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ABSTRACT
Curcumin, a natural compound extracted from turmeric, has anti-inflammatory, anti-oxidant and
neuroprotective properties that make it an attractive therapeutic agent for treatment of disesaes
such as cancer and Alzheimer’s disease (AD). Its low water solubility, however, lowers its
bioavailability and effectiveness in physiological environment. The goal of this study is to apply
nanotechnology to carry curcumin by developing lipid/polymer hybrid nanoparticles which can
encapsulate curcumin and improve its bioavailability. To this end, we fabricated and characterized
lipid-enveloped poly (D, L-lactide-co-glycolic acid) nanoparticles (PLGA NPs) as a delivery
vehicle for curcumin. A modified nanoprecipitation technique was used to fabricate polymeric
particles by addressing the injection rate of the polymer solution as one of parameters. Two
different approaches were then applied to create lipid monolayer or bilayer coatings on the
nanoparticles. We evaluated the effect of non-solvent systems, polymer concentration, injection
rate, and polymer/drug ratio on the particle size. After parameter optimiziation, both lipid bilayer
coating and lipid monolayer coating were applied to the curcumin-loaded PLGA nanoparticles.
Further examinations including size change, surface charge, colloidal stability, lipid shell stability,
encapsulation efficiency, and release profile were conducted to evaluate the physicochemical
properties of the lipid-coated curcumin-loaded PLGA nanoparticles.
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Chapter 1
Introduction

1.1 Curcumin and its properties
Curcumin, IUPAC name (1E, 6E)-1, 7-bis-(4-hydroxy-3-methoxyphenyl)-1, 6-heptadien3, 5-dione, is a non-toxic polyphenolic compound and an active ingredient in the herbal remedy
and dietary spice turmeric (Curcuma longa Linn) that has long been used as a traditional
medicine in China and India (Ammon and Wahl 1991). Curcumin has a chemical formula of
C12H20O6 and molecular weight of 368.36 g/mol. Typical extracts of Curcuma longa Linn contain
three structures: curcumin, demethoxycurcumin, and bis-demethoxycurcumin. Curcumin presents
the highest percentage (75~80%) in extracted mixtures, compared to the other two structures,
demethoxycurcumin (15-20%) and bis-demethoxycurcumin (3-5%) (Ramsewak et al. 2000). In
addition, these three extracts (Figure 1-1) have an order of stability of bis-demethoxycurcumin >
demethoxycurcumin > curcumin. For its applications, curcumin is not only used as a folk
remedies but also as a yellow coloring agent and food additive for flavors currently (Tilak et al.
2004) (Shishodia et al. 2005). Beside food additive applications, this ancient remedy is also used
for dental disease, digestive disordersflatulence, ulcers, etc (Tilak et al. 2004). Most importantly,
prior studies have demonstrated that curcumin presents a series of beneficial properties such as
excellent anti-inflammatory (Ammon et al. 1993), anti-oxidative stress (Reddy and Lokesh 1992)
(Sreejayan and Rao 1994), and anti-amyloid properties (Ono et al. 2004), which make this
compound a promising potential drug candidate for treating Alzheimer’s disease (AD) and cancer.
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Curcumin presents a series of advantages due to its chemical make-up; however, it also
has a series of drawbacks, which limit its applications. For example, curcumin has limited
solubility in water (~0.6 µg/ml) (Kurien et al. 2007), low solubility in methanol, and high
solubility in chloroform (Payton et al. 2007), causing a low systemic bioavailability and poor
pharmacokinetics for its clinical use. Moreover, curcumin has been found to be 90% decomposed
within 30 minutes in 0.1M phosphate buffer at pH 7.2 at 37℃ and 50% decomposed after 8 hours
in human blood (Wang et al. 1997). To date, scientists overcame these limitations by applying a
“carrier” to deliver curcumin to specific targets in the body. This approach circumvents
curcumin’s low water solubility and low bioavailability in order to reach its full potential as a
therapeutic comound for diseases such as AD and cancers.

Figure 1-1. Chemical structures of curcumin (Hatcher et al. 2008). Curcumin (I) is the most
common structure found in nature and is found in 75% of all compounds. However, it is also the
less stable form of the three curcumin structures.
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1.1.1 Potential of curcumin for treatment of Alzheimer’s disease
To date, AD is the most common form of dementia among the elderly population (Hof et
al. 1995). Through research into the cause of AD, neuroscientists have found that β-amyloid
plaques and hyperphosphorylated tau protein tangles are the two major histological hallmarks in
AD patients’ brains. These neurotoxic amyloid plaques are composed of amyloid-β-protein (Aβ),
which are cleaved by α-, β-, and γ-secretases from amyloid precursor protein (APP), a large transmembrane glycoprotein present in the dendrites, cell bodies, and axons of many types of neurons
(Price and Sisodia 1998) (Selkoe 2000) (Hardy and Selkoe 2002). Aβ that includes part of the
hydrophobic transmembrane segment remains in the cells, aggregating into presumably
neurotoxic β-amyloid plaques (Hardy and Selkoe 2002).
Previously in studies that examined the potential of curcumin against Aβ plaques in vitro,
it was found that curcumin, the concentration from 10µM to 50 µM, inhibited the formation of Aβ
and disassociated Aβ fibers in a dose dependent manner (Ono et al. 2004). In another study, Yang
et al. found that curcumin inhibited the aggregation of Aβ with a half maximal inhibitory
concentration (IC50) of 0.8 µM and disaggregated pre-formed Aβ fibril with an IC50 of 1 µM
(Yang et al. 2005). Moreover, electron microscopy analysis revealed that curcumin decreased Aβ
fibril formation beginning at a concentration of 0.125 µM. These results showed that a low dose
of curcumin is able to effectively disaggregate Aβ fibrils and to prevent further aggregation.
Further investigating of the anti-Aβ effects of curcumin, Xiao et al. reported that the 4-hydroxyl
group on the benzene ring in curcumin is crucial for this anti-Aβ-toxicity effect (Xiao et al. 2010).
In addition, the mechanism by which curcumin disrupts Aβ aggregation involves two functional
groups in the structure of curcumin: (i) the phenolic group of curcumin that disrupts peptide π-π
stacking by interacting with the aromatic residues in Aβ fibrils, (ii) Hydroxyl groups and the βdiketone unit that compete with the hydrogen bonding in Aβ fibrils, acting as β-sheet breakers. An
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in vivo study by Yang et al. also revealed that treating 17-month-old transgenic Alzheimer mice
(Tg2576 mice) with a 0.05% curcumin diet for 6 months could significantly reduce Aβ plaques in
the cortex and hippocampus (Yang et al. 2005).
Although Aβ accumulation in the brain is proven to be the first pathological event leading
to AD, the intracellular neurofibrillary tangles, composed of hyperphosphorylated tau proteins,
are another hallmark in AD patients’ brains. In neurons affected by AD, hyperphosphorylated tau
proteins lose their normal association with microtubule cytoskeletons, which leads to microtubule
depolymerization, disruption of transport within neurons, and potentially neural death (GrundkeIqbal et al. 1986). Activated cyclin-dependent kinase 5 (CDK5) and glycogen synthase kinase 3β
(GSK3β) are the two major kinases to cause tau protein phosphorylation (Baumann et al. 1993)
(Vulliet et al. 1992). As GSK3β is one of the kinases implicated in the phosphorylation of tau, the
ability of curcumin to inhibit GSK3β might have promising potential to reduce tau
phosphorylation. Curcumin was found to fit within the binding pocket of GSK3β by attractive
interaction with key amino acids (Bustanji et al. 2009). Curcumin also inhibited the activity of
GSK3β with an IC50 of 66.3 nM (Bustanji et al. 2009). Similarly, Zhang et al. treated GSK3β
transfected cells with 0 – 20 µM curcumin for 24 hours and 5 µM for 0 – 48 hours and then
examined the level of GSK3β by RT-PCR (Xiong et al. 2011). They reported that treatment with
curcumin decreased GSK3β in a dose and time-dependent manner, demonstrating a great
potential against neurofibrillary tangles in vitro. Moreover, an in vivo study by Shytle et al.
showed that 0.1 % of curcumin-containing turmeric extract (HSS-888) as a supplementation
treatment to Tg2576 mice could reduce soluble phosphorylated tau in the mice cortex by ~80% in
8 months (Shytle et al. 2012).
In addition to AB plaques and hyperphosphorylation of tau protein, other factors
including oxidative stress (Bowling and Beal 1995) and inflammation (Akiyama et al. 2000) also
have been linked to AD pathology and neurodegeneration. Shin and Lin showed that curcumin
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can scavenge the hydroxyl radical (-OH!) to prevent the formation of oxidized nucleoside, 8hydroxydeoxyguanosine (8-OH-dG), and also can reduce the lipid peroxidation in mouse
fibroblast cells in vitro (Shih and Lin 1993). Furthermore, curcumin can inhibit lipoxygenase and
cyclooxygenase-2, two enzymes that are responsible for the synthesis of the pro-inflammatory
leukotrienes (Ammon et al. 1993). Most importantly, clinical studies have shown that there were
no side effects observed during treatment of AD patients with curcumin by oral administration
(Hamaguchi et al. 2010).

