel nanoparticles, 22 µg/mL 24 hours (c) 48 hours. Microtubules were stained
with Tubulin Tracker® Green and nucleus was stained with DRAQ5™.

An abnormal actin cytoskeleton is present after 24, 48, and 72 hours of incubation with
core nanoparticles. Actin granules located near the plasma membrane are more visible
after 48 and 72 hours of incubation. The actin filaments in 24 hour treated cells show
diffusive fluorescence42 in the whole cell. Compared to the control MCF-7 cells, the
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cellular population of dose-treated cells did not exhibit a fine regular meshwork of short
microfilaments, Figure 6-8.
The results from microtubule staining suggested that MCF-7 cells were
responding to the treatment with paclitaxel nanoparticles, and the response of actin
filaments to core dose treated cells was studied. Paclitaxel nanoparticles were diluted to
22 µg/mL in cell culture medium and left at 4˚C for 5-6 days. After 6 days, confluent
MCF-7 cells (x 105 cell/coverslip) were treated with 2 mL of the paclitaxel nanoparticle
treated medium and incubated at 37˚C/ 5% CO2 for 24, 48, and 72 hours. Analysis of the
actin cytoskeleton was completed using confocal microscopy. Figure 6-8 illustrates the
results collected from dose treated MCF-7 cells. DIC images illustrate that the cells are
rounded.

In (b) and (c) crystal like structures are found attached to the cellular

membrane, which is indicative of paclitaxel crystals. In all incubation periods, the
nucleus of the cells contains fragmented DNA signifying cell death via apoptosis. An
abnormal actin cytoskeleton is present after 24, 48, and 72 hours of incubation with core
nanoparticles. Actin granules located near the plasma membrane are more visible after
48 and 72 hours of incubation. The actin filaments in 24 hour treated cells show diffusive
fluorescence42 in the whole cell. Compared to the control MCF-7 cells, the cellular
population of dose-treated cells did not exhibit a fine regular meshwork of short
microfilaments.
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Figure 6-8

Figure 6-8: Changes in the actin cytoskeleton in MCF-7 treated with 22 mg/mL of solid
core drug nanoparticles of paclitaxel for (a) 24 hours, scale bar 10 µm (b) 48 hours, scale
bar 50 µm and (c) 72 hours, scale bar 20 µm and (d) control cells untreated, scale bar 50
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µm. F-actin was stained red with Alexa-Fluor-568-phalloidin and nuclei were stained
blue with DRAQ5™.

Conclusions
Paclitaxel is one of the most effective anticancer agents in the treatment of
metastatic breast carcinoma but therapeutic efficacy is limited because of the toxic
solvents that are included in its formulation. Solid core paclitaxel nanoparticles were
prepared using a modified nanoprecipitation technique and encapsulated within a
polymeric nanoshell (~10 nm in thickness) assembled step-wise using the LbL assembly.
Results collected from zeta potential and TEM confirm the assembly of the nanoshell. It
was found that the size and surface morphology of the core drug nanoparticles can be
controlled by varying the organic to aqueous volume ratio and choice of organic solvent.
The organic to aqueous volume ratio has been identified in literature as an important
parameter for nanoparticle formation.

The core-shell nanoparticles fabricated here

provide a new method in re-packaging paclitaxel without the need of its dissolution in
Cremophor EL/ dehydrated alcohol.
In vitro studies with MCF-7 epithelial breast carcinoma cells illustrated that
paclitaxel’s mechanism of action was retained upon its encapsulation within the
nanoshell. Cell cycle analysis illustrated that paclitaxel core and core-shell nanoparticles
were able to block MCF-7 cells at the G2/M phase, which has been shown by multiple
researchers studying this anticancer agent.

Furthermore, treatment with paclitaxel

nanoparticles induced structurally morphological changes after 24, 48, and 72 hours of
incubation with MCF-7 cells. Dose treated cells were found to have the following
structural changes:
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(1) Rounded structure with cell-to-cell contact loss
(2) Microtubule bundling and alignment after both 24 and 48 hours of treatment
(3) DNA fragmentation in the nucleus suggestive of apoptosis
(4) Actin granule formation near the plasma membrane suggestive of apoptosis
The sensitivity of dose treated MCF-7 cells increased after 48 hours of treatment. Cell
cytotoxicity results showed that upon cell blockage at the G2/M phase, MCF-7 cells
remained viable after 48 hours of incubation.

The intracellular concentration of

paclitaxel was sufficient for microtubule stabilization and G2/M blockage but according
to these findings the concentration was too low produce significant death via apoptosis or
necrosis. These findings are encouraging because the goal for nanoparticles in drug
delivery is to control drug release at the tumor site.
Future Work
Breast cancer targeting should improve the uptake of the colloidal drug carrier
and promote enhanced cytotoxicity. The LbL assembled nanoshell provides a surface for
chemically conjugating ligands that are selective to breast cancer cells. The next logical
step in this work would be to select a promising ligand that selectively targets breast
cancer cells. The receptor for vasoactive intestinal peptide (VIP)43, the folate receptor,
and the HER2 receptor have been found to be overexpressed in human breast
carcinomas.4 The results presented in this work illustrate the cytotoxicity of the coreshell paclitaxel nanoparticles to MCF-7 cells may be improved upon sequestration into
the cell cytoplasm.

Considering paclitaxel’s mechanism of action is initiated after

microtubule binding, the importance of a targeted delivery system is apparent.
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Chapter 7
Tumor Necrosis Factor-α Production: Second Mode of Anti-tumoral Activity of
Core-Shell Paclitaxel Nanoparticles

In the previous chapter the fabrication of paclitaxel core-shell nanoparticles and
their anti-tumor activity on human breast carcinoma, MCF-7, was investigated.
Paclitaxel packaged within a core-shell carrier was able to maintain its cytotoxic effect by
inducing MCF-7 arrest in the G2/M phase and eventual cell death either by apoptosis or
necrosis.

The cytotoxic effect of paclitaxel may also be linked with its ability to

stimulate the lipopolysaccharide (LPS) signaling pathway in murine macrophages.1
Stimulation of the LPS pathway results in the secretion of cytokines such as tumor
necrosis factor-alpha (TNF-α), interleukin-1β, and interleukin-6. In particular, TNF-α
illustrates anti-tumoral activity in various cell lines including breast carcinomas.2 In this
chapter, the ability of paclitaxel core-shell nanoparticles to activate murine macrophages
to release TNF-α in vitro is explored. The results suggest that paclitaxel core-shell
nanoparticles induce TNF-α production in a time-released manner after 24 and 48 hours.
Introduction
Endotoxic LPS is a major component of the outer membrane in gram-negative
bacteria and has a significant effect on stimulating the inflammatory response in
eukaryotic cells.3 The primary target of LPS is the macrophage cell, which responds to
LPS by secreting pro-inflammatory cytokines, tumor necrosis factor-alpha (TNF-α),
interleukin-1β, and interleukin-6. TNF-α, a 17,000 kDa polypeptide, is a mediator of the
immune response and has several biological effects that include arresting the cell cycle in
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the transition from G1 to S phase in mammary carcinoma cells, inducing apoptosis,
increasing the expression of adhesion molecules on the endothelium in tumor vessels to
recruit lymphocytes and neutrophils, increasing vascular permeability, reducing
interstitial pressure, and deactivating the expression of integrin αvβ3 that results in the
disruption of the endothelium and the induction of necrosis.2, 4-6 TNF-α was originally
identified as a cytotoxic agent for cancer therapy, but early clinical results in phase I-II
illustrated that the maximum tolerated dose was 10-50 times lower than the estimated
effective dose. At the maximum tolerated dose of 8-10 µg/kg, patients experienced
systemic toxicity including hypotension and organ failure.5,

6

However, local

administration of TNF-α or its combination with chemotherapeutics melphalan,
doxorubicin, and paclitaxel4 has found clinical value.7

Seong and co-workers

demonstrated that the combination of TNF-α and paclitaxel significantly increased
apoptotic response in MCa-K carcinoma cells.4 Their results suggest that a treatment
regime of paclitaxel followed by TNF-α would make carcinoma cells more prone to
apoptosis.

Although these regimes produce significant anti-tumor effects, frequent

dosing schedules along with high doses of TNF-α are still required to maintain an
effective but tolerable concentration in the plasma. In order to overcome these inherent
problems, new drug delivery methods are required. The design of a drug delivery system
with a long-circulation half-life and selective localization in the tumor microenvironment
can enhance the therapeutic activity of TNF-α.8
Encapsulation of TNF-α within biodegradable stealth nanoparticles can improve
anti-tumor potency, increase plasma circulation time, and minimize adverse side effects.8
Another motive to encapsulate TNF-α within polymeric nanoparticles is due to its
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paradoxical biological role: it can act as both a necrotic factor or as a promoting factor
upon binding to its cell surface receptors. TNF-α is a trimeric protein that exerts its
biological effect by binding to specific high affinity receptors, 55 kDa TNF-R1 and 75
kDa TNF-RII, which are present in the plasma membranes of almost all cell lines.5 The
binding of TNF-α to TNF-RI promotes the recruitment of several intracellular adaptors
that can induce apoptosis or activate cell survival signals.9 In recent year’s research
efforts have been dedicated to understanding the post-receptor mechanisms of TNFα; however, the precise details of the signaling pathways that it stimulates remain
scarce.10,

11

Selective targeting to the tumor tissue while controlling release would

preferentially minimize the opportunity for TNF-α to bind to non-tumor tissue receptors.
Alternate methods for controlling TNF-α release or production within the tumor tissue
remain to be explored.
The in vivo anti-tumor efficacy of paclitaxel may not only be due to its
microtubule stabilizing activity but also to its ability to mimic the action of LPS by
activating tumor infiltrating macrophages.1, 12 Ding and co-workers illustrated that LPS
and paclitaxel share a genetic basis such that they both can down-regulate the
concentration TNF-α receptors expressed on the surfaces of macrophages, induce
expression of TNF-α, and trigger the release of biologically active TNF-α.4

The

activation of macrophages by paclitaxel precedes by the binding of paclitaxel to toll-like
receptor-4 (TLR-4), a protein receptor present on the surface of the macrophages.12
Binding activates the p38 mitogen-activated protein kinase (MAPK), which in turn
triggers the production of the proinflammatory cytokine genes TNF-α and interleukin1β.12

This chapter explores the second mechanism of anti-tumor potency of paclitaxel
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and describes the in vitro ability of paclitaxel core-shell nanoparticles to stimulate
suspension macrophages in their production of TNF-α. The findings showed that within
the concentration range of TNF-α produced by the paclitaxel-induced macrophages,
breast carcinoma cells MCF-7 were arrested in the G2/M phase. Also, the results suggest
that the sensitivity of paclitaxel core-shell nanoparticles to MCF-7 is enhanced in the
presence of TNF-α.
Experimental Notes
Materials
Carboxylate modified polystyrene nanoparticles (160 nm, 10% solids) were
purchased from Bangs Laboratories, Inc (USA). Lipopolysaccharide Escherichia coli
O111:B4 detoxified was purchased from Sigma Aldrich, USA. Tumor Necrosis Factoralpha Enzyme Linked Immunosorbent Assay (ELISA) was purchased from R&D
Systems, USA. All other materials relevant for this chapter can be found in Chapter 6.
Cell Culture of Macrophages
TNF-alpha Assay. Mouse peritoneal suspension macrophage cell line CRL-2449
(American Type Culture Collection, Rockville, MD) were grown in DMEM medium
(Sigma Chemicals, USA) supplemented with 10 % fetal bovine serum and 1 %
streptomycin. The cells were grown in T-75 flasks to a density of 105 cells/ mL and then
sub-cultured into 6 well plates by centrifuging cells at 900 RPM for ten minutes, resuspending cells in medium, and incubating the 6 well plates at 37˚C in an atmosphere
containing 5% CO2 for 24 hours. At the end of this incubation period the cells were
treated with the dose. Dose included 22 µg/mL of paclitaxel core (PA) and core-shell
nanoparticles (PAH/PSS/PAH and PLL/HS/PLL/PEG 20 kDa), 25 µg/mL polystyrene
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core (PS), and encapsulated nanoparticles (PLL/HS/PLL/PEG 20 kDa), and 1 µg/mL of
LPS. After a 24 hour or 48 hour period, macrophages were centrifuged (900 rpm for 7
min) and the supernatant was collected for ELISA analysis. The supernatant volume not
used for ELISA analysis was stored in sterile 2 mL centrifuge tubes at -20˚C.
ELISA analysis. Mouse TNF-α/TNFSFIA Immunoassay was purchased from
R&D systems. The kit contained reagents required in the analysis. A calibration curve
(concentration of TNF-α versus optical density) was generated with standards provided
by R&D systems. The calibration curve had a linear range 0 to 1500 pg/mL with an R2
value of 0.962. The optical density was determined from a microplate reader set to 450
nm with a wavelength correction factor set to 540 nm.
DNA Analysis in MCF-7 cells. Human epithelial breast cancer cells, MCF-7
(American Type Culture Collection, Rockville, MD, USA) were grown in Minimum
essential medium (American Type Culture Collection, Rockville, MD, USA)
supplemented with 10 % fetal bovine serum, 1 % streptomycin, and 0.01 mg/mL bovine
insulin (Sigma-Aldrich, USA). The cells were grown in T-75 flasks to a density of 105
cells/mL and then sub-cultured into 6 well plates (1 mL cells with 1 mL of medium) and
incubated at 37˚C in an atmosphere containing 5% CO2 for 24 hours. After 24 hours, the
medium was removed and replaced with supernatants (1 mL) from stimulated
macrophages along with 1 mL of fresh medium. Cells were incubated with supernatants
for 24 hours and 48 hours.
Equipment
Flow Cytometry.

DNA cycle analysis was performed on an XL-MCL flow

cytometer (Beckman-Coulter, Miami Lakes, FL). Forward-scatter (FS) and side-scatter
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(SSC) dot plots were used to gate cells. Cells were fixed in 70% ethanol, centrifuged at
900 rpm for 10 minutes and then resuspended in PBS. Next, cells were stained with 10
µL propidium iodide (PI, 1 mg/mL) and with 10 µL RNase, DNase-free (10 mg/mL)
(Roche Diagnostics, Inc, USA). 5,000 cells were counted. Multicycle (Phonenix Flow
Systems, Inc, USA) software was used to analyze and quantify DNA content.
Results and Discussion
TNF-α Production
Polystyrene Nanoparticles.

The first study performed was to determine the

response of treated macrophages to hydrophobic –COOH modified polystyrene latex
nanoparticles (PS), 160 nm. The working concentration was set to 25 µg/mL and a
percent recovery was not determined. PS core nanoparticles and core-shell nanoparticles
with shells composed of PLL/HS/PLL/PEG 20kDa were incubated with suspension
macrophages, ~ 1x 105cells/mL, for 24 and 48 hours. These first studies were performed
to ensure that the PEG modified nanoshell was not responsible for activating suspension
macrophages to secrete TNF-α.

It was important to demonstrate that activation of

suspension macrophages was the property of the drug core.
Polystyrene core and core-shell nanoparticles were incubated with suspension
macrophages with or without 10% fetal bovine serum for 24 and 48 hours. Earlier uptake
studies (Chapter 5) indicated that hydrophobic and positively charged amine-terminated
nanoshells have the largest percent uptake in vitro and produce the largest change in ζpotential due to enhanced protein adsorption to their surface.13 Therefore, to minimize
surface property effects PS particles were incubated without serum and PS core-shell
nanoparticles were incubated with serum. Core-shell nanoparticles were incubated with
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serum because it was demonstrated in Chapter 5 that PEG modified nanoshells resist
protein adsorption and uptake by peritoneal macrophages.13 The studies performed here
were required to validate that stimulation of macrophages by paclitaxel core and coreshell nanoparticles were inherent of the drug. This topic is discussed further in the next
section.
The results in Figure 7-1 summarize the data collected after 24 and 48 hours of
incubation with dose-treated peritoneal macrophages. In the first 24 hours of incubation,
TNF-α production was maximized with the greatest stimulation contributed by PS
nanoparticles. First, the results suggest that even without serum the hydrophobic surface
of PS nanoparticles interacts with cell surface receptors to induce TNF-α production with
concentration of 515 +/- 77 pg/ mL. Secondly, PEG modified core-shell nanoparticles
minimally stimulated macrophages to release TNF-α, which indicates PEG’s nonimmunogenic properties. Wheeler and Thurman reported that the activation of peritoneal,
alveolar, and Kuppfer macrophage cells to produce TNF-α is reliant on the cell surface
receptors and pathways being activated.14 There are several receptors such as CD14, βintegrin, scavenger receptors SR-A and SR-B, and expression levels of these receptors
with which stimulants can interact. Compared to PEG modified nanoshells, -COOH
modified core PS nanoparticles effectively interacted with these receptors to induce TNFα release.
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Figure 7-1

Figure 7-1: Tumor necrosis factor-alpha (TNF-α) production by stimulated murine
suspension macrophages with 25 µg/mL core polystyrene latex particles and core-shell
with nanoshell composition PLL/HS/PLL/PEG 20 kDa. Results represent the mean +/standard deviation from 1-2 independent studies with each study having of 4-6
experiments.

After 48 hours of treatment, the production of TNF-α was significantly reduced to
concentrations below 100 pg/mL for PEG-modified core-shell nanoparticles. On the
other hand, there was an increase in TNF-α production after 48 hours with core PS
nanoparticles. These 48 hour results imply that suspension macrophages were sensitive
to PS latex core nanoparticles. Olivier and co-workers showed that carboxylate modified
PS particles, 400 nm, were able to stimulate phagocytic cells to release TNF-α after 24
hours of incubation.15 Their results indicated that at similar working concentrations of PS
nanoparticles, the concentration of TNF-α released after 24 hours was ~2000 pg/mL,
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which is higher than what was observed here. The ability of macrophages to release
cytokines in response to particles with varying surface compositions, size, and
concentration is well documented in literature.15-18 For the purposes of this dissertation
the PS nanoparticles induced TNF-α release serve as a basis of comparison for paclitaxel
induced TNF-α release.
Paclitaxel Core-Shell Treated Macrophages.

Suspension macrophages were

treated with dose of 22 µg/mL core and core-shell paclitaxel nanoparticles for 24 and 48
hours. The results from this study are summarized in Figure 7-2. After 24 hours, 1
µg/mL of LPS, the positive control, induced the greatest production of TNF-α compared
to negative control (0.1 M PBS), and paclitaxel-treated macrophages. Wheeler and coworkers reported similar values for TNF-α production from LPS treated macrophages.
Their results indicated that after 4 hours of incubation with 1 µg/mL LPS in glycine free
medium with 5% rate serum, alveolar macrophages secreted 3000 +/- 500 pg/mL of TNFα.14
Core paclitaxel (PA) nanoparticles stimulated macrophages to produce TNF-α
with concentrations of 992 +/- 338 pg/mL and 1447 +/- 268 pg/mL after 24 and 48 hours
of incubation, respectively. The concentration of TNF-α produced after 24 hours was
greater (and statistically different) than that of PS core nanoparticles, indicating that
activation and production was a property of the drug. After 48 hours, the concentration
of TNF-α for both PA core and PS core nanoparticles were statistically similar. It was
observed that there was a large variability in the data for paclitaxel treated macrophages.
The variability may due to inactivation of TNF-α during storage, cell concentration
variability between experiments, and error associated with performing the ELISA. Also,
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it was noted that both PA and PS latex nanoparticles carry a negative charge. Therefore,
the influence of charge on the uptake of core nanoparticles and the eventual production of
TNF-α may have contributed to enhanced production of TNF-α after 48 hours. Another
observation to make with the 24 hour data was that the productions of TNF-α for core
and core-shell nanoparticles were statistically similar. Further studies will need to be
performed with longer incubation times to determine how prolonged exposure influences
TNF-α production.
Figure 7-2

Figure 7-2: Tumor necrosis factor-α production by stimulated murine suspension
macrophages in vitro. Results represent the concentration of TNF-α after 24 and 48
hours of incubation with various doses including 22 µg/mL paclitaxel (PA) core, 22
µg/mL paclitaxel core-shell nanoparticles, 1 µg/mL LPS, and 0.1 M PBS as the negative
control. Results represent the mean +/- standard deviation from 2-4 independent studies
with each study having 4-6 replicated experiments.
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After 48 hours core-shell PA nanoparticles showed a decrease in TNF-α
compared to the increase by core PA nanoparticles. The results suggest first that the
nanoshell composed of PLL/HS/PLL/PEG 20 kDa may hinder paclitaxel release, and
secondly increased uptake of negatively charged core nanoparticles and their
sequestration into the cell cytoplasm provides an increase in intracellular concentration of
paclitaxel. The first hypothesis is supported by comparing TNF-α production from core
PA nanoparticle treated macrophages after 24 and 48 hours of incubation. After 48 hours
there was an increase in concentration of TNF-α that can be attributed to the dissolution
of the drug core. As the concentration of paclitaxel in the medium increases, the number
of cell surface receptors interacting with paclitaxel should increase, thereby resulting in
the apparent enhancement in TNF-α production.
In Chapter 4 it was illustrated that the nanoshell composed of PAH/PEG 20 kDa
did not provide a resistance to drug release.

Here, a nanoshell composed of

PLL/HS/PLL/PEG has two more layers of potential added resistance to drug diffusion.
Also, the LbL literature has indicated that exponentially growing polymer films
fabricated from PLL produce thicker layers19, thus diffusion of the drug out of
PLL/HS//PLL/PEG 20 kDa can be assumed to take longer compared to a nanoshell
composed of PAH/PEG 20 kDa.

In future endeavors, a 72 hour assay should be

performed to determine if there is an increase in TNF-α production for nanoshells
composed of PLL/HS/PLL/PEG 20 kDa.
The second hypothesis can be explained by comparing the surface properties of
PLL/HS/PLL/PEG and core paclitaxel nanoparticles. Surface properties of the colloidal
carrier such as charge, composition, hydrophilicity/hydrophobicity have been illustrated
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in literature to influence ligand-receptor interactions in culture with macrophages.15, 20-24
Ligand-receptor interactions can promote uptake of core-shell nanoparticles and
stimulation by paclitaxel to induce secretion of cytokine TNF-α. It was demonstrated in
Chapter 6 that uptake of PEG 20 kDa modified core-shell nanoparticles after 24 hours of
incubation with suspension macrophages was reduced compared to nanoshells that
carried a positive and negative charge. Although a 48 hour study was not conducted, it
can be assumed that trend in uptake does not change. It is hypothesized that after 48
hours paclitaxel core nanoparticles are sequestered into the cell cytoplasm at higher
uptake rates compared to PEG modified core-shell nanoparticles.

Consequently,

intracellular concentration of paclitaxel increases and activates several biochemical
pathways, one in which leads to the production of TNF-α.
The findings here are encouraging and suggest that the second mode of
paclitaxel’s action can be exploited and retained within the nanoshell encapsulation.
Surface properties can have an influence on uptake of the core-shell nanoparticles but
stimulation of macrophages to secrete TNF-α was a property of paclitaxel.
In vitro study with MCF-7 cells
The sensitivity of MCF-7 cells to TNF-α has been investigated by several
researchers. Burow and co-workers demonstrated that differences in susceptibility to
TNF-alpha induced apoptosis among MCF-7 breast cancer cell variants can be explained
by different levels of TNFR expression, differential expression of Bcl-2-family of antiapoptotic proteins, and protease activation.25 Machuca and colleagues showed that TNFα cytotoxicity was dose and time dependent.9 The concentration of TNF-α produced
upon stimulation with PA core and core-shell nanoparticles is at lower end of the range of
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TNF-α concentrations, 2.5 to 10 ng/m, required to produce enhanced toxicity in MCF-7
cells.9

Their results illustrated that the maximum change in cytotoxicity occurred

between 24 and 48 hours with 80% to 45% survival with a TNF-α dose of 10 ng/mL.9
In this study, the maximum concentration of TNF-α produced by suspension
macrophages after 48 hours was approximately 3.0 +/- 0.6 ng/mL and 1.4 +/- 2.6 ng/mL
treated with PA/PAH/PSS/PAH and core PA nanoparticles, respectively. In another
study performed by Lanni and colleagues, TNF-α within the concentration range of 10 to
100 ng/mL was able to reduce the viability down to 80% of p53 negative transformed
fibroblast cells after 48 hours of incubation.1 The concentration of TNF-α produced in
this study was below the threshold of maximum apoptotic cell death for MCF-7 cells and
non-specific cell death for fibroblast cells. Further studies with prolonged treatment are
required to determine the effects of PA core and core-shell nanoparticles on the
concentration TNF-α released.
It has been shown that TNF-α can trigger microtubule destabilization, actin
rearrangement, and endothelial barrier dysfunction.10

Microtubule destabilization as

explained in the previous chapter leads to cell death either by apoptosis or necrosis after
arrest in the G2/M phase of the cell cycle. To study the anti-tumor properties of TNFα, supernatants from stimulated macrophages from the 24 hour and 48 hour study were
incubated with MCF-7 cells for 24 and 48 hours respectively. DNA cell cycle analysis
data was determined at the end point of the experiment, Figure 7-3 and Figure 7-4. The
results illustrate similar trends found with PA core-shell nanoparticle treated MCF-7 cells
(Chapter 6); MCF-7 cells were arrested in G2/M phase. There was no effect on the cell
cycle with LPS, PS nanoparticles, and PS/PAH/PSS/PAH nanoparticles treated MCF-7
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cells. Morphological changes were observed under a light microscope with MCF-7 cells
treated with supernatants originating from paclitaxel stimulated macrophages. MCF-7
cells were rounder and cell-to-cell contact was lost but cellular blebbing, an indication of
apoptosis was not apparent. As discussed before the concentration of TNF-α produced is
not enough to exert its cytotoxic effect on MCF-7 cells. A 72 hour study should be
performed in the future to determine concentration of TNF-α produced and its effect on
MCF-7 cells.
Figure 7-3
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Figure 7-3: DNA analysis of cell cycle after MCF-7 treatment with conditioned medium
from paclitaxel core-shell nanoparticles and LPS treated macrophages for 24 hours.
Macrophage medium was collected after 24 hours of incubations with the specified doses.
Data shown represent the analysis of the mean +/- standard deviation from quadruplets of
2 independent studies.
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Figure 7-4
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Figure 7-4: DNA analysis of cell cycle after MCF-7 treatment with conditioned medium
from paclitaxel core-shell nanoparticles and LPS treated macrophages for 48 hours.
Macrophage medium was collected after 48 hours of incubation. Data shown represent
the analysis of the mean +/- standard deviation of four experiments from one independent
study. Star indicates that the results are statistically similar and determined by a student t
test with threshold of 0.05.

Conclusion (s)
This chapter describes the ability of paclitaxel core and core-shell nanoparticles to
activate murine macrophages to release TNF-α in vitro. This property was studied
because it provides an alternate method in demonstrating the retention of paclitaxel’s
biological activity upon fabrication into solid core drug nanoparticles and encapsulation
within a nanoshell composed multilayer polyelectrolytes. Results gathered from ELISA
illustrated an increase in TNF-α concentration after 48 hours of incubation with core
paclitaxel nanoparticles.

Surface properties of the nanoshell were hypothesized to

influence the uptake of paclitaxel nanoparticles and the eventual release of TNF-α due to
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high

intracellular

concentrations

of

paclitaxel. Also, PEG

modified

core-shell

nanoparticles hindered the production of TNF-α after 48 hours of incubation. This was
attributed to the reduced number of interactions between PEG molecules and cell surface
receptors and the increased layer resistance to drug release. Supernatants from paclitaxel
treated macrophages were cultured with MCF-7 breast carcinoma cells to determine the
effects on the cell cycle. Cell cycle analysis revealed that MCF-7 cells were arrested in
the G2/M phase after 24 and 48 hours of incubation with paclitaxel core and core-shell
nanoparticles.
Drawing conclusions on the capability core-shell nanoparticles to activate tumor
infiltrating macrophages in vivo warrants further analysis. The results collected illustrate
that multiple biological actions of the hydrophobic therapeutic agent can be retained upon
fabrication into drug nanoparticles and encapsulation within a nanoshell.
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Chapter 8
Achieving Targeted Delivery with Epidermal Growth Factor Modified Core-Shell
Nanoparticles

To address the concept of a targeted delivery system, the primary goal of this
chapter is to design a targeted lipophilic core-shell carrier that is selective to cells that
overexpress the epidermal growth factor receptor (EGFR), such as gliomas. The in vitro
endocytosis of core-shell nanoparticles encapsulated in a lipid modified polyelectrolyte
nanoshell assembled by the LbL process was studied. Sulfate modified fluorescent
polystyrene nano-beads (diameter 200 nm) were used as a solid core upon which charged
multilayers of PLL, HS, and DSPE-PEG (2000)-Amine were electrostatically adsorbed.
The exterior surface of the nanoshell was chemically modified with the epidermal growth
factor (EGF) protein to achieve an active targeted carrier. Targeting to overexpressed
receptors, such as the EGFR provides a route in overcoming biological barriers to achieve
high efficacy per dose administered.
The assembly of the nanoshell was confirmed by ζ-potential, TEM, and XPS.
The reversal in charge upon the deposition of alternating polyelectrolytes was observed
by ζ-potential measurements.

The nanometer-scale thickness of the nanoshell was

confirmed by TEM. In vitro studies between glioma cells and core-shell nanoparticles
were performed to determine the targeting potential of the nanoshell.

Results

demonstrated that after 24 hours endocytosis of the targeted core-shell carrier was
accomplished.

Confocal microscopy and TEM aided in verifying that core-shell

nanoparticles were internalized within the cell cytoplasm and were not attached to the

184
cell surface. The in vitro endocytosis of core-shell nanoparticles formed using LbL
assembly has not been previously studied.

Introduction
The incidence of primary brain tumor is 20,000 cases per year in the United
States.1 Malignant glial tumors, gliomas, account for 13-22% of brain tumors and are
responsible for more than half of all the cancer deaths from primary brain tumors.2, 3
Gliomas can be histologically divided into astrocytic, ependymal, and oligodendroglial
tumors and can be further classified as low or high grade. The median survival of low
grade tumors is approximately between 5 to 15 years, while the median survival for high
grade tumors is 9 months.3

The most aggressive high grade tumor, glioblastoma

multiforme (GBM) is the third leading cause of cancer-related death in adolescents and
adults in the age range of 15-34 years.1 Patients suffering from GBM can take surgical
resection, high-dose radiotherapy, and systemic chemotherapy, but these conventional
therapies only prolong survival by a median of 4 months.2 After chemotherapy and
radiotherapy there is a 90% chance of reoccurrence adjacent to the site (few centimeters)
of the original disease.1 Factors that limit the effectiveness of the therapies are systemic
toxicity, the lack of specificity (gliomas do not have clearly defined lesions), and the
inefficient transport of drug into the brain interstitium from the systemic circulation. The
unmet medical need for the treatment of gliomas is the development of novel particles,
“Trojan horses,”4 that may bypass the brain capillary barrier, selectively target the tumor
tissue, and release the chemotherapeutic at a constant rate.
The bottleneck in the delivery of chemotherapeutics into the brain is the presence
of the blood-brain barrier (BBB). The BBB is formed by endothelial cells of the brain
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capillaries. The BBB maintains homeostasis and strictly regulates the composition of the
extracellular fluid protecting the brain against toxic substances. The formation of highresistance tight junctions between brain capillary endothelial cells is associated with a
100-fold reduction of transcellular transport across the endothelium.4

The BBB

selectively allows small, lipid soluble drugs with molecular weights between 400-500 Da
to be delivered into the brain interstitium.4 Nutrients such as glucose, positively charged
peptides, insulin, and transferrin5 enter the BBB via pinocytosis or receptor-mediated
transcytosis.