1.1.2 Potential of curcumin for treatment of cancer
Cancer remains one of the world’s most devastating diseases (Stewart and Kleihues
2003). Cancer cells exhibit two unique properties: 1) they reproduce without the restrictions of
normal cell growth and division; 2) they invade and colonize territories to reserve the space for
other cancer cells (Alberts et al. 2007). Because of these properties, cancer is considered
dangerous. In cancer biology, several transcription factors are involved in progression and
development of cancer, such as NF-κB, AP-1, p53, and Egr-1, which support cell proliferation
against the apoptotic signals and are constitutively expressed or overexpressed in the cancer cells.
Based on the natural and therapeutic properties of curcumin, it fulfills the characteristics
of being an ideal chemo-preventive agent, which is defined as a natural or synthetic agent that can
be employed to slow, stop, reverse, or prevent the progression of cancer (Tsao et al. 2004). For
instance, curcumin has been found to have the ability to block NF-κB survival signal (Sandur et
al. 2009). Moreover, Chen et al. used colon cancer cells to demonstrate that curcumin suppressed
gene expression of epidermal growth factor receptor (EGFR) through the reduction of the transactivation activity of Egr-1 (Chen et al. 2006). Furthermore, curcumin can down-regulate the
expression of Bcl-2 and Bcl-xl protein and up-regulate the expression of cellular tumor antigen
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p53, a tumor suppressor gene in mitochondria (Shankar and Srivastava 2007). The loss of the
balance between pro- and anti-apoptotic Bcl-2 proteins triggers the influx of calcium to
mitochondria and eventually leads to a cascade of caspases in apoptosis (Shankar and Srivastava
2007).
In metastases, cancer cells secrete matrix metalloproteinases (MMPs), extracellular
proteases utilized in cell proliferation, adhesion, and dispersion to degrade the surrounding
extracellular matrix (ECM), which allows cancer cells to migrate and invade surrounding tissues
(Rundhaug 2003). Lin et al. found that application of 10 µM curcumin to SK-Hep-1
hepatocellular carcinoma cells reduced cell migration and invasion by 17.4 % and 70.6 %,
respectively, through inhibiting MMP-9 secretion (Lin et al. 1998).
Not only have in vitro studies demonstrated that curcumin can inhibit the proliferation of
cancer cells, in vivo studies have also shown the potential of curcumin to treat cancer. Bimonte et
al. reported that curcumin inhibits the proliferation and enhances apoptosis in human pancreatic
cancer cells (MIA PaCa-2) (Bimonte et al. 2013). Furthermore, these authors injected MIA PaCa2 cells in nude mice to generate pancreatic animal models and showed that a 0.6% curcumin diet
for 6 weeks led to smaller tumors in treated mice compared to control mice. The western blotting
analysis of orthotopic tumor tissue samples from treated mice showed that curcumin significantly
inhibited the expression of NF-κB (Bimonte et al. 2013).
The studies discussed above show that curcumin acts through several different paths in
cancer treatment including promoting the tumor suppressor p53, inhibiting survival signals (NFkB, EGFR, Bcl-2, and Bcl-xl), and reducing the inflammatory environment by inhibiting MMPs
secretion (Figure 1-2).
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Figure 1-2. Role of curcumin on transcription factors in stages of tumor progression (Hatcher et
al. 2008).