Figure 8-1 summarizes the different modes of entry into the brain

extracellular space.
Figure 8-1

Figure 8-1: Mechanisms of transport through the blood-brain barrier. 1: Passive diffusion,
2: passive diffusion via tight junctions, 3: endocytosis, 4: carrier mediated transport, 5:
carrier-mediate efflux via P-glycoprotein (adapted from reference).3

Lipid-mediated free diffusion through the BBB is reduced when the drug becomes
water soluble, the molecular weight exceeds 500 Da, and the drug is recognized by an
efflux pump. Hydrophilic or large molecules can be transported across endothelium if
they are chemically conjugated to ligands that are recognized by receptors on the
endothelium and undergo receptor-mediated transcytosis and carrier-mediated transport.
Despite the lipophilic characteristic of anti-tumor agents such as paclitaxel and
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vincristine, they still are unable to gain access into the BBB.3 It has been established that
a carrier-mediated efflux pump, P-glycoprotein, which is expressed at the BBB is
responsible for removal of anti-tumor agents from the brain endothelium.6 Knowledge
of the cellular and molecular biology of the BBB transport systems can provide basis for
fabrication of brain drug-targeting technologies.
Designing brain targeting therapies against gliomas requires an understanding of
the structural and functional characteristics existing within the glioma microvasculature
environment. Clinical studies have demonstrated that in early stages of primary brain
tumors, resistance to chemotherapy is due to the presence of the BBB.7, 8 However, in
advanced stages gliomas display a hyperpermeability to large molecules (376- 500, 000
Da), loss of the BBB function, open endothelial junctions (~0.3-3 µm), fenestrations
(channel width 5.5 nm), and cytoplasmic vesicles such as caveolae.9, 10 Many strategies
have focused on bypassing the intact BBB in early prognosis of brain cancer by
delivering drug into the brain via intraventricular infusion or intracerebral implants.11, 12
Local administration of the anti-tumor agent guarantees that the drug is concentrated
within in the tumor tissue.

The success of the glioma treatment with drug-loaded

microspheres surgically implanted will depend on the implant material and the degree of
phagocytosis. Another method bypassing the BBB requires osmotic disruption by the
administration of hypertonic solutions via the carotid artery.

This concept first

introduced in 1972 by Rapaport and colleagues was utilized to shrink the brain capillary
endothelial cells, thereby enlarging the intracellular spaces to enhance diffusion through
the BBB.3 A major drawback in all three methods which bypass the BBB is their
invasive nature and the potential for enhancing the entry of harmful toxins into the brain.
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In recent years, the development of intravenously administered active targeted
vectors have found application in the treatment of malignant tumors.5,

13-15

Active

targeting can be achieved through the use of ligands that bind to their cellular epitopes to
trigger internalization via receptor-mediated endocytosis (RME).14, 15 Current methods
for attaching targeting ligands to the surface of liposomes and nanoparticles include
covalent and non-covalent linkages.16-19 Covalent coupling of ligands to the surfaces of
vectors include using thioether20, disulfide21, 22, amide16, 23, and hydrazone bonds24. Noncovalent attachment requires the adsorption of monoclonal antibodies and proteins to the
particle surface, but such techniques do not guarantee correct orientation and in vivo
stability.25

Targeted delivery to the BBB and gliomas has been demonstrated by

transferrin receptor antibody OX26 -coupled liposomes5,

26

, low density lipoprotein

boronated cholesterol11, epidermal growth factor-conjugated lipsomes21, and chlorotoxinPEG modified iron oxide nanoparticles27. A potential problem with the delivery of
targeted liposomes is their limited stability in the plasma and the rapid uptake at other
tissue sites. Consequently, nanoparticles offer a better advantage in which size, surface
properties, and drug payload may be optimized (refer to Chapter 2 pages 14 and 29 for
detailed discussion on targeted delivery). Optimization of the nanoparticle surface can
enhance targeting to the tumor microenvironment.
LbL self-assembly is an attractive encapsulation method, which can be used to
control the surface properties of colloidal carriers at the nano-scale.28 The nanoshell
which encapsulates a solid core is assembled step-wise via the alternate adsorption of
polyelectrolytes.29 The surface of the nanoshell can be modified with poly(ethylene
glycol) to achieve a “stealth” drug delivery carrier.30 The nanoshell can be tailored to
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incorporate ligands or chemical moieties to create a targeted delivery system. This
chapter describes using core-shell nanoparticles (~200 nm) with the shell assembled via
LbL to study the in vitro targeting potential of a chemically modified nanoshell.

It is

hypothesized that a nanoshell composed of PLL, HS, and terminated with a lipid bilayer,
DSPE-PEG 2000-Amine has the potential to be sequestered into glioblastoma multiforme
cells. Additionally, the surface of the nanoshell can be covalently modified with the
epidermal growth factor (EGF) to achieve a targeted delivery to the glioma cells
overexpressing its receptor. To study the in vitro targeting capabilities of nanoshell,
confocal microscopy and transmission electron microscopy were used to verify
internalization of the core-shell nanoparticles via endocytotic pathways.
Experimental Section
Materials
FluoSpheres® sulfate modified, 0.2 µm, yellow-green fluorescent (505/515), 2%
solids (YB) were purchased from Molecular Probes, USA.

Carboxylate modified

polystyrene spheres, 0.160 µm, 10% solids were purchased from Bangs Laboratories,
USA.

Poly (allylamine) hydrochloride (PAH, MW ~ 60,000) was purchased from

Polysciences, Inc, USA. Poly (styrene sulfonate) (PSS, MW ~ 70,000), Poly-L-lysine
hydrochloride (PLL, MW 15,000- 30,000), Heparan sulfate sodium salt (HS, 20% Nacetylated) were purchased from Aldrich Chemicals, USA. 1,2-Distearoyl-sn-Glycero-3Phosphoethanolamine-N-[Amino(Polyethylene Glycol)2000](Ammonium Salt) (DSPEPEG(MW 2000)Amine, MW ~ 2790.52), was acquired from Avanti Polar Lipids.
Epidermal growth factor (EGF, MW ~6100), murine submaxillary glands, receptor grade
was purchased from CALBIOCHEM®, USA. Human epidermal growth factor receptor
antibody conjugated with FITC was purchased from Cymbus Biotechnology LTD, USA.
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For carbodiimide conjugation chemistry the following materials were required. 2mercaptoethanol (20 mM) was purchase from SIGMA Chemical, USA.

NHS “Hosu”

was purchased from NOVA Biochem, USA. Hydroxylamine-HCL (MW 69.49), and (1Ethyl-3-[3-dimethylaminopropyl] carbodiimide Hydrochloride) (EDC, MW 191.7 ) were
purchased from PIERCE, USA. Activation buffer was composed of 0.1 M MES (2-[Nmorpholino] ethane sulfonic acid), pH 4.5-5.0 and 0.5 M NaCl, pH 6.0.
Methods
LbL Assembly. Solid fluorescent nanoparticles (YB) were diluted from a 20
mg/mL solution to a concentration of 3.3 mg/mL for LBL assembly. The particles were
then sonicated for 20 minutes before nanoshell assembly.

The nanoshell assembly

procedure was as follows: 1.0 mL of a 2 mg/mL PE solution was mixed with a solution of
3.3 mg/mL of YB, sonicated for 5 minutes followed by 30 minute incubation under
gentle shaking. After each layer was added, three cycles of centrifugation, removal of
supernatant, and re-suspension in 3.0 mL of buffer solution at the correct pH (dependent
on PE used) were performed to ensure the removal of unbound PE. The centrifugation
step was performed at 14,000 RPM (10,000 x g) for 10 minutes.
Modification of the Nanoshell with Targeting Ligands. The surface modification
of the nanoshell with EGF is a carbodiimide reaction between carboxyl groups and
primary amines to form a zero-length covalent bond. After the DSPE-PEG (2000) Amine
is adsorbed onto the shell, YBs are centrifuged and resuspended in 5 mL of EDC
activation buffer, 2 mg/mL concentration. In preparation for the reaction, 1 mL of a 2
mM EDC and 1 mL of a 5 mM NHS are added to EGF solution (10 µg/mL) and left to
react on a shaker plate for 15 minutes at room temperature. The EDC reacts with the
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carboxyl group of the EGF and forms an unstable amine-reactive intermediate. Next, 1.4
µL of 20 mM 2-mercaptoethanol is added to the protein solution to quench the reaction.
Then 1 ml of the 2 mg/mL core-shell sample is combined with the amine-reactive EGF
and allowed to react on a shake plate for 2 hours at room temperature. At the end of this
incubation period, 1 mL of a 10 mM hydroxylamine hydrochloride is added to the sample
to quench the reaction. Hydroxylamine will hydrolyze the unreacted NHS on the EGF
which regenerates the original carbonyls. Finally, the core-shell particles are centrifuged
and resuspended in 0.1 M PBS pH 7.4, and this is performed three times.
Culture of Glioblastoma Cells. Brian glioma cells, CRL-2020 and CRL-1620
were purchased from American Type Culture Collection, Rockville, MD. CRL-2020 cells
were grown in RPMI medium (Sigma Chemicals, USA) supplemented with 10 % fetal
bovine serum and 1 % streptomycin. CRL-1620 cells were grown in DMEM medium
(Sigma Chemicals, USA) supplemented with 10% fetal bovine serum and 1%
streptomycin. The cells were grown in T-75 flasks to a density of 105 cells/ mL and then
sub-cultured onto glass cover slips placed into 6 well plates and incubated at 37˚C in an
atmosphere containing 5% CO2 for 24 hours. At the end of this incubation period, 10 µL
of approximately a fluorescent bead solution (2 mg/mL) in a 10 mM HEPES buffer
supplemented with 0.15 M NaCl, pH 7.4 were added to the experimental wells, while the
remaining wells were used as controls.
Equipment
X-ray photoelectron spectroscopy. XPS analysis was performed using a Kratos
Analytical Axis Ultra instrument.

The x-ray source was monochromatic aluminum

(1486.6 eV) and powered at 280 W. Survey, high sensitivity, and high-resolution spectra
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were collected at a takeoff angle of 90˚ with respect to the sample plane. The analysis of
these powder samples required the charge neutralization to be turned on at low energy.
All spectra were referenced for C-C in carbon 1s peak at 285 eV. Survey spectra were
collected from 0 to 1250 eV with pass energy of 160 eV, high sensitivity scans for the HS
and Lipid layer were collected at pass energy of 80 eV, and high-resolution spectra were
collected for each detected element (C, O, and N) with pass energy of 20 eV.
Quantification was performed by deriving relative sensitivity factors from the given
polymer standards: poly(ethyleneimine) (PEI), poly(ethylene terephthalate) (PET), and
poly(tetrafluoroethylene), (PTFE).
Sample preparation was as follows: suspended nanoparticles were centrifuged
and the pellet was dried in a vacuum oven overnight at room temperature. The powdered
sample was pressed into a small square piece of permanent double-sided Scotch® tape.
The sample was then placed directly onto double-sided carbon tape, which was then
mounted onto the sample rod.
Transmission Electron Microscopy. A JEOL JEM 1200 EXII TEM was used to
image the core-shell nanoparticles.

Core-shell nanoparticles (in solution of

ethanol/water) were placed on copper grids for imaging. A high resolution Tietz F224
camera was used to take digital images. All images were acquired at a tension of 80 kV
and current density of 20 pA/cm2. For cellular imaging the following procedure was
implemented. Primary Fixation: Immerse tissue blocks (usually 1mm3) in 2.5%
glutaraldehyde in 0.1M Cacodylate buffer, pH 7.4 for 2 hours. Primary Wash: 3 washes
(each 5 minute duration) in 0.1 M cacodylate buffer with 4% sucrose, pH 7.4. Secondary
Fixation: Place sample in 1% osmium tetroxide in 0.1M cacodylate buffer, pH 7.4 for 1
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hour. Secondary Wash: 3 washes (each 5 minute duration) in 0.1 M cacodylate buffer,
pH 7.4. In Block Staining (optional). Stain samples with 1% uranyl acetate in 25%
ethanol or water for 1 hour. Dehydration 1 x 10 min. in 50% ethanol1 x 10 min. in 70%
ethanol1 x 10 min. in 90% ethanol1 x 10 min. in 95% ethanol3 x 10 min. in 100%
ethanol (EM grade)3 x 10 min. in acetonitrile. Infiltration and Embedding: Place sample
in 50/50 acetonitrile/Spurr’s resin for 1 hour, next place sample in 100% Spurr’s resin for
1.5 hours and repeat once. Orient samples into mold and add resin. Polymerization step:
Place mold containing samples in 60°C oven for 24 hours.
Confocal Microscopy. At the end of the incubation period, cells were washed
four times with warm PBS (cold PBS caused the cells to ball up and de-attach). After
washes, cellular membranes were fixed with 3.7% paraformaldehyde and stained with
Alexa-568 phalloidin (Molecular Probes, USA) and DRAQ5. The preparations were then
visualized. For live cell imaging, cells were stained with green fluorescent dye Calcein
AM (Molecular Probes, USA). Sequential scans were made using the Olympus FV300
laser scanning confocal microscope. Yellow-green fluorescent particles were excited
using a 488 nm Argon laser and collected through a 510 nm long pass filter. Alexa 568
was excited by a 543 nm HeNe laser and collected through a 605/650 nm band pass filter.
DRAQ5 was excited by a 633 nm red HeNe laser and collected through a Virtual FVVC1H filter.
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Results and Discussion
Assembly of a Lipid-modified Nanoshell
Previous research endeavors have illustrated that enhancing the delivery of
colloidal carriers across the BBB requires increasing the lipophilicity of a hydrophilic
therapeutic agent or colloidal carrier. If the colloidal carrier has successfully traversed
the BBB it encounters the heterogeneous distribution of microvasculature throughout the
tumor interstitium.31 The next challenge would require the delivery of the therapeutic
agent/colloidal carrier into the tumor microenvironment which is defined by the bloodtumor barrier (BTB). One way to circumvent these two barriers is by encapsulating the
therapeutic agent within phospholipid vesicles, such as liposomes.32 Liposomes have
intrinsic problems including in vivo instability, non-controlled drug release, and minimal
extravasation into the center of the tumor that limit their continued use in vivo. Recently,
Donath33, Krishna34, and Moya35 explored the use of LbL assembly to fabricate lipid
coated polyelectrolyte capsules. Their results demonstrated the following:
1. Lipid assembly can be monitored by ζ-potential measurements.
2. Dynamics of lipid layer are determined by the electrostatic
interaction with the underlying polymer and the number of lipid
charges available for binding.36
3. Depending on the type of lipid used for LbL assembly bilayers or
multilayers can form on top of pre-existing polyelectrolyte layers.
4. Lipid coating reduces the permeability of polyelectrolyte
microcapsules by 2 orders of magnitude compared to non-coated
(PAH/PSS) capsules.34
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5. Lipid adsorption forms a homogenous layer instead of patch like
structures on colloidal surfaces.33
6. Thickness of lipid bilayer/ polyion layer is in the range of 2-7
nm.34
These established results provided the impetus to modify the nanoshell with a
phospholipid bilayer to encourage uptake into the tumor interstitium.

Also, it was

equally important to balance the lipophilic nature of the nanoparticle with hydrophilic
characteristics. Therefore, a phospholipid that had the following characteristics was
desired:
1. Hydrophilic headgroup composed of PEG with molecular weight
between 2 to 20 kDa.
2. Hydrophilic head group composed of a charged group attached to a
PEG unit. An amine (-NH2) group is preferable because of the
chemistry available for covalent bond formation.
The

phospholipid,

[amino(polyethylene

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

glycol)2000](ammonium

salt)

(DSPE-PEG

2000-amine)

accomplishes the characteristics that were rationally considered.
Layer-by-Layer Analysis. Fluorescent latex nanoparticles, 0.2 µm diameter, were
used as a model of the drug delivery carriers previously fabricated (dexamethasone,
Chapter 3 and paclitaxel, Chapter 6). The fluorescent core nanoparticles used in this
study were modified by the manufacturer with –SO42- groups.

LbL assembly

commenced with the adsorption of a 2mg/mL polycation, PLL solution carried out at pH
4.5 in 0.1 M PBS. The next electrostatically adsorbed layer was polyanionic HS, 2
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mg/mL adsorbed at pH 6.0 in 0.1 M PBS. Each rinse and re-suspension cycle PLL/HS
was performed with a salt concentration of 0.15 M NaCl. The last adsorbed layer was a 2
mg/mL solution of DSPE-PEG 2000-Amine performed at pH 6.0 in 30 mM KCl. A 30
mM KCl solution was substituted for the 0.1 M PBS solution because of the lower ionic
strength, thus larger Debye length (k-1) which would provide a larger driving force for
electrostatic adsorption. Considering the low charge density of the phospholipid it was
important that each charged unit interacted with the HS layer. It was found that by using
30 mM KCl for phospholipid adsorption, charge overcompensation of +5.5 +/- 2 mV was
observed. This ζ-potential was expected because of the contributing neutral PEG unit
and low -NH2 charge density of the phospholipid. The charge reversal upon subsequent
adsorption of the polyelectrolyte/lipid layers confirmed the successful encapsulation of
lipid-modified fluorescent core nanoparticles, Figure 8-2. TEM images (not shown)
provided further evidence of a nanosized shell composed of PLL/HS/DSPE-PEG 2000Amine with approximate thickness of 18 nm.
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Figure 8-2
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Figure 8-2: ζ-potential versus layer number. Charge reversal upon sequential adsorption
confirms presence of nanoshell composed of polyelectrolytes: PLL, HS, DSPE-PEG
(2000) Amine, and EGF. ζ-potential represents the mean +/- of 3 to 4 independent study
with 5 runs, each run providing 25 iterations.

XPS Analysis. The adsorption of lipids onto polyelectrolyte coated capsules can
be studied by differential scanning calorimetry, confocal microscopy, single particle light
scattering, flow cytometry, and ζ-potential measurements.33-35 An additional method for
confirming the molecular arrangement and the presence of an electrostatically adsorbed
phospholipid layer is by XPS. The surface sensitivity of XPS ranges between 1 to 10 nm
and allows for surveying of atoms and their oxidized species present at the sample
surface. The nano-size thickness of the adsorbed polyelectrolyte/lipid layers confirmed
by TEM and by other LbL researchers was adequate for XPS analysis.
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For this study, 160 nm carboxylate modified polystyrene nanoparticles (PS) were
used to further confirm the assembly of a lipid modified nanoshell. PS nanoparticles
were encapsulated within a shell of PAH/PSS/Lipid-PEG 2000-Amine. The PAH/PSS
electrolyte pair was chosen because it is well studied by LbL researchers and because of
its previous XPS analysis performed on dexamethasone solid core nanoparticles (Chapter
3).29 The data in Table 8-1 represent the XPS elemental analysis performed for varying
nanoshell compositions encapsulating both YB and PS core nanoparticles. An increase in
the atomic composition (%) of the characteristic atom for each adsorbed layer confirmed
the successful LbL assembly on YB and PS core nanoparticles. For example, adsorption
of PAH onto negatively charged PS and YB resulted in an increase in the N 1s atomic %
of 1.85% compared to 0.0% in PS core nanoparticles. The results collected in this study
were similar to the XPS analysis performed on dexamethasone core-shell nanoparticles.
The data demonstrates the presence of an electrostatically adsorbed DSPE-PEG
2000-Amine on nanoshells composed of PAH/PSS and PLL/HS. Upon phospholipid
adsorption the, C 1s atomic % decreases, O 1s atomic % increases, and P 2p atomic %
increases. This trend in data was confirmed after comparison with the phospholipid
standard. The compositional analysis of DSPE-PEG 2000 Amine standard illustrated that
the phospholipid is primarily composed of carbon, 75%, and oxygen, 22%.
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Table 8-1.
PS particles

Atomic%
C 1s O 1s N 1s P 2p S 2p Cl 2p Na 1s
81.80 17.10 0.00 0.00 0.26 0.09 0.64

PS/PAH

85.03 11.66 1.85

0.17

0.19

0.63

0.63

PS/PAH/PSS

76.80 15.70 3.30

0.10

0.97

1.00

2.00

PS/PAH/PSS/DSPE-PEG-Amine 69.30 21.90 3.20

0.10

2.40

0.50

2.20

YB/PLL
YB/PLL/HS

91.03 5.48

1.25

0

0.21

1.26

0.54

90.2

0.82

0

0.27

1.28

0.58

6.79

YB/PLL/HS/DSPE-PEG-Amine

86.00 10.50 1.20

0.18

0.84

0.34

0.74

DSPE-PEG2000-Amine

75.60 22.70 0.98

0.57

0.00

0.00

0.00

Table 8-1: Atomic composition (%) of each adsorbed layer within nanoshell of
encapsulated PS and YB nanoparticles. The atomic composition was determined from
survey spectra collected at 80 eV. C-C peak was calibrated to 285.0 eV and all peaks
were referenced to this value.

Interestingly, upon adsorption of DSPE-PEG 2000-Amine to PSS and HS, the S 2p
atomic % increased. This was puzzling at first because the composition of DSEP-PEG
2000 Amine does not contain an S 2p atom. LbL researchers observed similar results
when working with phospholipids other than the phospholipids used in this work. Wang
and co-workers hypothesized that during electrostatic adsorption the phospholipid can
cause changes in the polyelectrolyte arrangement to induce rearrangements that enable a
net attractive interaction with chains from internal layers.36

It was observed that an

increase in S 2p concentration may suggest that PSS and HS layers are no longer
adsorbing as flat stiff layers but instead are taking a coiled shape where the –SO42- groups
are extended into solution. Also, Wood and co-workers demonstrated that heparinloaded layers are mobile and can partake in interlayer diffusion.37 Their results showed
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that upon lipid adsorption, the HS layer may re-organize exposing its –SO42- groups
closer to the surface. If the same re-organization was taking place in this study the results
gathered from the XPS analysis are valid. The elemental analysis performed from high
sensitivity survey scans confirmed LbL assembly of a PEG-lipid modified nanoshell. To
determine if the phospholipid forms ordered layer structures when adsorbing to the
nanoshell high resolution spectra for N 1s and C 1s was collected at 20 eV and analyzed.
High resolution spectra for N 1s provided information regarding the lipid layer
structure adsorbed onto the nanoshell composed of PAH/PSS and PLL/HS. Table 8-2
summarizes the results from the curve fit analysis performed on the N 1s spectra. The N
1s spectra was curve fit with two peaks, the first peak at 402 eV represents a protonated
amine and the second peak at 401 eV represents a primary amine. The electrostatic
adsorption of DSPE-PEG 2000-amine on the PSS layer suggested that a lipid bilayer was
formed. The ratio of protonated amine to primary amine was approximately 1:1. The
positively charged lipid headgroup –NH3+ adsorbs onto the negatively charged PSS layer
and upon further deposition, a complete bilayer is formed with –NH2 groups extended
into solution. This result is in agreement with the established results collected from
freeze-fracture electron microscopy and differential scanning calorimetry, which show
that charged lipids adsorb as bilayers but not as single molecules on polyelectrolyte
capsules.33, 35
On the other hand, adsorption of DSPE-PEG 2000 amine onto the negatively
charged HS layer suggested that a lipid multilayer had formed. The multilayer was
formed due to the underlying structure of the polyelectrolyte nanoshell. The deposition
of PLL onto negatively charged surfaces has been shown in literature to take a coiled or
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loop-like configuration because of its low charge density.38 Curve fit analysis performed
here demonstrated this concept with only 22% of the N 1s peak representing –NH3+ and
77% of the N 1s representing –NH2. In the next adsorption step, HS inter-diffuses within
the thicker PLL layer to increase the number of contact points made between the cation
and anion groups and to successfully reverse the ζ-potential. The adsorption of the
phospholipid to HS produces a decrease in the –NH3+ peak and an increase in –NH2. The
appearance of the lipid multilayer reflects the thicker underneath polyelectrolyte surface.
Further studies will need to be performed to support the hypothesis that a lipid multilayer
is being deposited for PLL/HS nanoshells (refer to future works at the end of this chapter).
Table 8-2

Encapsulation
PS/PAH
PS/PAH/PSS
PS/PAH/PSS/DSPE-PEG2000-Amine
YB/PLL
YB/PLL/HS
YB/PLL/HS/DSPE-PEG2000-Amine

NH3+ (402 ev)

NH2 (400 eV)

67.90
82.82
50.20
22.00
31.80
29.00

32.10
17.18
49.80
77.00
68.10
70.90

Table 8-2: Curve fit analysis (Linear Fit) for high resolution N 1s spectra collected at 20
eV. Two peaks were fit for the N 1s spectra and values represent the % of the peak
relative to total N 1s.
XPS high resolution spectra of C 1s further aided in confirming the presence of a
phospholipid bilayer or multilayer. The C 1s spectra for YB/PLL/HS/DSPE-PEG 2000Amine and YB/PAH/PSS/DSPE-PEG 2000-Amine was curve fit with four peaks each
representing a different carbon oxidation specie. The adsorption of DSPE-PEG 2000Amine to either the PSS or HS layer resulted in an increase in peak area % of C-(O,N),
decrease in the peak area % of (C-C), and a decrease in peak area % of C-(aromatic,
shake up peak), Table 8-3. The increase in peak area % of C-(O,N) is suggestive of the
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PEG and –NH2 functionality inherent of the phospholipid molecular structure. This peak
at 286.5 eV represents carbon specie of the form C-(O,N). The C-(O,N) peak can be seen
as a broad shoulder at 286.5 eV, Figure 8-3. The presence of the C-(O,N) confirms that
the structure of the adsorbed lipid forms distinct bilayers or multilayers.
Table 8-3
Encapsulation
PS/PAH

C-C285 eV
71.71

C-(O,N)286.5 eV
23. 6

C-(OOH)288.9 eV
2.8

C-(aromatic)291 eV
1.9

PS/PAH/PSS

70.7

23. 4

4.8

1.1

PS/PAH/PSS/DSPE-PEG

66.9

30. 4

2.7

0.1

YB/PLL

87.9

6. 3

0

5.7

YB/PLL/HS

86.8

7. 6

0

5.5

YB/PLL/HS/DSPE-PEG

76.2

21

0.15

2.6

Table 8-3: Curve fit analysis was performed on high resolution C 1s spectra collected at
20 eV. Four peaks were curve fit and each peak represents different carbon species
present within each polyelectrolyte layer. The values represent the % of peak area
relative to total C 1s.

202
Figure 8-3

Figure 8-3: High resolution carbon 1s orbital of YB/PLL/HS/Lipid-PEG (2000) Amine.
The peak at 286 eV represents C-(O,N) carbon specie found in PEG-lipid bilayer. The
spectra were fit with Gaussian-line shapes.

A stability study was performed with YB/PLL/HS/DSPE-PEG 2000-Amine coreshell nanoparticles. The in vivo stability of the colloidal carrier is a perquisite for any
controlled drug delivery carrier. As discussed previously one problem with liposomes is
their limited in vivo stability. Fabrication of lipid-modified nanoshell via LbL assembly
should create a more stable lipid/polyelectrolyte layer because of strong electrostatic
interaction forces. To test this hypothesis, core-shell nanoparticles were stored in 30 mM
KCl for four months before XPS analysis. The XPS data presented in this chapter clearly
demonstrates that after prolonged storage, the lipid remains electrostatically adsorbed to
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the underlying polyelectrolyte nanoshell. Other LbL researchers such as Angelatos and
co-workers have demonstrated lipid multilayer film stability of 72 hours but this work
investigated longer storage periods.39 The stability results have profound importance for
the drug delivery applications in controlling drug release and protecting the encapsulated
drug from the biological microenvironment before reaching the target, which should
improve patient efficacy.
Chemical Modification of Nanoshell to Achieve Targeting
An attractive target in the selective delivery of nanoparticles to gliomas cells is
the epidermal growth factor receptor, EGFR. The EGFR is overexpressed 90% on the
surface of primary brain cancer cells.40 In normal brain tissue including glial, neuronal,
and endothelial cell lineages ~1000 EGFR molecules are expressed on the surface
whereas in glioma cells the expression is 100,000 EGFR molecules per cell.1 The EGFR
belongs to a family of receptor tyrosine kinases (RTK) which are normally involved in
multiple regulatory mechanisms. It has been shown that deregulation of the protein
tyrosine activity and constitutive stimulation of the RTK pathway plays an important role
in cell survival, spreading, and proliferation.1 The EGFR binds to the EGF protein with
high affinity; KD ~10-100 pM41 and is internalized into the cell cytoplasm via receptormediated endocytosis (RME).21
RME occurs when specific receptors for each ligand cluster in a region of the cell
called coated pits and are aligned by the protein clathrin.42 Ligand-receptor interaction
initiates the formation of an endosome, an invagination of the cellular membrane. In the
next step, the endosome is sequestered into the cell’s cytoplasm, at which it either can be
released or degraded by lysosome.

The development of a targeted delivery carrier
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selective to glioma cells overexpressing the EGFR has been illustrated with EGFconjugated liposomes.21 In another study, EGF was covalently attached to the OX26
monoclonal antibody via PEG spacer arms ranging in lengths from 14 to 200 atoms.8
Deguchi and co-workers demonstrated that the biological activity of EGF was retained
upon conjugation and the extended PEG linker releases steric hindrance to improve
binding of EGF to its receptor on glioma cells.8 In this study, the terminal amines of the
PEG-lipid coated core-shell nanoparticles were conjugated to EGF using EDC chemistry.
The ζ-potential of -6.3 +/- 2.5 mV in 0.1 M PBS pH 7.4 was determined after chemical
conjugation of EGF to the nanoshell, Figure 8-2. The charge reversal upon covalent
attachment to the Lipid/PEG surface indicates that EGF was present at the nanoshell
surface. The concentration of EGF at the surface was not determined; the goal of this
study was a proof-of-concept to illustrate the capability of modifying the nanoshell with
targeting ligands.
The chosen human glioblastoma cells CRL-2020 and CRL-1620 (A172) have
been shown to overexpress EGFR.1 TEM and confocal fluorescence microscopy were
utilized to monitor the cellular uptake of the targeted core-shell carrier.