1.1.3 Nano-scale delivery vehicles for curcumin
Nanotechnology is a fast growing field that creates and manipulates materials and devices
at the nano-scale with various applications. Bio-nanotechnology is typically referred to an area of
nanotechnology that is focused on biology and medicine applications. This field holds great
promise for the treatment of diseases such as cancer and neurological disorders. In bionanotechnology, nanocarriers are often nano-scale vehicles that carry therapeutic or imaging
agents for disease treatment or localization. Some of the common nanocarriers include polymeric
nanoparticles, dendrimers, nano-liposomes, nano-micelles, among other examples.
In cancer research, nanocarriers can take the advantage of the leaky blood vessels and
poor lymphatic drainage of tumors and extravagate into tumor tissues through the enhanced
permeability and retention effect (EPR effect) (Matsumura et al. 1986). Moreover, previous
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studies showed that particles with diameters less than 200 nm are more effective for penetrating
into solid tumors (Yuan et al. 1995).
Due to the chemical properties of curcumin, which shows low bioavailability due to
limited water solubility, researchers have tried to utilize nanocarriers to take advantage of
therapeutic characteristics of curcumin for either treatment of cancer or AD. For instance, to
improve the curcumin water solubility, Wang et al. used partial acetylated 5 poly(amidoamine)
(PAMAM) dendrimer (G5-Ac) to encapsulate curcumin (Wang et al. 2013). The solubility was
improved from 0.6 µg/ml to 125 ± 5.8 µg/ml (around 200 fold) after encapsulation. Using this
approach, curcumin had a sustained release profile and showed high anti-proliferative activity in
the A549 human lung adenocarcinoma cell line, which resulted in decreased levels of antiapoptotic proteins (Bcl-2) and increased expression of pro-apoptotic proteins (i.e. Bax). In
another study, to address the issue of low bioavailability, Li et al. used nanoliposomes as a carrier
to target curcumin to human pancreatic carcinoma (Li et al. 2005). Due to the high bioavailability
of liposomes, Li et al. found that curcumin-loaded liposomes not only could suppress the viability
of different pancreatic carcinoma cells in a concentration and time-dependent manner in vitro but
also could inhibit NF-κB activation, a transcription factor which implicates the growth of
carcinoma (Li et al. 2005). Moreover, in vivo studies showed that liposomal curcumin was able to
significantly suppress the growth of pancreatic tumors (Li et al. 2005).
Recently, Mangalathillam et al. used chitin nanogels to trap curcumin based on the
hydrophobic association between chitin nanogels and curcumin for skin cancer treatment
(Mangalathillam et al. 2012). Chitin, a natural biopolymer and a derivative of glucose, has been
widely used for biomaterials because of its biocompatibility, low toxicity, and high content of
functional groups for chemical conjugations (Aranaz et al. 2009). Polymeric nanoparticles such as
poly (D, L-lactide-co-glycolic) acid nanoparticles (PLGA NPs) have also been explored as
nanocarriers for curcumin. For example, Mathew et al. used PLGA NPs loaded with curcumin to
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treat patients affected by AD (Mathew et al. 2012). In this study, to improve the uptake by
diseased cells, the authors conjugated a fusogenic peptide, Tet-1, on the surface of the curcuminloaded polymeric nanoparticles. Tet-1 peptide, known to target tetanus toxin which specifically
interact with motor neurons (Park et al. 2007), has been reported the binding ability to dorsal root
ganglion, motor neurons and PC12 cells (Liu et al. 2005), a typical model for neuron cell culture,
and can easily differentiate to neuron-like cells. Curcumin-loaded PLGA NPs were also used to
treat human chronic myeloid leukemia (Anand et al. 2010), breast adenocarcinoma (Anand et al.
2010), human colon adenocarcinoma (Anand et al. 2010), metastatic ovarian cancer (Yallapu et
al. 2010), and prostate cancer (Yallapu et al. 2010).
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1.2 Polymeric Nanoparticles
Biodegradable polymers, which degrade through either enzymatic or non-enzymatic
reactions in vivo and produce biocompatible and non-toxic side products, can be classified into
two main categories: 1) synthetic biodegradable polymers, which contain relatively hydrophobic
components, such as poly(caprolactone) and polylactides and 2) natural polymers, such as
collagen, chitosan, and hyaluronic acid (Nair and Laurencin 2007). Polymeric nanoparticles
(PNPs) fabricated from biodegradable and biocompatible polymers are appealing materials for
controlled and targeted drug delivery systems (Pinto Reis et al. 2006). Some of the advantages of
these nanoparticles as drug carriers include 1) controlled and sustained release of the drugs during
transportation; 2) decreased toxicity and adverse reactions to drugs; 3) increased specificity
through the attachment of targeting ligands on particle surfaces; and 4) application diversity
(Jawahar and Meyyanathan 2012). The functionalized PNPs can be prepared from a variety of
polymers. For example, poly(lactic acid) (PLA) nanoparticles are fabricated for encapsulation of
plasmid DNA (Perez et al. 2001). Poly(ethyl 2-cyanoacrylate) nanoparticles can be loaded with
insulin at a 80% loading rate by using interfacial polymerization (Watnasirichaikul et al. 2000).
Other polymers applied for preparation of PNPs included polystyrene (PS) (Higuchi et al. 2006),
poly-ε-caprolactone (PCL) (Zili et al. 2005), poly(methyl methacrylate) (PMMA) (Fonseca et al.
2013), and poly (D, L-lactide-co-glycolic) acid (PLGA) (Govender et al. 1999). Polymeric
nanoparticles that are based on hydrophobic polymers are great candidates for encapsulation and
transport of hydrophobic agents (Fishbein et al. 2001) (Fishbein et al. 2000) and provide robust
vehicles for selective and controlled delivery of these therapeutics. Moreover, the diversity in
particle fabrication techniques and the ability to adjust the particle properties makes PNPs
particularly attractive drug carriers (Rao and Geckeler 2011).
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1.2.1 Poly (D, L-lactide-co-glycolic) acid nanoparticles (PLGA NPs)
Poly (D, L-lactide-co-glycolic acid) (PLGA), a Food and Drug Administration (FDA)
approved copolymer, is a synthetic biodegradable material composed of polylactic acid (PLA)
(Figure 1-3A) and polyglycolic acid (PGA) (Figure 1-3B) through ester bonding. Polylactic acid
contains an asymmetric carbon, typically described in D or L form in classical stereo-chemical
terms (Figure 1-3A). Generally, D- form and L- forms are in equal ratios in PLGA. Moreover,
due to the presence of the methyl side group in PLA, PLA is more hydrophobic than PGA;
therefore, a higher percentage of PLA induces a higher hydrophobicity in PLGA copolymer. This
increase in hydrophobicity causes a lower degradation behavior both in vitro and in vivo (Figure
1-4) (Amann et al. 2010). While in general, a higher portion of hydrophobic PLA causes a lower
degradation rate by hydrolysis, PLGA with 50/50 ratio of PLA/PGA exhibits the fastest
degradation (Figure 1-4) among all different combinations due to a lower structural crystallinity,
causing the fastest water penetration followed by hydration and hydrolysis (Amann et al. 2010).

A	
  

B	
  

Figure 1-3. The chemical structure of PLGA. (A) Lactic acid; x presents the number of units of
lactic acid. (B) Glycolic acid; y presents the number of units of glycolic acid.
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Figure 1-4. In vivo release model from different types of PLGA, with different ratios of PLA to
PGA (Amann et al. 2010). The release profiles show that higher percentage of lactic acid leads to
a slower release behavior (Amann et al. 2010). However, PLGA with 50/50 ratio of PLA/PGA
presents the fastest degradation rate due to the lower structural crystallinity of this co-polymer.

PLGA NPs can be designed to carry a number of therapeutic agents from low molecular
weight drugs to macromolecules such as siRNA (Cheng and Saltzman 2011) and DNA (He et al.
2004). Drug-loaded PLGA NPs have been employed in the treatment of cardiovascular disease
(Westedt et al. 2007), cancer research (Zeisser-Labouèbe et al. 2006), and immunological studies
(Hamdy et al. 2006). The efficiency of cellular internalization of these NPs is highly related to
their surface characteristics such as presence of surface-associated stabilizers, i.e. surfactants such
as poly(vinyl alcohol) (PVA), and the surface charge (zeta potential, ξ). PLGA NPs with a lower
amount of PVA were shown to have a higher cellular uptake by human arterial smooth muscle
cells (Sahoo et al. 2002), presumably due to the lower hydrophilic shielding performance based
on the effect of PVA. In addition, surface charge has an important influence on the cellular
uptake. Previously, positively charged nanoparticles have been reported to have a higher extent of
internalization due to the electrostatic interactions between the particles and the negatively
charged lipid membranes (Foged et al. 2005). Moreover, positively charged particles have a
greater ability to internalize rapidly via the clathrin-mediated endocytosis (Harush-Frenkel et al.
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2007). For the negatively charged PLGA NPs, the cellular internalization of PLGA NPs was
reported to undergo a concentration-, time-, and energy-dependent nonspecific receptor-mediated
endocytosis and fluid phase pinocytosis in VSMCs (Panyam and Labhasetwar 2003a).
Afterwards, PLGA NPs rapidly escaped from endo-lysosomes and enter the cytoplasm within 10
minutes of incubation based on the selective reversal of the surface charge of PLGA NPs (from
anionic to cationic) in the acidic endo-lysosomes (Panyam et al. 2002). The mechanisms of
cellular uptake and endo-lysosomal escape of PLGA NPs are described in Figure 1-5.

Figure 1-5. The mechanism of cellular internalization and endo-lyosomal escape of PLGA NPs
(Panyam et al. 2002). Negatively charged PLGA NPs are transported into primary endosomes
(PE) where they could be sorted to recycle endosomes (RE) or secondary endosomes (SE) by
nonspecific receptor mediated endocytosis and fluid phase pinocytosis. In the acidic environment
of SE, the surface charge of PLGA NPs switches from negative to positive, resulting in
electrostatic interactions between NPs and SE that leads to the escape of PLGA NPs to cytoplasm
(CYTO). A portion of PLGA NPs is transported to lysosomes (LYS).
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Release of therapeutics from PLGA NPs depends greatly on the diffusion of the drug
molecules and the degradation phenomena. The drug release occurs in two steps: 1) the diffusion
of the free drug on the surface of the particles, leading to the typical burst release behavior, and 2)
the degradation of PLGA, caused by hydrolysis that creates more interconnected pores inside of
the particles to unload the drugs inside.
The major limitation of using PLGA NPs is the recognition of reticuloendothelial system
(RES), which consists of monocytes and macrophages. The RES recognizes and engulfs opsoninattached nanoparticles in blood serum by phagocytosis (Owens and Peppas 2006). Without
surface modification, PLGA NPs are immediately coated by opsonins after intravenous
administration. To address this limitation, the most common approach is to modify the surface of
these NPs to enhance hydrophilicity by applying a hydrophilic polymer such as poly (vinyl
alcohol) (PVA) or polyethylene glycol (PEG). PEG is a neutral, crystalline, and linear polymer
(Elbert and Hubbell 1996) that is biocompatible, water-soluble, non-toxic, and non-immunogenic
and has therefore, become popular in various biomedical applications (Harris 1992). Not only the
issue with clearance by the immune system, but also other limitations such as low colloidal
stability (Thevenot et al. 2007), drug leakage, and polymer degradation before reaching the target
(Pinto Reis et al. 2006), need to be addressed when using PLGA nanoparticles as a drug carrier
system.

1.2.2 Fabrication of PLGA NPs
PLGA NPs can be fabricated from pre-formed polymers solutions using solvent
evaporation (emulsification) (Choi et al. 2002), nanoprecipitation (Govender et al. 1999), saltingout (Perugini et al. 2002), and dialysis (Choi and Kim 2007) techniques (Figure 1-6). The
emulsification method is based on the mixing of two or more immiscible solutions, followed by a
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high-speed homogenization to create nano-scale droplets containing the polymer and NPs form
after evaporation of solvent. Particle formation in the nanoprecipitation is based on precipitating
of polymer chains during mixing a miscible polymer solution with an aqueous solution, which
leads to formation of NPs. The salting-out technique is conceptually similar to the emulsification
technique but in this method, a saturated electrolyte is added to prevent the miscible organic
solution mixing with the aqueous solution in the double-emulsion system. This organic/aqueous
emulsion is further diluted with a sufficient volume of water to allow organic solvent to diffuse
into the aqueous solution, leading to the precipitation of nanoparticles. Finally, the dialysis
method applies a principle similar to nanoprecipitation; an organic polymer solution is placed in a
dialysis tube against a miscible aqueous solution then the polymeric nanoparticles precipitate out
while miscible organic polymer solution diffuses with aqueous solution. Here, we focus on
solvent evaporation and nanoprecipitation as the two most commonly applied methods.

Figure 1-6. Schematic representing different methods of fabrication of PLGA nanoparticles.
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1.2.1.1 Solvent Evaporation (Emulsification)
The solvent evaporation technique, also referred to as emulsification technique, is the
most common approach to prepare polymeric nanoparticles and is the main pharmaceutical
technology to produce drug-loaded nanoparticles (Vanderhoff et al. 1979) (Gurny et al. 1981).
Emulsification generally contains two strategies: single-emulsification, such as oil-in-water (o/w)
or water-in-oil (w/o), and double-emulsification, such as (water-in-oil)-in-water ((w/o)/w) (Figure
1-7) or (oil-in-water)-in-oil ((o/w)/o). The chemical properties of the cargos (e.g. hydrophobicity)
determine the appropriate combination used for fabrication of NPs. For instance, for
encapsulation of hydrophobic cargos, single-emulsification is applied. Briefly, polymer and drugs
are dissolved together in an initial lipophilic organic solvent such as dichloromethane or
chloroform and are then mixed with an aqueous solution, followed by high-speed
homogenization, using vortex, ultrasonification, or homogenizer. Next, the organic solvent is
evaporated to form the solid hydrophobic nanoparticles. Finally, ultracentrifugation and
lyophilization are the major two harvesting processes to collect the particles (Rao and Geckeler
2011). In contrast, double-emulsification is much more effective for encapsulating hydrophilic
compounds (Cohen-sela et al. 2009) by dissolving hydrophilic drugs in an aqueous solution and
dissolving hydrophobic polymer in a lipophilic solution, respectively. The particle size in this
technique can be controlled by adjusting the stirring rate, viscosity of organic solvent and
aqueous solution, and temperature (Tice and Gilley 1985).
As an example of PLGA NPs fabrication by emulsification, in 2007, Budhian et al. used
single-emulsification to encapsulate haloperidol, an antipsychotic medication for schizophrenia,
acute psychosis, and delirium, into PLGA NPs with <300 nm of diameter (Budhian et al. 2007).
In another study, Choi et al. used PLGA polymers as a material to discuss the thermodynamic
parameters of double-emulsification (Choi et al. 2002).
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Figure 1-7. Cartoon illustration of (water-in-oil)-in-water double-emulsification approach for
fabrication of PLGA NPs (Gurny et al. 1981). (A) Large volume of the aqueous phase is added
into small volume of the lipodphilic solution, followed by a high-shear emulsification to create
ultra-fine size of oil beads. (B) Particle emulsion is added to another aqueous solution, followed
by a low-shear emulsification to create water-oil-water layer of particle solution.