For TEM

imaging, the polymerized pellet was sectioned using microtome and placed on a TEM
grid for analysis. The TEM images in Figure 8-4 confirm that EGF-modified core-shell
nanoparticles (YB/PLL/HS/DSPE-PEG 2000-Amine) were endocytosed after 24 hour
incubation with glioblastoma CRL-2020.

The core-shell nanoparticles were located

within a vesicular body assumed to be an endosome or a lysosome. The core-shell
nanoparticles appear oblate and this was a result of the sectioning. The position of the
vesicular body was found close to the nucleus, Figure 8-4a. From the sections analyzed,
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on average three vesicular bodies containing 8 to 10 particles were found in the cell
cytoplasm. Also, as illustrated in Figure 8-4c, EGF-modified core-shell nanoparticles
have escaped the vesicular body and were found aggregated together in the cytoplasm. It
is well known that the acidic interior (pH ~5.0)43 of an endosome and lysosome interior
can degrade the drug delivery carrier or protein. The observed core-shell particle escape
from the vesicular body demonstrates that drug delivery to the cytoplasm can be
envisioned in vivo.

This is particularly important in cases where the therapeutic

properties of the drug target cellular components within the plasma membrane.
The TEM image in Figure 8-4c reveals another important observation, the
phospholipid coating on the nanoshell remains electrostatically adhered to the nanoshell
after cells have been sequestered inside the endocytic compartment and in the cell
cytoplasm. The darker region surrounding the nanoparticles represents the phospholipid
layer that has been stained and cross-linked in the presence of osmium tetroxide.44, 45 The
results here imply that these core-shell nanoparticles are stable in vitro and potentially
can be stable in an in vivo microenvironment, this hypothesis will need to be tested with
mouse models.
To evaluate the specificity of EGF-modified core-shell nanoparticles for EGFR
expressed glioma cells, CRL-1620 were cultured with core YB nanoparticles and PEGlipid modified nanoparticles for 24 hours, Figure 8-5a-c. In these fluorescent images, the
actin cytoskeleton, nuclei, and core-shell particles are red, blue, and green respectively.
The actin cytoskeleton was visualized because reports have shown that it plays an
essential role in receptor-mediated endocytosis.46
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Figure 8-4

Figure 8-4: TEM image of CRL-2020 glioblastoma cells with endocytosed core-shell
nanoparticles modified with targeting protein, the epidermal growth factor. Endosomes in
(a) are located around the nuclear membrane, x 3000 (b) endosome contains between 5 to
13 nanoparticles, x 20 k (c) core-shell particles have escaped the endosome and are
located in the plasma membrane, x 20 k.
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Confocal images indicated that CRL-1620 cells did not sequester YB core nanoparticles,
Figure 8-5a. The green fluorescence was non-specifically attached to the glass coverslip
and to the cell surface. To further confirm surface attachment versus uptake, a threedimensional analysis with z-slicing was performed. The results (data not presented)
illustrated that the green fluorescence was observed only at the top slice indicating
surface attachment. Also, the actin filaments for these cells incubated with core YB
nanoparticles formed nice stratified structures across the surface of the cell. It was
observed that the actin filament aggregated together at distinct locations around the
plasma membrane. This was observed for glioma cells with PEG/lipid modified coreshell nanoparticles. Two explanations can be postulated; first, actin localization indicates
cell death by apoptosis, and secondly, actin localization is a result of initial stages,
formation of clathrin-coated pits47, in the endocytic process. The first explanation can be
ruled out because the nucleus was homogenously stained with DRAQ5. The second
explanation is supported by literature and further results will need to be performed to
establish the relationship between the core-shell nanoparticles and glioma cells.
Lipid/PEG modified core-shell nanoparticles were sequestered inside the cell
cytoplasm and were found located around the perimeter of the nucleus, Figure 8-5b. This
observed uptake can be explained by considering the uptake mechanisms of glioma cells.
The low-density lipoprotein (LDL) receptor is overexpressed on tumor cells but is not
tumor specific.11 Increased tumor cell proliferation and growth requires cholesterol for
membrane synthesis which may result in LDL uptake.48 Glioma cells have been shown
to express the LDL receptor and researchers have illustrated that this receptor could be
potentially used for targeting and crossing the BBB.11
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The LDL receptor can interact with various ligands such as apolipoprotein E,
apolipoprotein B, acetylated LDL molecule, and oxidized phospholipids.49 Therefore, it
is reasonable to believe that the phospholipid modified nanoshell is interacting with LDL
receptors on these two glioma cells lines. One method to confirm this observation would
be to use an anti-LDLR-FITC probe and fluorescently image the glioma cells to confirm
the presence of the LDLR, this work was not performed here but should be the subject of
future experiments. Also, there is a possibility that the core-shell nanoparticles are being
sequestered by a caveolae/lipid raft-dependent endocytosis.50 It is interesting to note that
the combination of PEG and lipid at the surface of the nanoshell was able to permit
interactions with cell surface receptors on glioma cells. Fenart and colleagues illustrated
that nanoparticles with a lipid coating had a charge and were able to effectively cross an
in vitro BBB.51 The results presented here are encouraging because they illustrate the
potential of fabricating a core-shell drug delivery that can cross a tight endothelium that
is only permeable to lipophilic molecules.
Confocal images of EGF-modified core-shell nanoparticles showed similar results
collected from TEM. Both cell lines were able to recognize the EGF modified nanoshell
and successfully sequestered the particles by RME. It was interesting to note that the
actin cytoskeleton was visibly active in the uptake of core-shell particles in CRL-2020
cells.

Figure 8-5e shows that the red fluorescence was overlapping the green

fluorescence from the particles. It is hypothesized that the actin cytoskeleton was playing
a role in the movement of the endocytotic compartment away from the plasma membrane,
which is the reason the merged image fluoresces a red-yellow color. This is not seen in
CLR-1620 cells, Figure 8-5f. A three dimensional image performed by z-stacking shows
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the core-shell particles fluorescing green. This observation supports the results in figure
8-4c, where the core-shell nanoparticles have escaped the endosome.

The actin

cytoskeleton participates in endocytosis in 5 steps52:
1. Membrane invagination
2. Coated pit formation
3. Coated pit sequestration of attached ligands to cell surface receptors
4. Detachment of newly formed vesicles from the plasma membrane
5. Movement of the endocytotic compartment away from the plasma
membrane
Once the core-shell particles have escaped the endosome, the actin cytoskeleton no
longer participates in the movement of the particles.

The z-stack image clearly

demonstrates that the particles are indeed inside the cell cytoplasm and not attached to the
cell surface.
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Figure 8-5
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Figure 8-5: Confocal fluorescent images of glioblastoma cells incubated with the
following core-shell carrier for 24 hours and stained with Alexa-568 phalloidin (red) and
DRAQ5 (blue) (a) YB solid core with CRL-1620 cells (b) YB/PLL/HS/DSPE-PEG 2000
Amine with CRL-1620 cells (c) YB/PLL/HS/DSPE-PEG 2000 Amine/EGF with CRL1620 (d) YB/PLL/HS/DSPE-PEG 2000 Amine with CRL-2020 (e) YB/PLL/HS/DSPEPEG 2000 Amine/EGF with CRL-2020 (f) z-stack image from the middle slice of
YB/PLL/HS/DSPE-PEG 2000 Amine/EGF with CRL-1620.

Conclusions
Core-shell fluorescent nanoparticles (core ~200 nm) were used as a model carrier
to demonstrate selective intracellular delivery via receptor-mediated endocytosis. As a
proof-of-concept, the results in this chapter illustrate the feasibility of building a
polymeric nanoshell via LbL assembly and chemically modifying the outer shell with
targeting ligands. The surface of the bio-macromolecular nanoshell composed of PLL
and HS was modified with a phospholipid layer, DSPE-PEG 2000-amine.

This

phospholipid was chosen for the model system because it incorporated the properties that
were desired, hydrophilic backbone and charged functional groups. The hydrophilic head
group was composed of PEG 2000 repeat units along with an amine group and this amine
functionality provides the charge required for LbL assembly. The presence of DSPEPEG 2000-amine was demonstrated by measuring the ζ-potential after electrostatic
adsorption to the underlying HS layer.

A charge reversal indicated the successful

deposition of DSPE-PEG 2000-amine. XPS was utilized to further confirm the presence
of DSPE-PEG 2000-amine at the surface of the nanoshell. High resolution spectra of the
C 1s and N 1s peaks showed that the phospholipid was adsorbing to the nanoshell as
either a bilayer or multilayer. The electrostatic adsorption of DSPE-PEG 2000- amine
provides an alternate method in modifying the surface properties of the core-shell
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nanoparticles to create a drug carrier that can have lipophilic characteristics, which is
important for drug delivery to the brain.
EGF was chosen as the ligand for which receptor-ligand interactions between
core-shell nanoparticles and glioma cells, which overexpress EGFR, can be studied.
Two cell lines, CRL-1620 and 2020, both overexpressing EGFR with varying degree
successfully recognized the EGF targeted nanoshell, which resulted in their eventual
uptake by RME after 24 hours of incubation. These in vitro results demonstrated that the
biological activity of EGF was retained upon covalent binding to the nanoshell. Also, in
vitro studies revealed that core-shell nanoparticles with the outer shell composed of
DSPE-PEG 2000- amine were sequestered into the cell cytoplasm, and this was
hypothesized to be mediated by caveolae or LDLR mediated endocytosis. The in vitro
results suggest that depending on the medical application; the nanoshell can be
molecularly tailored to provide selective drug delivery.
Future Work
The next logical step in this project would be to encapsulate a therapeutic agent
within the EGF targeted nanoshell and evaluate its therapeutic efficacy in vitro and
eventually in vivo.
carmustine.31,
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A candidate for the treatment of high grade brain cancer is

Preliminary research was performed to fabricate solid core drug

nanoparticles of carmustine. Size analysis revealed that an average size of 220 nm can be
fabricated utilizing a modified nanoprecipitation method. The BBB may be overcome by
particles with a size smaller than 60 nm or by lipid-mediated transport or receptormediated and PEG-assisted processes.27 Since the size of the particle plays an important
role in crossing the BBB, in vivo studies will need to be performed to determine if the
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carmustine core-shell nanoparticles with this average size are sufficient for targeting
diseases in the brain.
It was hypothesized that a multilayer of DSPE-PEG 2000-amine was forming
upon electrostatic adsorption to the underlying HS layer.

To further validate this

hypothesis and the established XPS results, ellipsometry, freeze-fracture electron
microscopy, and differential scanning calorimetry can be utilized.

Freeze-fracture

electron microscopy and differential scanning calorimetry were used by other LbL
researchers to determine the structure of the adsorbing lipid onto a polyelectrolyte
capsule. On the other hand, ellipsometry provides an alternate method in determining the
structure of lipid by calculating the mass of lipid deposited from the average change in
thickness, ∆t , the parameter provided by ellipsometry. A theoretical value for monolayer
coverage can be calculated and then compared with the experimentally determined
deposited mass. For example, if the DSPE-PEG 2000-amine was adsorbing as a bilayer,
the experimental mass deposited should be approximately twice the theoretical value for
a monolayer coverage.

In the case of a multilayer coverage, the experimentally

calculated mass deposited would approximately be greater than twice the monolayer
deposited mass. A simple experimental procedure is required for this technique. Instead
of colloidal particles, plasma etched silicon wafers are required. LbL assembly with
PLL/HS/DSPE-PEG 2000-amine can be performed sequentially by dipping the wafer in
the polyelectrolyte solution for 20 minutes and rinsing with a 0.15 M PBS. Upon each
polyelectrolyte adsorption the ∆t can be determined from ellipsometry.

The LbL

assembly on planar substrates is similar to colloidal particles; therefore, this is a
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reasonable technique to use for determining the structure of DSPE-PEG 2000-amine on
bio-macromolecular coated nanoshells.
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Chapter 9
Multifunctional Drug Delivery by Site-Specific Colloidal Chemistry

A challenge in the fabrication of nanoparticles for drug delivery and imaging is in
the design of their surface.1-3 The surface of the nanoparticle can be functionalized with
biomarker-based targeting ligands, biocompatible polymers, and fluorophore-polymer
conjugates for specific imaging.2, 4 A multifunctional surface with the ability to target,
deliver therapeutic agent, detect, and image diseased tissue in real time is an unmet
medical requirement.5-7

The advantage of a multifunctional carrier would be a

revolutionary development in drug delivery research. The hypothesis in this work is that
a multifunctional colloidal carrier with nano-sized dimensions (1-1000 nm) can be
developed for each current clinical modality such as cancer therapy, angiogenesis,
atherosclerosis, and chronic inflammation, to provide enhanced imaging, therapeutic
delivery, and bio-molecular targeting capabilities.
This chapter introduces a new method in fabricating multifunctional colloidal
carriers and presents results from an in vitro study that illustrates targeted delivery. The
work performed here was in collaboration with Dr. Darrell Velegol (Chemical
Engineering, Penn State University). Particle lithography, a technique for patterning
colloidal surfaces was pioneered by the Velegol lab group and is utilized in this work to
fabricate multifunctional colloidal carriers.8 The synthesis of such a colloidal carrier
combines LbL encapsulation of solid drug nanoparticles (100-200 nm) with particle
lithography.9,

10

The combination of these techniques has not been demonstrated in
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literature and provides a versatile colloidal carrier assembly that addresses current
concerns in drug delivery research.
Introduction
The ability to merge nano and micro technologies in the engineering and design
of colloidal carriers for drug delivery applications is a critical requirement.

The

development of a multifunctional carrier can be accomplished by combining the LbL
self-assembly technique for encapsulating solid-core drug nanoparticles9 with the
“particle lithography” technique10 for patterning colloidal surfaces in a discrete
methodology. The key advantage of combining these two techniques is the ability to
synthesize multifunctional and high information regions on the surface of individual
colloidal particles.
Particle lithography is a technique that achieves site-specific modification of
individual colloidal particles with nanoscale precision.8 The technique requires a flat
glass surface as a template instead of an expensive templated surface.

Figure 9-1

describes the process in fabricating a heterodoublet carrier in which the particle has
regions with different surface properties. The lithographed region, L, the length of
excluded coating on the colloidal particle, is free to adhere to a second oppositelycharged particle (s). The result can be the formation of heterodoublets as illustrated in
Figure 9-1. The heterodoublet can be composed of two colloidal particles that are
adhered together via electrostatic interactions. As shown in Figure 9-1, the ability of the
sulfate modified particle to electrostatically bind to the PSS lithographed amidine particle
is determined by the size of the lithographed region. For a particle of radius a and a
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polyelectrolyte of radius Rg or nanoparticle of radius R, simple geometric considerations
reveal8:
Equation 9-1

L = 4(aRg )1 / 2

Figure 9-1

Figure 9-1: Schematic of particle lithography method. a) Amidine particles (positivelycharged) adhere to a negatively-charged glass slide in water b) Negatively charged PSS
polyelectrolyte (Rg~10 nm) covers the amidine particles except in the lithographed
region c) The particles are sonicated off the glass slide, exposing the nanoscale positive
region. d) Negative particles (e.g., silica, sulfated latex) adhere selectively to the sitespecific region on the amidine PS particles.
The effective size of the lithographed region can be manipulated by altering three
variables: the particle size, the polyelectrolyte size, and the Debye length (ionic strength).
The control of the lithographed region demonstrates the selectivity of the proposed
particle lithography technology. Decreasing the particle radius or the polyelectrolyte size
makes the lithographed region smaller. Similarly, a larger Debye length (κ-1) (i.e., lower
ionic strength) effectively closes off part of the lithographed region since an incoming
particle will feel the adsorbed polyelectrolyte from a distance. A larger Debye length
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increases the accuracy of assembly even though it decreases the rate of formation.
Another advantage in the fabrication of lithographed particle carriers is the apparent
stability of the carriers in deionized water due to the large Debye length present.
A multifunctional colloidal carrier assembled by the particle lithography process
has the potential to contain a surface with one or more targeting ligands, imaging
enhancers, and drug nanoparticles either covalently or electrostatically attached to the
particle surface.

For example, core-shell drug nanoparticles (150 nm)9 can be

electrostatically adhered to the lithographed region of an imaging particle (1 µm), thus
producing an imaging and therapeutic vector upon one assembly. This combination may
allow the progression of the therapeutic treatment to be monitored in vitro and eventually
in vivo. Another important aspect of this multi-function carrier technology is that high
selectivity is achieved. Targeting to the diseased tissue or endothelium is accomplished
by chemically modifying the surface of the multifunctional carrier with one or more
active targeting ligands, small molecules, and antibodies. The location of the targeting
ligands on the surface of the colloidal particles is precisely controlled. Ligands can be
covalently coupled to either the lithographed region or the non-lithographed region. This
chapter investigates the potential in assembling a multifunctional carrier for the selective
therapeutic delivery and imaging of tumor vasculature, Figure 9-2.
The growth of human tumors is accompanied by increased vascularity.11 As
described in Chapter 2, once a tumor has reached a critical volume, it cannot expand
further in the absence of neovascularization.12 One anti-cancer approach is to combine
chemotherapy with anti-angiogenesis therapy to increase survival of patients with
advanced malignant carcinomas.

Antiangiogenesis therapy requires targeting to the
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tumor vasculature.5 Tumor vasculature targeting has many potential advantages such as
easy access to the targets expressed by the activated endothelium, selectivity to tumor
endothelium that may decrease systemic toxicity, capability of the synergistic
combination with anti-tumor agents, and the broad applicability of antiangiogenic
therapy.12 The activated endothelium in angiogenic vessels within solid tumors
Figure 9-2

Figure 9-2: Illustration of the proposed multifunctional carrier. Imaging particle (yellow)
is coated with targeting ligands (RGD) and lithographed region contains electrostatically
adsorbed drug nanoparticles (red).
overexpress specific receptors such as vascular endothelial growth factor (VEGF), matrix
metalloproteinase-2 and 9 (MMP-2) (MMP-9), adhesion molecule integrin αvβ313-15, Ecadherin, and others.5, 16 The αvβ3 integrin receptor is increased in breast cancer cells and
in dividing endothelial cells. Dividing endothelial cells are increased by 15% in tumor
vasculature compared to 5% in normal tissues.17, 18 In addition, the αvβ3 integrin receptor
is specific for the arginine-glycine-aspartic acid (RGD) peptide sequence found in the cell
binding domain of fibronectin.15, 19 Short peptides that contain this RGD sequence have
the ability to mimic cell adhesion proteins.20-22 In addition, the peptide activity is very
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specific: replacing the glycine with alanine reduces the peptide activity more than 100
times.20 Since integrin-mediated cell attachment influences and controls cell migration,
growth, differentiation, and apoptosis, RGD peptide based antiangiogenic drugs can be
used to prevent (and even regress) tumor growth present in numerous forms of cancer as
well as provide treatment while having minimal or no effect on healthy blood vessels.18,
20, 23

The lithographed and non-lithographed region of the multifunctional vector in this
study is modified with RGD and a variation of the peptide motif, RAD. This study
presents a proof-of-concept to demonstrate the use of multifunctional colloidal carriers
for targeted delivery to αvβ3 expressing cells, such as 3T3 fibroblasts.

The

multifunctional carriers presented here provide a platform for selective drug delivery and
imaging for diseases such as cancer and anti-angiogenic therapy.
Experimental Notes
Materials
Yellow-green fluorescent polystyrene latex (PS) particles (60 nm), sulfate
functionalized yellow-green fluorescent PS (190 nm), and sulfate functionalized nile red
fluorescent and yellow-green fluorescent PS particles (4.0 µm) were purchased from
Interfacial Dynamics Corporation (USA). Potassium Chloride (KCl, MW 74.5), Sodium
Chloride (NaCl, MW 58.4), potassium dihydrogen phosphate (KH2PO4, MW 136.1),
dibasic sodium phosphate (Na2HPO4, MW 141.9), poly(allylamine hydrochloride) (PAH,
MW 70,000),

poly(sodium 4-styrenesulfonate) (PSS, MW 70,000), 1-ethyl-3-(3-

dimenthylaminopropyl)-carbodiimide

(EDC,

MW

191.7),

2-(N-morpholino)

ethanesulfonic acid (MES, MW 195.2, pH 6.2), 2-mercaptoethanol, dimethyl sulfoxide

223
(DMSO, MW 78.1), and N-hydroxysuccinimide (NHS, MW 115.1) were purchased from
Sigma-Aldrich Chemicals, USA.

The Gly-Arg-Ala-Asp-Ser-Pro (GRADSP, Lot

S07075A1, 44-0-21) and Gly-Arg-Gly-Asp-Ser-Pro (GRGDSP, Lot S07043A1, 44-0-24)
peptide complexes were purchased from American Peptide Company, Inc (Vista, CA).
Dulbecco’s Modified Eagle’s Medium (DMEM) and Antibiotic (streptomycin)
were purchased from Sigma Chemicals, USA. Fetal Bovine Serum (FBS) was purchased
from Hyclone, USA. Flasks for cell culture, T-75 and 6 well plates were purchased from
VWR, USA. Acetone and n-heptane were purchased from Sigma Chemicals, USA.
EDC activation buffer was prepared from a 0.1 M MES buffer and 0.5 M NaCl solution.
The deionized (DI) water that was used for all experiments (Millipore
Corporation MilliQ system) had a specific resistance greater than 1 MΩ·cm (i.e.,
“equilibrium water”).
Equipment
The Ultrasonicator, Model 550T, was from VWR International. The confocal and
DIC optical microscopy images were obtained on an Olympus Fluoview 300 Laser
Scanning Confocal Microscope (Olympus America Inc, USA). The electron microscopy
images were obtained on a ZeissSMT 1530 Field Emission Scanning Electron
Microscopy (FESEM) at the Penn State Nanofabrication Facility. The pressurized heat
treatments took place in a standard steam autoclave at 120°C.
Methods
Preparing Imaging Particles. Sulfate functionalized nile red PS particles (4.0 µm,
200 µL), were encapsulated with 20 µM PAH in 30 mM KCL via LbL assembly. For
electrostatic adsorption the particles and PAH solution were incubated on a shaker plate
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(low setting) for 20 minutes. The PAH coated particles are then centrifuged out of
solution into a pellet at 6500 rpm for 30 minutes in a standard bucket centrifuge. The
supernatant was removed and the pellet was resuspended in 10 mL of 30 mM KCl. This
centrifugation/re-suspension process is repeated two times with the final re-suspension
being in 40 mL of deionized water. From this final solution, 20 mL are placed in each of
2 Petri dishes that have been nitric acid cleaned for 2 hours. In addition, 10 mL of the
final solution can be placed in each of 4 small plastic Petri dishes that contain a piranha
etched (3:1) glass coverslip. The PAH coated particles in DI water are left for 24 hours
to settle and electrostatically adhere to the negatively charged glass surface of the Petri
dish or glass coverslip.

Next, the Petri dish/coverslip is washed 20 times with

approximately 10 mL of deionized water to remove any excess or un-adhered PAH
coated particles from solution. An additional 20 mL of deionized water is then added to
the Petri dish for storage of the PAH coated fluorescent particles until they are to be
modified for creation of the drug assembly.
Coating with Fluorescent Nanoparticles.

The PAH coated fluorescent

microparticles can be coated with fluorescent nanoparticles or drug nanoparticles using
LbL assembly and the particle lithography technique.

A suspension of negatively

charged fluorescent nanoparticles or core-shell drug nanoparticles are added to the Petri
dish and left for 24 hours to settle and electrostatically adhere to the PAH coated imaging
particle surfaces in all areas except for where the imaging particles are masked off by
being adhered to the glass surface. After 24 hours the imaging particles are washed 20
times to remove any excess or un-adhered nanoparticles from the solution. An additional
10 mL of DI water was added to the Petri dish and the solution was placed in the
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autoclave for 10 minutes at 120°C. At this temperature the PS imaging particles start to
soften and better affix the nanoparticles to the surface of the imaging particles. Once the
pressurized heating process is complete, the nanoparticles are permanently fused to the
surface of the imaging particles.10 The Petri dish is then washed 10 times to remove any
drug particles that may have detached during the fusing process.
Surface Modification with RGD or RAD.

Carbodiimide chemistry was

performed for chemical modification of PAH coated PS particles. In the first step, 2 mL
of 10 µg/mL protein (RGD or RAD) was added to a solution consisting of 2 mL of 5 mM
NHS and 2 mL of 2 mM EDC in a 15 mL centrifuge tube. The solution was then
incubated on a shaker plate for 15 minutes at room temperature. At this time, PAH
coated PS particles were washed with 10 mL of EDC activation buffer and were left to sit
for 10 minutes at room temperature.
After 15 minutes, 3 µL of 20 mM 2-mercaptoethanol was added to the protein
solution to quench the reaction. Next, the protein solution was incubated with PAH
coated PS particles in 10 mL of EDC activation buffer for 2 hours at room temperature.
After 2 hours, the reaction is quenched by adding 2 mL of 10 mM hydroxylamine in EDC
activation buffer (pH 6.00). Next, the particles were rinsed with deionized water for 10
times. In the last rinse step, 10 mL of 100 mM PBS buffer (pH 7.4) was added to the
particles and stored in the refrigerator for later use.
Cell Culture
Murine NIH/Swiss 3T3 mouse fibroblast cells (ATCC, CRL-1658) were cultured
at 37°C in 5% CO2 incubator using growth medium containing DMEM, 10% FBS, 1%
streptomycin. Cells cultured in T-75 flasks were subcultured at a seeding density of 1
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x105 cells/mL into single wells of a six-well plate. Cells used for imaging were grown on
25 mm glass coverslips (VWR, USA). Glass coverslips were autoclaved and placed at
the bottom of a single well of a six-well plate. Each well contained 2.0 mL of medium.
Cells were plated one day before experiments to allow for cell attachment and spreading.
Cell Adhesion Assay. 3T3 cells were split onto glass coverslips that contained
electrostatically adsorbed PS particles. The surface of the PAH coated PS particles was
covalently modified with RGD or RAD using EDC chemistry. The 3T3 cells were
incubated with the particles for 24 and 48 hours to allow for cell attachment, spreading,
and growth. Adhesion of 3T3 to lithographed RGD or RAD molecules on the surface of
the PS particles was evaluated by confocal microscopy. Cells were fixed with 3.75%
paraformaldehyde and stained with appropriate dyes for imaging.

Alexa Fluor-568

phalloidin (Molecular Probes, USA) was utilized for F-actin visualization and DRAQ5™
was utilized for nucleus imaging. The samples were mounted on glass slides using
Prolong Antifade solution (Molecular Probes, USA).

The preparations were then

visualized. For live cell imaging, cells were stained with green fluorescent dye Calcein
AM (Molecular Probes, USA). Sequential scans were made using the Olympus FV300
laser scanning confocal microscope. Yellow-green fluorescent particles were excited
using a 488 nm Argon laser and collected through a 510 nm long pass filter. Alexa 568
was excited by a 543 nm HeNe laser and collected through a 605/650 nm band pass filter.
DRAQ5 was excited by a 633 nm red HeNe laser and collected through a Virtual FVVC1H filter.
Results and Discussion
Fabrication of a Multifunctional Carrier
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The particle lithography technique was used to prepare two classes of
multifunctional carriers. These two classes were fabricated to demonstrate site-specific
targeting with an RGD peptide sequence for an in vitro 3T3 cell culture model. The first
class of carriers, class I, is described in Figure 9-2 where the lithographed region contains
electrostatically adhered drug nanoparticles and the non-lithographed region is
chemically modified with targeting ligands. The second class of multifunctional carriers,
class II that can be prepared is the exact opposite of the first and is illustrated in Figure 93. Figure 9-3 is a FESEM image of a lithographed 3 µm silica particle coated with 84 nm
sulfate modified PS particles. The lithographed region is masked by the surface where
the surface and particle touch and a patch size of approximately 600 nm is produced. In
this patch area or lithographed region, targeting ligands such as RGD can be covalently
attached.
Figure 9-3

300 nm
Figure 9-3: FESEM image of a 3 µm lithographed silica particle. Silica particles were
coated with PAH and the particle lithography technique was applied. 84 nm sulfate
modified PS particles were electrostatically lithographed to the PAH coated silica
particle. The path size approximately 600 nm closely matches values based on simple
geometry.8
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Both classes of multifunctional carriers are hypothesized to be important for drug
delivery and imaging applications. The goal here was to illustrate the utility of this nonexpensive technique in assembling colloidal carriers with multi-function regions. LbL
assembly can be used at any point in the particle lithography process. For example, the
non-lithographed region can be coated with polymers (e.g. polyelectrolytes or low Tg
polymers such as polyvinyl acetate and poly (caprolactone) to form an impermeable layer
or to provide a surface appropriate for chemical modification. The nano-scale precision
that can be achieved by using the particle lithography technique was shown with FESEM.
Another method to demonstrate the nano-size of the lithographed region is fluorescence
confocal microscopy. A spatial resolution of ~100 nm can be achieved with confocal
microscopy thereby providing an incentive to visualize the non-lithographed and
lithographed region of the multifunctional colloid.24
Nile red fluorescent particles, 4 µm, were coated with sulfate-modified yellowgreen fluorescent particles, 160 nm, to produce class II multifunctional carriers. The
particles were fabricated on glass coverslips, autoclaved for 10 minutes to permanently
fuse nanoparticles to microparticle surface10, sonicated for 30 seconds to displace the
particles from the glass surface, and then visualized with confocal microscopy. The
lithographed region on the microparticle surface should be flattened after the autoclave
step because it was in contact with the glass surface upon heating. Figure 9-4 shows (a)
red fluorescent 4 µm particle lithographed with (b) 160 nm yellow-fluorescent particles
(c) a DIC image of the multifunctional carrier and (d) a merged image of (a) and (b). The
image in Figure 9-4b and d illustrate that the nanoparticles remain fluorescent and
electrostatically adhered to the imaging particle surface during the autoclave and
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sonication procedures. This observation was important to make because it illustrates that
the particle lithography process does not alter chemical properties of the nanoparticles or
imaging particles. The DIC image in Figure 9-4c visibly shows the lithographed region
(yellow arrow) with a flattened surface and patch size of approximately 1.6 µm. The
results from confocal microscopy confirm the presence of a lithographed region
fabricated using the particle lithography technique. Once the multifunctional carrier was
fabricated the next step was the chemical modification of the non-lithographed and
lithographed regions with targeting ligand.
Ligand-Specific Interactions by RGD and RAD motifs
A 3T3 fibroblast cell line was selected as a model system to study the interaction
between integrin αvβ3 cell surface receptors with RGD and RAD modified PAH coated
particles in the non-lithographed region. This cell line has been commonly used in
literature to investigate integrin-mediated cell adhesion to RGD modified surfaces.21, 25, 26
In this work it was hypothesized that the covalent attachment of RGD to the nonlithographed or lithographed regions on the multifunctional carrier can promote integrinmediated cell adhesion and spreading. To test this hypothesis, peptides containing the
RGD and RAD motifs were covalently coupled to PAH coated surfaces of
multifunctional carriers class II using carbodiimide chemistry. The RAD sequence
represents a variation in the integrin binding site and serves as a control for the inhibition
of cell attachment. The first study performed was a 24-hour cell adhesion assay in which
3T3 fibroblast cells were incubated on glass coverslips containing RGD or RAD
lithographed red fluorescent imaging particles.
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Figure 9-4