1.2.1.2 Nanoprecipitation
Although both emulsification and nanoprecipitation are the two most common methods
of fabrication of polymeric nanoparticles due to the simplicity of the procedures,
nanoprecipitation technique, also referred to as solvent diffusion method, has been reported to
provide higher encapsulation efficiency for hydrophobic drugs (Pinto Reis et al. 2006).
Nanoprecipitation that is based on the interfacial deposition of the miscible solvent phase
contacting with the non-solvent phase, was first developed by Fessi and his colleagues in 1989
(Fessi et al. 1989). During this process, the polymer concentration and the viscosity of the
solution are the main determinants of the final particle size (Aubry et al. 2009).
In the past, not only have PLGA NPs been fabricated by nanoprecipitation (Govender et
al. 1999), but polymethylmethacrylate (PMMA) (Aubry et al. 2009), polycaprolactone (PCL)
(Molpeceres et al. 1996), and poly(lactic acid) (PLA) (Nemati et al. 1996) NPs have also been
fabricated by this method. In this method, the polymer is dissolved in a water miscible organic
solvent and the resulting solution is gradually added to an aqueous solution, which may contain a
stabilizer. The diffusion of the miscible organic solvent to the aqueous phase leads to the polymer
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precipations on the interface between the two phases, which leads to the instantaneous formation
of a colloidal suspension (Hornig et al. 2009) (Bilati et al. 2005).
In the traditional form of nanoprecipitation, the organic phase is added to the aqueous
phase in a drop-by-drop manner. Recently, Molpeceres et al. proposed a slightly different
approach in which the organic phase is injected at a certain flow rate into the aqueous phase.
These authors then used a rotatable central composite design (RCCD), a statistical experimental
design, to determine the optimal temperature of water phase, needle gauge, organic solvent
volume, amount of poloxamer 188 (surfactant), amount of polymer (polycaprolactone, PCL), and
the injection rate on particle size distribution (Molpeceres et al. 1996). They set up a series of
constants to run the experiments including the total amount of PCL polymer set at 1 mg, the
volume of aqueous solution set at 40 ml, the temperature of organic solvent set at 25℃, and the
stirring rate set at 500 rpm (Figure 1-8). Afterwards, they had 54 formulations and ran ANOVA
analysis to discuss the influence of each parameter on particle size. The statistical analysis
showed a high correlation between each variable and the size of the particles. For example,
decreasing the amount of PCL polymer resulted in production of smaller particles (Molpeceres et
al. 1996). This size reduction was presumably due to the fact that individual organic droplets
contained less polymer chains for particle formation during the nanoprecipitation. These results
also showed that increasing the temperature of the aqueous phase slightly decreased the size of
particles due to the reduced interfacial tension of water (Molpeceres et al. 1996). Moreover,
during the injection, a larger needle gauge, which provides a large contact surface for organic
solvent, creates larger particles at the end, resulting from lower solvent front kinetic energy
(Molpeceres et al. 1996). The flow of organic solvent inside the needle also influenced the final
particle size, showing that high injection rate was able to produce smaller particles due to the
turbulent flow breaking down of the polymer solution before coming in contact with the aqueous
solution (Figure 1-9).
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Figure 1-8. The scheme of nanoprecipitation for PCL nanoparticles (Molpeceres et al. 1996).
During the nanoprecipitation process, water phase temperature, needle gauge, organic solvent
volume, amount of poloxamer 188 (surfactant), amount of polymer (polycaprolactone, PCL), and
injection rate were the variables to test the influence on particle size.
	
  

Figure 1-9. The theoretical model for comparison of higher and lower injection rate proposed by
Molpeceres et al. (Molpeceres et al. 1996). Turbulent flow is able to break the polymer solution
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into small drops before the solution contacts with aqueous solution. On the contrary, the organic
droplets are created only at the edge of the organic solution and the aqueous solution when the
flow is laminar.

The process of nanoprecipitation depends on the diffusion of organic solvent phase into
the aqueous solution. Galindo-Rodriguez et al. derived the following equation for a solvent-water
interaction parameter, Χ !"#$%&'!!"#$% (Galindo-Rodriguez et al. 2004):

Χ !"#$%&'!!"#$% =

𝑉!"#$%&'
𝛿!"#$%&' − 𝛿!"#$%
𝑅𝑇

!

where V is the molar volume of the organic solvent, R is the gas constant, T is the absolute
temperature, and δsolvent and δwater are the total solubility parameters of solvent and water,
respectively. When the organic solvent and water has high affinity, this produces out a small
difference between the two solubility parameters (Δδ) and low 𝛸!"#$%&'!!"#$% , promoting
solvent diffusion during the process. This high affinity leads polymer chains to more effectively
entangle and thus precipitate into smaller nanoparticles. Table 1-1 contains solvent-water
interaction parameters for a number of organic solvents, demonstrating that ethanol is a better
organic solvent for polymers than DMSO, acetone, and others.
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Table 1-1. The values of solvent-water solubility parameters (Δδ) and solvent-water interaction
parameter (Χ !"#$%&'!!"#$% ) for different organic solvents. The smaller Χ !"#$%&'!!"#$% , the faster
diffusion behavior when organic solvent contacts with aqueous solution. (Galindo-Rodriguez et
al. 2004)
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1.3 Nano-liposomes
Nano-scale liposomes have long been utilized as drug carriers. One of the main reasons of using
liposomes as delivery vehicles is to take advantage of their natural properties, which reduce drug
side effects. Owing to their natural components of phospholipids, liposomes are, biodegradable,
biocompatible, and non-immunogenic (Gregoriadis 1995). Liposomes are fabricated through selfassembly of amphiphilic lipid molecules, forming a spherical shell structure with a hydrophobic
core and two hydrophilic surfaces inside and outside (Figure 1-10). This structure provides the
possibility of loading different types of drugs into liposomes: hydrophilic drugs are encapsulated
in the aqueous lumen while the hydrophobic drugs are entrapped within the lipid bilayer core.

Figure 1-10. The schematic structure of a liposome. The white spheres represent hydrophilic lipid
headgroups and the yellow lines illustrate the hydrophobic lipid tails.
(http://commons.wikimedia.org/wiki/File:Liposome_cross_section.png)
The self-assembled liposomal structures present an advantage of great flexibility. This
advantage, however, turns into a disadvantage because the flexibility of the self-assembled
liposomes can reduce their physical stability for many applications (Gregoriadis 1995). Moreover,
the space between head groups is not sufficient for a large amount of hydrophobic drug loading,
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compared to the aqueous core region (Sharma and Sharma 1997). Although liposomes are able to
protect their cargo from degradation and in many cases, can passively accumulate in target tissue
such as tumor tissues, conventional liposomes have problems that need to be overcome.
When liposomes are administered into animal models by intravenous injection, the first
challenge they face is clearance by the mononuclear phagocyte system (MPS, also called
reticuloendothelial system (RES) that includes neutrophils, monocytes, macrophages), which can
recognize the foreign liposomes and remove them (Scherphof et al. 1985). This is because the
selected serum proteins (known as opsonins such as immunoglobulins, fibronectin, beta 2macroglobulin) bind as signals on the surface of liposomes and are then detected by MPS. Thus,
MPS does not recognize foreign liposomes but rather the opsonins on liposomes (Falcone 1986)
(Patel 1992). The MPS can distinguish not only opsonins but also the size and surface charge of
the liposomes. In general, small unilamellar vesicles (SUVs) (25-100 nm) have longer half-lives
and longer lifetimes in blood circulation than multilamellar liposomes (MLVs) with a size range
of 500-5000 nm (Senior and Gregoriadis 1982). Beyond the MPS, uptake by the liver and spleen
is another challenge of administrating drug-loaded liposomes by intravenous injection.
Concerning surface charge, negatively charged liposomes were reported to have shorter half-life
than neutral liposomes (Nishikawa et al. 1990). On the contrary, positively charged liposomes
were shown to be toxic by mediating the production of oxygen radical intermediates (ROI) by
cultured cells (Dokka et al. 2000), and are removed immediately from blood circulation (Senior
1987). Moreover, the stability also controls the circulation of liposomes in blood vessels. It has
been shown that the stability of liposomal membranes can be improved by adding cholesterol to
the membrane to improve the packing of lipids (Damen et al. 1981). However, applying
cholesterols and a small molar fraction of negatively charged phospholipid cannot fully overcome
the issue of liposome removal by the MPS and RES; thus, several approaches to promote stability
of liposomes during circulation were studied. For instance, a study by Gabizon et al. investigated
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liposome stability by using the liposomes, composed of egg PtdCho, modified with addition of
monosialoganglioside (GM1) to increase the hydrophilicity of the surface (Gabizon and
Papahaduopoulos 1988). The glycolipid GM1 was reported to decrease the liposomal uptake by
MPS when incorporated on the liposomes (Liu et al. 1992). The size of these GM1-decoarted
liposomes, which was around 90-200 nm, moreover, was shown to allow for longer blood
circulation time, resulting in their accumulation in tumor tissues (Liu et al. 1992). Another
approach to lengthen the circulation lifetime of liposomes was by conjugating another hydrophilic
polymer—poly-(ethylene glycol) (PEG)—onto the surface of liposome membranes (Figure 1-11),
leading to the next-generation of liposomes referred to as “stealth liposomes”. In addition to
enhancing liposome circulation lifetime, conjugation of PEG on the surface of liposomes was
shown to prevent self-aggregation and reduce the uptake by the MPS (Caliceti and Veronese
2003).

Figure 1-11. The structure of a PEGylated phospholipid. A certain molecular weight of PEG is
chemically bonded to the lipid headgroup.
	
  
In order to understand the effects of PEG chains on the liposome circulation lifetime, its
physical and chemical properties should be discussed. The high degree of hydrophilicity of PEG
chains shows a high level of structural fit of water molecules within these chains (Kjellander and
Florin 1981). The tetrahedral lattice of water facilitates the hydrogen bonding between the oxygen
molecules on PEG polymer chains and hydrogen molecules of water (Kjellander and Florin
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1981). This association of hydrogen bonding creates a “hydration shell” surrounding the PEG
polymer chains (Kjellander and Florin 1981).
For appropriate application of the grafted PEG polymer chains on the surface of
nanoliposomes, understanding its structural properties is important. The structure of grafted PEG
chains on the surface can be categorized into two main physical regimes: mushroom regime and
brush regime. The transition between these two regimes is based on the density of polymer
chains, Σ:

𝛴 = 𝜎𝜋𝑅!!

where σ is the grafting density (σ=1/D2, D is the distance of two grafted polymer chains)
(Halperin et al. 1992) and Rg is the radius of gyration of grafted polymer chains. Brittain et al.
summarized the relationship between tethered density of PEG chains, Σ, and the transition from
mushroom to brush regime (Brittain and Minko 2007). According to these authors, depending on
the value of Σ, the structure of grafted polymer can be characterized into three regimes: Σ<1 is
the mushroom regime, 1<Σ<5 is the mushroom to brush transition regime, and Σ>5 is the brush
regime (Figure 1-12). At higher PEG densities, i.e. Σ > 5, polymer chains can effectively repel
the small particles from the surface (Kim and Shaughnessy 2002), therefore, preventing the
protein adsorption onto nanoliposomes.
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Figure 1-12. The cartoon illustration of the relationship between the density of PEG chains (Σ)
and the mushroom and brush regimes (Brittain and Minko 2007).	
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1.4 Motivation and Project Goals
Recently, lipid-coated polymeric nanoparticle systems that combine nanoliposomes with
solid polymeric nanoparticles have attracted interest since they provide more advantages
compared to each of these systems (Hadinoto et al. 2013). For instance, while the solid polymeric
core such as PLGA provides robustness, controlled release profile, and high hydrophobic cargo
loading capacity (Panyam and Labhasetwar 2003b) (Pinto Reis et al. 2006), the lipid coating
provides an excellent platform for functionalization and therefore improved serum stability (Hu et
al. 2011), cell selectivity, and transport across cell membranes (Messerschmidt et al. 2009)
(Zheng et al. 2010). These promising hybrid particles can be categorized to lipid bilayer-coated
nanoparticles and lipid monolayer nanoparticles.
Lipid bilayer-coated nanoparticle systems are composed of a lipid membrane on the
surface of polymeric nanoparticles (Figure 1-13A). The preparation of these particles involves
two steps (Figure 1-14): 1) fabrication of polymeric nanoparticles, and 2) the encapsulation of
polymeric nanoparticles within the liposomes by re-hydrating dry lipid films or by fusion with
pre-formed nanoliposomes, where the lipids attach on the particles by electrostatic interactions
(Troutier et al. 2005).
Compared to the conventional lipid bilayer-coated nanoparticles, the system of lipid
monolayer-coated nanoparticles (Figure 1-13B) is relatively new. In 2008, Zhang et al. reported a
simple procedure to prepare lipid monolayer-coated polymeric nanoparticles by a single-step selfassembly (Figure 1-15) (Zhang et al. 2008). In this preparation process that is based on the
nanoprecipitation principal, polymer is dissolved in a water miscible organic solvent (Figure 116A), following by adding to an aqueous solution containing lipids, in a drop-wise manner
(Figure 1-16B). In this process, as the hydrophobic polymeric nanoparticles precipitate out of the
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polymer solution, the lipid molecules attach on the surface of the particles forming a lipid
monolayer by hydrophobic-hydrophobic interactions (Figure 1-16C). To date, these two forms of
hybrid nanoparticles have been applied in a number of studies aiming at delivering cancer
chemotherapy (Chan et al. 2009) (Aryal et al. 2010) (Aryal et al. 2012), vaccines (Moon et al.
2012), tumor necrosis factor (Messerschmidt et al. 2009), siRNA (Hasan et al. 2012), and
quantum dots (Mieszawska et al. 2012).