Figure 9-4: Confocal image of lithographed 4 µm nile red PS fluorescent particle taken at
100x with oil. Nile red PAH coated PS particles were coated with 160 nm sulfatemodified yellow-green fluorescent nanoparticles. Image of a lithographed particle (a)
excited with red laser (b) excited with green laser (c) DIC image and (d) merged of (a)
and (b).
The preparation of the surface with ligand modified imaging particles was distributed
randomly and the concentration of particles on the surface was at low density. Figure 9-5
summarizes the results collected by confocal microscopy after a 24-hour adhesion assay.
The fluorescent images illustrate four important observations:
(1) 3T3 fibroblast cells adhere to the RGD and RAD motifs on the nonlithographed region of the imaging particle.
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(2) 3T3 fibroblast cells remain alive during the duration of the adhesion
study as suggested by their uptake of live cell dye Calcein Am.
(3) 3T3 fibroblast cells adhered to the RGD motif on the non-lithographed
region of imaging particles show spreading (branched cytoplasm)
and are communicating with other cells.
(4) 3T3 cells adhered to RAD motif on the non-lithographed region of
imaging particles display a shrunken cytoplasm with a rounded
shape.
Although 3T3 cells adhered to RAD lithographed particles, they were unable to
spread compared to cells adhered to RGD modified PAH coated particles. Mutations in
the integrin binding domain has been shown to impair cell adhesion and spreading.19
Also, the integrin receptors are known to “engage with elements of the cytoskeleton and
thus influence cell shape, intracellular architecture, and cell motility.”27 It is speculated
that the adhesion of 3T3 cells to RAD motifs on lithographed particles is mediated
through other interactions such as electrostatics instead of receptor-ligand interactions. If
this was the case, then the integrin receptors were not being activated upon binding to the
RAD motif. Further studies will need to be performed to validate this hypothesis. 3T3
cells successfully adhered to the low density RGD modified imaging particles
presumably through specific integrin-ligand interactions.
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Figure 9-5

Figure 9-5: Confocal image of 3T3 fibroblast cells adhered to (a) RGD modified and (b)
RAD modified lithographed 4 µm nile red fluorescent particles which were assembled on
glass coverslips. Incubation period was 24 hours. Images were taken at 60 x with oil.
Cellular membrane was stained with Calcein Am.
The observed cell attachment and spreading after 24 hours suggested that the
activity of RGD after chemical conjugation to the lithographed imaging particle was not
lost. Integrins exist in different affinity states with respect to their ligands and can enter a
high-affinity state or activated state in response to an agent.27 Upon RGD binding to
integrin receptors on the surface of 3T3 cells, the integrin receptors may have been
activated and consequently adhesion and plasma membrane spreading was observed after
24 hours. Also, cell adhesion and spreading was observed not to depend on the number
of particles available for binding. Confocal images showed that cells were binding to
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particles clustered together and a minimum of two particles supported adhesion and
spreading. This observation was similarly made by Maheshwari and colleagues and their
results demonstrated that integrin clustering is required to support cell adhesion and
motility.19

The in vitro studies performed here demonstrate that RGD modified

multifunctional carrier particles specifically bind to integrin receptors expressed on 3T3
cells. The results attained thus far show the potential of using the particle lithography
technique to assemble multifunctional carriers for drug delivery targeting and imaging.
In the next study, 3T3 cells were incubated onto a glass coverslip which was
surface modified with high density RGD modified imaging particles.

The cells were

incubated for 24 and 48 hours after which the cells were rinsed four times with warm 0.1
M PBS, fixed, and stained for visualization of the actin filaments and the nucleus. Figure
9-6a and 9-6c illustrate that after 24 and 48 hours 3T3 cells have adhered to the RGD
modified particles and spread. After 24 hours, 3T3 cells on average had adhered to 30 +/11 RGD modified particles (n=5). To determine whether the cells remained attached to
the particle surface or if the cells have endocytosed the particles a three dimensional
analysis using z-stacking was performed.

Figure 9-6b represents the middle slice

(z=5) of a xyz image from a 24 hour study. The yellow cross hairs indicate the position
of the xz and yz slice and these images are found to the right and on the bottom of Figure
9-6b respectively. The yz slice clearly shows that the cells are attached to focal points on
the imaging particle surface. Also, to confirm this observation the xz slice indicates that
the particles are not located in the same plane as the nucleus and therefore remain
adhered to the cell surface via integrin-RGD interactions. The actin cytoskeleton (red)
illustrates that the cellular membrane has spread upon adhering to the RGD motif on the
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lithographed particles and has responded biological signals activated upon integrin-RGD
binding.
Figure 9-6

Figure 9-6: Confocal image of 3T3 fibroblast cells adhered to RGD modified
lithographed 4 µm nile red fluorescent particles which were assembled on glass
coverslips (a) 24 hour assay (b) xyz image from z-stack taken from the middle slice, z=5
(c) 48 hour assay (d) xyz image from z-stack taken from the middle slice, z=4. The crosshairs in (b) and (d) identify the position of xz and yz planes. Image taken at 60 x with oil.
Cell actin cytoskeleton stained red with Alexa 568 phalloidin, nucleus stained blue with
DRAQ5, and particles were yellow-green fluorescent.
After 48 hour 3T3 cells have internalized the RGD motif lithographed particles
via receptor-mediated endocytosis. Figure 9-6d xz and yz sliced images show that the
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actin cytoskeleton (red) surrounds the RGD modified particles (green) and the particles
are within the same plane as the nucleus. Schraa and co-workers have also demonstrated
in vitro receptor-mediated endocytosis of RGD modified proteins incubated with human
primary umbilical vein endothelial cells, which also express the αvβ5 integrin receptors.28
The results gathered here demonstrate that targeted delivery to the tumor vasculature can
be envisioned with the proposed multifunctional carriers lithographed with an RGD
motif.

The combined results from the 24 and 48 hour study indicate that this

multifunctional carrier can specifically adhere to the cell surface via ligand-receptor
interactions and successfully be internalized. These observations are important because
the multifunctional carrier can accomplish two tasks; first it can selectively image the cell
surface or tumor endothelium and secondly the carrier can actively deliver therapeutic
agents to endothelial cell via receptor-mediated endocytosis.
Conclusion
Particle lithography, a technique that can achieve site specific modification on
colloidal particles was utilized to prepare a targeted imaging carrier. The key concept in
this work was to demonstrate that the surface chemistry and properties of the nonlithographed and lithographed regions on an individual particle can be controlled with
nano-scale precision.

.FESEM and confocal images demonstrated the successful

fabrication of a microparticle surface modified with nanoparticles in the non-lithographed
region while the lithographed region, L, was left bare. This region L, can further be
tailored to include electrostically adhered drug nanoparticles or chemical moieties
covalently coupled to its surface. This technique provides a unique method in fabricating
an array of colloidal carriers with multiple information regions.
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For a proof-of-concept demonstration of targeted delivery capabilities, class II
carriers were fabricated. The particle lithography technique was used in combination
with LbL self-assembly to coat the non-lithographed region with polyelectrolyte PAH.
The surface of PAH coated imaging particles were covalently coupled to RGD and RAD.
In vitro results showed 3T3 cells specifically adhering to clusters of RGD motifs on low
and high density lithographed particles after 24 and 48 hours of incubation. The 24 and
48 hour in vitro results suggested that targeted delivery to surface cell integrins was
accomplished. Endocytosis of the RGD modified particles was observed after 48 hours
of incubation. Also, 3T3 cells displayed distinct morphological differences in their
cytoplasm after adhering to the RAD motif on PAH coated imaging particles. This was
hypothesized to be a result of an inactive receptor-ligand interaction leaving cells with a
shrunken cytoplasm. The results presented here demonstrate the capability of fabricating
a multifunctional carrier with unique and defined “information” regions using the particle
lithography and LbL assembly techniques.
Future Work
The next step in this work is to show targeted delivery with lithographed particles
of class I. In this class of carriers, the lithographed region is covalently modified with
RGD motifs while the non-lithographed region is coated with electrostatically adhered
drug nanoparticles. In designing this carrier certain properties are desired:
1. The chosen therapeutic agent should be hydrophobic if the fabrication of
solid core drug nanoparticles is required.
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2. The chosen therapeutic agent should have a property that can be exploited
in a cell culture study, such as an anti-inflammatory, antiangiogenesis, and
anti-tumor mechanisms.
3. A medical area should be studied for proof-of-concept in validating this
type carrier.

Medical areas include antiangiogenesis, atherosclerosis,

inflammation, and macular degeneration.
For example, antiangiogenesis therapy has shown to be important for managing
metastatic cancer and the retinal disease of macular degeneration. In the case for cancer
therapy, there are several antiangiogenic compounds that have been tested in early
clinical studies for advanced cancers but many of these compounds are hydrophilic. One
antiangiogenic compound that meets the outlined requirements is Thalidomide.12 To
circumvent the problem of formulating drug nanoparticles, hydrophilic antiangiogenic
compounds such as Suramin and Endostatin can be coated on the non-lithographed region
using LbL assembly via hydrogen bonding and electrostatic interactions.

Once the

therapeutic agent is chosen and fabrication of a tailored carrier of class I is accomplished,
in vitro studies can be performed.
In continuing the in vitro studies performed with class II multifunctional carriers,
future studies with 3T3 cells can be grown on glass coverslips for 24 hours and then class
I multifunctional carriers (with RGD in lithographed region) can be incubated for 24 and
48 hours. To determine if the particles are specifically adhering to the cell surface
integrins via receptor-ligand interactions FESEM can be used for visualization and
confirmation. The orientation of the particles at the surface of cell can be determined
with spatial resolution down to 1.5 nm.

Results from such a study would clearly
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demonstrate the potential of combining particle lithography and LbL assembly to
fabricate multifunctional carriers for antiangiogenesis, cancer therapy, and other life
threatening aliments.
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Chapter 10
Conclusions and Future Work

In this thesis solid core drug nanoparticles, 100-200 nm, were fabricated using a
modified emulsification-solvent evaporation technique and encapsulated within a
multilayer polyelectrolyte nanoshell 10-15 nm in thickness. The nanoshell composed of
alternating polycations and polyanions was assembled step wise utilizing the electrostatic
layer-by-layer (LbL) self-assembly technique. The nanoscale precision achieved by LbL
assembly provides a versatile technique in controlling and engineering surface properties
of colloidal carriers to attain stealth and targeted delivery.
The work performed in this thesis contributes to the ongoing developments in
drug delivery and nanotechnology. The design of a nanometer scale colloidal carrier that
has the potential to avoid physiological barriers, retain the encapsulated agent’s
biological activity, and provide cellular and intracellular targeting in vitro has been
demonstrated in this thesis and is summarized below:
1) Solid core drug nanoparticles with a monodisperse size distribution
were prepared by a modified emulsification-solvent
evaporation technique. Dexamethasone and paclitaxel, two
hydrophobic therapeutic agents were used as model drugs to
illustrate the capability of this technique in controlling particle size and
monodispersity. These two parameters are important to drug delivery
because they ensure the effective accumulation in tumor tissue and at
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inflammatory sites, transport across the diseased endothelium, and the
programmed timed drug release.
2) Solid core drug nanoparticles can be encapsulated within a polymeric
nanoshell of defined composition and thickness utilizing the LbL selfassembly technique. Dexamethasone and paclitaxel core nanoparticles
were encapsulated within nanoshells composed of poly (allylamine
hydrochloride)/ poly (styrene-4-sulfonate) and poly (L-lysine)/ (heparin
sulfate). The presence of the nanoshell was confirmed by transmission
electron microscopy, the charge reversal measured by ζ-potential, and
surface chemical analysis determined by x-ray photoelectron spectroscopy.
The choice in the polyelectrolytes used, thus the composition of the
nanoshell is dependent on the end goal of the drug delivery system.
Polycations, poly (allylamine hydrochloride) and poly (L-lysine) were
chosen because of their amine functionality. The amine groups at the
surface of the nanoshell provide the chemistry to form covalent amide
bonds to proteins, poly (ethylene glycol) (PEG), and other ligands.
a) Under the conditions studied, the nanoshell composed of
PAH/PEG 20 kDa was unable to provide resistance to
dexamethasone release. Future experiments with additional layers
may indicate controlled drug release by the nanoshell.
3) The surface of the nanoshell was chemically modified with PEG (MW 2, 5,
and 20 kDa) to form a hydrophilic and long-circulating core-shell carrier.
In vitro studies between core-shell nanoparticles and phagocytic cells
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illustrated that PEG modified nanoshells resisted uptake with a 3-fold
reduction after 24 hour incubation as opposed to hydrophobic nanoshells
that carried a positive or negative charge. Also, protein adsorption studies
performed with bovine serum albumin showed that PEG modified
nanoshells minimized the adsorption of protein resulting in small
perturbations in ζ-potential. The hydrophilicity of the nanoshell was easily
manipulated by covalently grafting PEG molecules to its surface. The
potential in controlling the stealth behavior of core-shell nanoparticles in
vitro was demonstrated by these uptake and protein adsorption studies.
4) The biological activity of paclitaxel core-shell nanoparticles was
retained

upon

encapsulation

within

nanoshells

composed

of

PAH/PSS/PAH and PLL/HS/PLL/PEG 20 kDa. After 24, 48, and 72
hours of incubation with breast carcinoma MCF-7 cells, paclitaxel core
and core-shell nanoparticles induced cell cycle arrest at the G2/M phase.
This arrest is inherent of paclitaxel’s anti-tumor activity. Also, MCF-7
cells treated with 22 µg/mL core nanoparticles induced apoptosis and
necrosis. Fluorescent images displayed microtubule bundles organized
around the nucleus, actin cytoskeleton granules, and nuclear bodies
suggestive of apoptosis.