Figure 1-13. Schematic illustration of (A) lipid bilayer-coated nanoparticles and (B) lipid
monolayer-coated nanoparticles (Mandal et al. 2013).
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Figure 1-14. Schematic representation of fabrication method for lipid bilayer-coated
nanoparticles, including: (A) preparation of polymeric nanoparticle, (B) preparation of nanoliposomes, and finally (C) fusion of polymeric nanoparticles with nano-liposomes to form lipidbilayer nanoparticles (Mandal et al. 2013).

Figure 1-15. Schematic illustration of monolayer-coated PLGA nanoparticles for drug delivery
(Zhang et al. 2008). In this platform, lipid tails self-assemble onto the surface of PLGA
nanoparticles by hydrophobic-hydrophobic interactions. PEG polymer chains improve the
colloidal stability of the particles.
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Figure 1-16. Schematic representation of the single-step method applied for fabrication of
monolayer-coated polymeric nanoparticles (Mandal et al. 2013). Drugs and polymers are
dissolved in an organic solvent (A) and are added into a lipid-containing aqueous solution (B),
resulting in formation of monolayer-coated NPs (C).
	
  
Currently, PLGA NPs and liposomes are among the most promising nanocarriers for
delivery of various therapeutic agents including curcumin. However, thus far, using lipid-coated
nanoparticles as a nanocarrier for curcumin delivery has remained un-explored. The goal of this
project is to develop and optimize membrane-coated PLGA nanoparticles for efficient delivery of
curcumin. To this end, we will attempt to prepare PLGA particles with both lipid bilayer-coating
and lipid monolayer-coating techniques and to evaluate their potential for delivery of curcumin.
While this project does not focus on targeting of these hybrid particles for any specific
application, future studies will be focused on modification of these NPs to target certain cells in
the body, for instance, breast or prostate cancer cells.
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Chapter 2
Experimental Materials and Methods

2.1 Materials
PLGA (Poly (D, L-lactide-co-glycolic acid)) (50:50) with 7,000-17,000 MW was
purchased from Sigma-Aldrich (St. Louis, MO). Lecithin with 758.06 MW was obtained from
Alfa Aesar (Ward Hill, MA). Curcuminoids 98% (mixture of curcumin, demethoxy curcumin, and
bisdemethoxycurcumin) was purchased from Acros Organics (Waltham, MA). DSPE-PEG (1,2distearoyl-sn-glycero-3-phosphoethanolamine-N-carboxy(polyethylene

glycol)

2000)

was

purchased from Avanti Polar Lipids (Alabaster, AL). Pluronic F-68 (polyoxyethylenepolyoxypropylene block copolymer) with 8,400 MW was bought from Affymetrix (Maumee,
OH). PEG (polyethylene glycol) with 8,000 MW was purchased from Affymetrix (Maumee, OH).
Phosphate Buffered Saline (PBS) Tablets were purchased from Amresco (Solon, OH).
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2.2 Methods

2.2.1 Fabrication of curcumin-loaded PLGA nanoparticles (PLGA-Cu NPs) using
nanoprecipitation
PLGA nanoparticles were prepared by a modified nanoprecipitation technique by added a
injection rate of polymer solution as one of systemic parameters (Molpeceres et al. 1996),
compared to the traditional nanoprecipitation which polymer solution is brought to aqueous
solution by drop-by-drop manner. To obtain particles of desired size (<100 nm), we further
optimized the parameters of this modified nanoprecipitation technique, and studied the effect of
1) non-solvent phase, 2) PLGA concentration, 3) rate of injection of solvent phase into nonsolvent phase, and 4) PLGA to curcumin ratio on the size distribution of NPs.
For all of nanoprecipitation experiments, we used a volume ratio of organic solvent to
non-solvent system of 1 ml/ 3 ml. For the study of the effect of non-solvent system, PLGA was
dissolved in acetone with a 10 mg/ml concentration and injected with 20 ml/hr injection rate into
four different types of non-solvents: (a) 1% (wt./v.) Pluronic F-68 solution, (b) 1% (wt./v.) PEG
solution, (c) 1% (wt./v.) Pluronic F-68 + 0.05% (wt./v.) PEG solution, and (d) deionized water
(DI water). For the study of the effect of PLGA concentration on particle size, we selected two
PLGA concentrations of 1 mg/ml and 10 mg/ml in acetone. For these studies, PLGA solution was
injected into DI water with an injection rate at 20 ml/hr. To study the effect of injection rate, a 1
mg/ml of PLGA in acetone solution was injected into DI water with rates of 10 ml/hr, 20 ml/hr,
40 ml/hr, and 60 ml/hr. After optimizing the parameters of PLGA concentration and injection rate
for fabrication of PLGA nanoparticles, we examined the effect of curcumin to PLGA ratio on the
size of drug-loaded particles. For these experiments, curcumin was added to 1 mg/ml PLGA
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solution at ratios of 1 mg/ 0.15 mg, 1 mg/ 0.2 mg, and 1 mg /0.3 mg and the resulting solutions
were used for nanoprecipitation with an injection rate of 60 ml/hr. Figure 2-1 shows the
experimental setting for nanoprecipitation, and the parameter setting is summarized in Table 21. After nanoprecipitation, the solution of PLGA-Cu NPs or PLGA NPs (as a control group) was
stirred at room temperature for 2 hours to remove the organic solvent. After stirring, the NPs
solution was transferred to an Amicon Ultra-4 centrifugal filter (Millipore, Billerica, Ma) with a
molecular weight cut-off of 10 kDa, and was washed 3 times with DI water (centrifuged at 2000
rpm for 10 minutes). The PLGA-Cu NP solution was then concentrated by further centrifugal
filtration and re-suspended in DI water to a final concentration of 1 mg/ml.