The second mode of paclitaxel’s biological

activity was demonstrated by the capability of core and core shell
nanoparticles to stimulate macrophages to secrete cytokine, tumor necrosis
factor-α. Although the concentration of TNF-α secreted after 24 and 48
hours of incubation was not enough to induce MCF-7 cell death, future
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studies with longer assay times can demonstrate a reduction in cell
viability.
5) Active targeted delivery of core-shell nanoparticles was accomplished by
the attachment of the epidermal growth factor (EGF) protein to the surface
of the nanoshell. Core fluorescent nanoparticles (200 nm) were
encapsulated within nanoshells composed of PLL/HS/DSPE-PEG 20
kDa-amine. XPS was used to determine the structure of the phospholipid
layer that was electrostatically adsorbed to underlying multilayer shell. It
was determined that a bilayer or multilayer structure could be formed and
this was dependent on the composition of preexisting nanoshell. The
epidermal growth factor protein (EGF) was covalently bond to the amine
terminated surface via carbodiimide chemistry. A 24 hour in vitro study
was performed with two cells lines overexpressing the receptor to the EGF
protein. Confocal microscopy and transmission electron microscopy
confirmed the successful internalization of the targeted core-shell
nanoparticles located within the endosome in the cytoplasm. The design
of a lipophilic targeted delivery core- shell nanoparticle was engineered
using the LbL self-assembly technique. This technique provides an
elegant method in controlling the surface properties of the core-shell
nanoparticles to achieve site-specific delivery.
6) Combining particle lithography with LbL assembly, a multifunctional
carrier was synthesized to specifically target cells that overexpress integrin
receptors, such as diseased endothelial cells in breast cancer. The non-
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lithographed region was chemically tailored to include arginine-glycineaspartic acid (RGD) motifs for specific targeting to αvβ3 integrins. An in
vitro 24 and 48 hour study confirmed that multifunctional carrier with
the lithographed RGD motif provided a recognizable surface for 3T3
fibroblast cells to adhere and spread upon attachment via ligand-receptor
interactions. Images collected from fluorescent confocal microscopy
showed that after 48 hours, the multifunctional particles (~ 4 µm) were
becoming internalized via receptor-mediated endocytosis. The studies
performed here demonstrate a proof-of-concept for designing a
multifunctional carrier that has the capability for targeted delivery and
imaging on a single colloidal particle.
Future Work
The next logical step in the continuation of this thesis work is to begin in vivo
studies.

The results attained from the in vitro work with paclitaxel core-shell

nanoparticles and EGF-modified core-shell fluorescent nanoparticles justify the need to
evaluate these new nanovectors in vivo. Also, as expressed in the previous chapter
multifunctional carriers are recognized as the next generation vectors that can incorporate
imaging, detection, and therapeutic drug delivery. New approaches in incorporating
imaging materials within the nanoshell were explored and preliminary results are
provided here.
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Externally Activated Core-Shell Carriers. Current research endeavors focus on
fabricating more sophisticated nanoparticles which can achieve specific targeting,
triggered drug delivery, and imaging to pinpoint diseased tissue, such as cancer.1-5
Strategies which incorporate iron oxide nanoparticles (Fe3O4) are beneficial for
applications in magnetic resonance imaging (MRI) and triggered release.4, 6-8 The
concept of magnetically controlled targeted delivery of nanoparticles emerged in the
seventies.9 Since then extensive research has been performed to illustrate the utility of
bio-ferrofluids in cancer treatment. Ferromagnetic or superpara-magnetic nanoparticles
have been used for tumor imaging providing information on the grade of the cancer and
the leakiness of the tumor vasculature.5, 10 Superpara-magnetic nanoparticles can be
delivered to the tumor tissue via the EPR effect or by external guidance and then heated
via application of high-frequency alternating magnetic field. This technique known as
magnetic fluid hyperthermia (MFH) can locally kill tumor cells directly (thermoablation)
with minimal damage of healthy cells.11 Drug delivery carriers such as liposomes
(MAGfect)4, amine-functionalized magnetite nanoparticles12, and hollow microcapsule
loaded magnetite particles13 have demonstrated MRI imaging and triggered release for
anti-cancer application.
Lvov and co-workers demonstrated loading of ferromagnetic gold-coated
nanoparticles, 3nm diameter, into hollow polyelectrolyte microcapsules and triggered
release upon application of a magnet. The permeability of the polyelectrolyte capsule
walls changes upon magnetic application.13

The work performed by Lvov and co-

workers provided the motivation to fabricate paclitaxel core-shell with nanoparticles iron
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oxide nanoparticles embedded in the nanoshell in efforts to develop an externally
activated carrier for triggered drug release and imaging.
Combidex® (ferumoxtran-10) iron oxide nanoparticles were kindly donated by
Advanced Magnetics, Inc.

These supramagentic nanoparticles, ~36 nm, carried a

negative charge of -19 mV when suspended at a concentration of 2 mg/mL in 30 mM
KCl. LbL assembly was performed to encapsulate solid core drug nanoparticles of
paclitaxel using polycations PLL and PAH.

Figure 10-1 illustrates the successful

encapsulation of paclitaxel core nanoparticles within a nanoshell composed of
PLL/Magnetic Particles/PLL. The large standard deviation found in the third layer was
hypothesized to be due to magnetic nanoparticles penetrating into the underlying PLL
layer. TEM was used to image the core-shell nanoparticles (not provided) and core-shell
structure was apparent. The nanoshell, ~15 nm thick, had a distinct wave like structure
that has not been demonstrated in previous results. It is hypothesized that the ripples are
a result of to the magnetic nanoparticles interacting with each other. At this point it is too
early to draw major conclusions. The results presented here demonstrate a proof-ofconcept in which solid-core drug nanoparticles can be loaded with magnetic
nanoparticles to create externally activated drug delivery carrier. Future work with cell
culture models will help validate the in vitro therapeutic efficacy of this new class of
core-shell nanoparticles.
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Figure 10-1

Figure 10-1: The z-potential (mV) of core paclitaxel nanoparticles and each adsorbing
polyelectrolyte layer. Results represent mean +/- standard deviation obtained from
duplicates from 1-2 independent studies.
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Appendix A
Methods and Description
Dexamethasone Nanoparticle Fabrication
1.
2.
3.
4.

10 mg of USP grade dexamethasone was weighed out in a 15 mL Falcon tube
2 mL of acetone was added to the Falcon tube
The Falcon tube was capped and swirled to dissolve the dexamethasone
The tube was then sonicated for 5 minutes at room temperature to further ensure
that the dexamethasone was dissolved
5. The illustration below describes the set up used for fabricating dexamethasone
particles

Figure A-1: Schematic of the setup for low speed homogenization in the production of
dexamethasone solid core particles.
6. The drug solution was then emulsified with 2x the volume of n-heptane for 30
minutes with high constant magnetic stirring (stir setting 4-6) and low heat
(solution temp ~ 55oC)
7. 10 minutes into the emulsification process add 1 mL of n-heptane to the solution
and wait the remaining 20 minutes for the acetone to evaporate
8. Next, perform the second evaporation-emulsification procedure
9. Add 8 mL of 0.1 M PBS (pH 7.32) solution to the n-heptane/drug particle
suspension
10. No heat should be used here
11. Keep stir setting 4-6
12. Allow the solution to stir overnight to evaporate off the n-heptane from the
solution
13. Collected – 15 mL tube + 1 mL additional 0.1 M PBS to wash the beaker
14. Centrifuged – 5000 rpm for 20 min, remove supernatant, add 2 mL of 0.1 M PBS
to re-suspend particles
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15. Store at 4˚C for future use
Freeze-down Procedure for Cells
A. De-attach cells with trypsin
1. Rinse each flask with 1-2mL of trypsin
2. Add 3 mL of trypsin to each flask after rinse cycle
3. Place the flasks in the incubator to allow cells to detach (the glioma cells
seem to detach very quickly might not need to place in incubator)
4. Add 6 ml of media to each flask. This should bring a total of 9 ml in each
flask
B. Centrifuge
1. Pipette all contents from T-75 flask into centrifuge tubes (15 mL)
2. From one centrifuge tube, count cells
3. Centrifuge each tube at 900 RPM for 10 minutes
a. Prepare Freezing Media
i. From the shelf in the bio-room grab a 50 mL sterile plastic
filter bottle
ii. Filter the media that contains DMEM + FBS+ antibiotic :
YOU NEED 95% of this
iii. After filtration is done add in Hood DMSO (5%) of total
volume
4. Remove supernatant (use the glass pipette to suck the media)
5. Add 4 mL of Freezing Media
a. Break up the cell pellet by continuously sucking up the media until
there is no more pellet
6. Add 1 mL of the cell suspension to each freezer vial. Each centrifuge tube
should make up 4 vials of cells
C. Storing cells
1. The first 2 HOURS place cells in refrigerator
2. Next 2 HOURS place cells in FREEZER
3. The remaining hours place cells in dry ice in a box in the FREEZER of the
organic room --OVERNIGHT
4. Remove cells from overnight and place cells in the liquid nitrogen for long
term storage
5. Place cells at the bottom rack in the tank. Cells are good for 6 months

High Performance Liquid Chromatography Instructions
A. Hardware
1. Waters 1525 Binary HPLC Pump, Serial #
2. Waters In-Line Degasser AF, Serial #
3. Waters 2487 Dual λ Absorbance Detector, Serial #
4. Waters 717 plus Autosampler, Serial # M0171P 598M
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B. Mobile phase
1. 30% Acetonitrile (HPLC grade, 0.1% tri-fluoro acetic acid)
2. 70% Water (Nanopure, 0.1% tri-fluoro acetic acid).
C. Column
Waters Spherisorb 5 µm ODS2 Reverse Phase
4.0 × 250 mm
Part # PSS845277
Serial # 0143333561
D. Installing the Column
1. Open the method: “Initial Eq to 30_70 AcN_Water” which can be found
by taking the following path on the Breeze software: Sample
Queue>>Third button from the left “Open Sample Set Method”
2. Purge the pump and autosampler by hitting the middle button on the panel
that has the flow rate and the pressure gauges and following the
instructions on the screen. I usually use a flow rate of 3 mL/min.
3. Begin the method loaded above by clicking on the button on the far left
panel that has three test tubes and a “play” picture on it.
4. When the method begins to run, use the two wrenches to unscrew the
column inlet tube (red) from the union (not the guard column!)
5. Unscrew the end-caps from the column, and connect the column inlet tube
to the correct side of the column (look for arrow that tells you which way
the flow should go).
6. Screw the nut into the column inlet about ¼ to ½ turn past finger-tight.
7. Wait until solvent runs freely from the open end of the column, then attach
the column outlet tube (stainless steel) and screw as before.
8. Allow method to run until completion
E. Developing Methods
1. The most useful aspect of the Breeze software program is that it allows
you to specify Methods. To develop a method, go to View Method>>First
button at top New Method. Adjust the pump mode under “Programmed
Flow” to Gradient. Specify the flow rates and mobile phase concentrations
at the beginning and the end of the method as well as the time. You
probably won’t have to develop too many new methods; a lot of them
have been created already.
2. Guide to Created Methods
a) The methods that you will find most useful are the following:
b) F1 30_70 AcN_Water 20m
c) At a flow rate of 1 mL/min and mobile phase concentration of 30%
Acetonitrile and 70% Water (if water is “A” and acetonitrile is “B”)
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d)
e)
f)
g)

for 20 minutes. Use this method when running samples because the
retention time for dexamethasone is typically around 17 minutes.
R1 30_70 AcN_Water
Ramps the flow rate from 0 to 1 mL/min in 10 minutes with 30%
Acetonitrile and 70% Water.
SD1 30_70 AcN_Water
“Shuts down (SD) the flow rate from 1 to 0 mL/min in 10 minutes
with 30% Acetonitrile and 70% Water.

F. Running a Sample Method
1. Always remember to make sure you have enough mobile phase when you
start a new sample set method!
2. The most important part of being able to use the HPLC is to be able to
develop sample methods that minimize the amount of time you must spend with
the HPLC. To develop a new sample set method, go to Sample
Queue>>File>>New Sample Set>>New. Here you will see a blank grid if you
click under the “Samples” tab. Here is where you:
a) Specify the vial number
b) Provide a name for the sample
c) Describe the function
d) To ramp the flow rates or to apply a gradient, use “Condition
Column”
e) To make injections, select “Inject Samples”
f) Select the method
g) Select the run time (always 20 minutes for dexamethasone)
h) Select the injection volume (20 µL if you want to use my calibration
curves)
i) Once you have finished editing the sample set method, go to
File>>Save Sample Set Method to save your work. It is now ready
to be run.
G. Un-installing the Column
1. Run the Sample Set Method “Acetonitrile Purge to Store”. This passes
about 12 column volumes of acetonitrile through the column.
2. Once the method has completed, unscrew the nuts from the ends of the
column and replace the black end-caps to the column to store.
3. Connect the two loose ends of the column inlet and outlet tubes to each
other via a female-female union
H. Re-installing the Column from Scratch
1. Open the method “Initial Eq to 30_70 AcN_Water” by going to Sample
Queue>>Third button from the left “Open Sample Set Method”
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2. Purge the pump and autosampler by hitting the middle button on the panel
that has the flow rate and the pressure gauges and following the
instructions on the screen. I usually use a flow rate of 3 mL/min.
3. Remove the female-female union using the wrenches labeled with red tape.
4. Assemble the guard column (see below).
5. Place the column inlet tube (red) directly into the guard column and
tighten ¼ to ½ turn past finger-tight using the small wrench with red tape
and the medium wrench with green tape.
6. Replace female-female union
7. Purge the autosampler with acetonitrile only (just set the water pump to 0
mL/min)
8. Begin the method “Initial Eq to 30_70 AcN_Water”
9. Remove the female-female union again and place the guard column outlet
tube into the correct end of the ODS2 column.
10. Wait for solvent to begin to run out of the other end of the column, and
then connect it to the steel column outlet tube.
11. Allow the method to run to completion.

Appendix B
Supplementary Data
Chapter 5 Supporting XPS Data

Figure B-1: XPS (a) survey scan of core fluorescent beads taken at a pass energy of 160
eV. Atoms present in the material are indicated with a red line and (b) high resolution
spectra of the C 1s atomic peak of core fluorescent beads taken at a pass energy of 20 eV.
Curve fit analysis was performed and four peaks were drawn, each representing different
oxidation states of C 1s found in the core.
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Figure B-2: XPS high resolution spectra of the N 1s atomic peak for (a) core
nanoparticles encapsulated with one layer of PLL and (b) PLL standard as a reference
material to determine the presence of PLL in encapsulated nanoparticles. Curve fit
provided percent concentration for each peak at positions 400 eV (-NH2) and 401.5 eV (NH3+).
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Figure B-3: XPS high resolution spectrum (a) oxygen atomic orbital, O 1s, for core
nanoparticles (b) oxygen atomic orbital, for core nanoparticles encapsulated within a
nanoshell composed of CHI/HS/CHI and modified with PEG 20 kDa.
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Figure B-4: High resolution spectrum of (a) sulfur atomic peak, S 2p, for core
nanoparticles encapsulated with PLL/HS. Presence of S 2p indicates HS as the outer PE
layer and (b) nitrogen atomic orbital, N 1s for core-shell nanoparticles encapsulated with
a nanoshell composed of CHI/HS/CHI/ PEG 20, 000 Da.

Table B-1: Relative atomic concentration percentages (%) for different compositions of
the nanoshell. Also, relative atomic concentration for polyelectrolyte standards are
provided as a reference and to illustrate the successful encapsulation of the core
nanoparticles.
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Binding Energy (eV)
(relative peak area %)

Surface Condition

C-C

C 1s
C-(O,N)

YB (core)

285
(84.44)

286.6
(11.43)

289.3
(3.32)

291.7
(0.81)

YB/CHI/HS/CHI/PEG 20
kDa

285
(76.30)

286.5
(19.70)

289.2
(3.60)

291.5
(0.41)

YB/CHI/HS/CHI/PEG 5kDa

285
(71.91)

286.5
(22.5)

289.2
(4.86)

291.5
(0.73)

0.3

99.3

0.3

0

PEG 20 kDa standard (theoretical calculation)

C(OOH)

C=C

Table B-2: Relative peak area percentages (%) and binding energies (eV) for carbon
species present in the sample. The modification of the nanoshell with PEG 5 kDa and 20
kDa was observed with a decrease in peak area percent of carbon specie C-C and an
increase in peak area present of carbon species C-(O,N) and C-(OOH). Theoretical
calculation of carbon species in reference sample PEG 20 kDa was calculated from the
molecular structure of mPEG-SPA.
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