	
  
Figure 2-1. The experimental setup applied for nanoprecipitation of PLGA NPs. The PLGA or
PLGA-Cu acetone solution was added into 5 ml Hamilton syringe (Tokyo, Japan) and injected
into non-solvent system by a KD Scientific syringe pump (KD Scientific, Holliston, MA).
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Table 2-1. The parameters tested for optimization of PLGA nanoprecipitation process.
Polymer &

Solvent

drug
Effect of non-

PLGA

Acetone

Polymer

Polymer/Durg

concentration

ratio (mg/mg)

10 mg/ml

-

solvent

Non-solvent

Injection
rate

1% Pluronic F-68

20 ml/hr

1% PEG solution
1% Pluronic F-68 +
0.05% PEG
DI water

Effect of PLGA

PLGA

Acetone

concentration
Effect of

10 mg/ml

-

DI water

20 ml/hr

-

DI water

10 ml/hr

1 mg/ml
PLGA

Acetone

1 mg/ml

injection rate

20 ml/hr
40 ml/hr
60 ml/hr

Effect of

PLGA &

PLGA/drug

Curcumin

Acetone

1 mg/ml

ratio

1/ 0

DI water

60 ml/hr

1/ 0.15
1/ 2
1/ 3

2.2.2 Preparation of Lipid-coated Polymeric Nanoparticles

2.2.2.1 Fabrication of bilayer-coated PLGA-Cu NPs
Bilayer-coated PLGA-Cu NPs were prepared through an extrusion of a mixture of
PLGA-Cu NPs and lecithin/DSPE-PEG liposomes. Briefly, we prepared PLGA-Cu NPs using
nanoprecipitation and after washing NPs three times with centrifugal filtration in DI water, the
solution of 1 mg/ml PLGA-Cu NPs was used to hydrate a dried lipid (lecithin/DSPE-PEG) film
and was vortexed for 3 minutes to form NP-entrapped large multilamellar liposomes. The
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resulting solution was then heated to 70 °C (above the transition temperature (Tg) of lipids) and
extruded by 9 passes through a polycarbonate (PC) membrane with 0.1 µm pore size (Whatman,
Pittsburgh, PA) using a mini-extruder (Avanti Polar Lipids) (Figure 2-3). The solution of bilayercoated NPs was finally collected for further characterization.
We estimated the amount of required lipids using the following assumptions:
1. The average cross section area of one lipid molecule is  68Å = 0.68  nm! .
2. Based on the average diameter of nanoparticles, based on Dynamic Light Scattering (DLS)
measurements, the average radius of one nanoparticle is 37.5 nm, reflecting a surface area of
approximately 4𝜋𝑟 ! = 1.767×10!   nm! . Thus, the number of lipids required to cover the
surface of one NP is approximately
1.7671×10!   nm!
= 2.599×10!
0.68  nm!
3. Based on the density of PLGA (ρ = 1.34 g/cm3) (Arnold et al. 2007), the volume of 1.15 mg
PLGA-Cu

is
1.15×10!!   g
= 8.582×10!!   cm! = 8.582×10!"   nm!
1.34   g cm!
!

4. The volume of one PLGA-Cu NP based on DLS measurement is 𝜋𝑟 !    = 2.209×10!   nm!
!

5. The number of NPs from 1.15 mg PLGA-Cu is

!.!"#×!"!"   !!!
!.!"#×!"!   !!!

= 3.885×10!" .

6. The number of lipids required for 1.15 mg PLGA-Cu should be 3.885×10!"   ×  2.599×
10! = 1.010×10!" .
7. Theoretically, the required amount of lipids to form a monolayer on the surface of NPs is
about

!.!"!×!"!"
!.!"×!"!"

   = 1.677×10!!   moles , corresponding to a value of 1.677×10!! ×2 =

3.354×10!!   moles for a bilayer.
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8. To assure full coverage of NPs with lipids, we used 4.617×10!!   moles of lipids as a safe
number for entire particles, which corresponds to a mass of 3.5×10!!   g, assuming all lipids
are lecithin (MW=758.06 g/mol). Therefore, the lipid amount resulted in a 0.35 mg lipid to 1
mg PLGA ratio.
9. To apply DSPE-PEG2000 in our lipid system with a lecithin/DSPE-PEG2000 ratio of 85/15, the
two

following

linear

equations

are

solved:

𝑥
85
=      
𝑦
15
758.06𝑥 + 2849.507𝑦 =    10!!   ×  0.35  
where x represents the number of moles of lecithin and y represents the number of moles of
DSPE-PEG2000. Thus, the mass of lecithin should be 2.105×10!!   g, and the mass of DSPEPEG2000 should be 1.396×10!!   g.

Figure 2-2. Cartoon illustration of extrusion of large multilamellar liposomes with entrapped
PLGA-Cu NPs. After hydrating lipids with a PLGA-Cu NPs solution, the solution was transferred
to a mini-extruder containing a PC membrane with 100 nm diameter pores. The right chamber
represents liposomes with PLGA-Cu NPs before extrusion and the left chamber of the membrane,
the bilayer-coated PLGA-Cu NPs.
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2.2.2.2 Fabrication of monolayer-coated PLGA-Cu NPs
In preparation of monolayer-coating on the PLGA-Cu NPs, PLGA and curcumin were
co-dissolved in acetonitrile at concentrations of 1 mg/ml and 0.15 mg/ml, respectively. The
needed amounts of lipids, lecithin and DSPE-PEG with a molar ratio of 80:20, was taken from
each stock solution, dried out with a rotary vacuum evaporator (Heidolph, Elk Grove Village, IL).
The dry lipid film was dissolved in a 4 wt % ethanol in DI water and heated to 70 °C (above the
transition temperature (Tg) of both lecithin and DSPE-PEG) to ensure that the lipids were in the
liquid phase. Theoretically, we need 1.677×10!!   mole  of lipids to coat every particles, which is
0.127 mg (MW of lecithin = 758.06 g/mol). To obtain a safe number of lipids needed, the ratio of
PLGA/lipid was set to 1 mg/0.2 mg for a monolayer coating on 1 mg PLGA NPs with an average
diameter of 60 nm. The estimation used was similar to the one described for bilayer-coated NPs.
Afterwards, the PLGA-Cu solution was injected into the preheated solution of lipid at a 60 ml/hr
injection rate followed by 2 hours of gentle stirring at room temperature. The monolayer-coated
PLGA-Cu NPs were then washed and concentrated by the same method as PLGA NPs. The
experimental set up is shown in Figure 2-3.

Figure 2-3. Cartoon illustration of the fabrication process of monolayer-coated PLGA-Cu NPs.
The PLGA and curcumin solution (in yellow color) was prepared in a 5 ml Hamilton syringe and
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injected into 4 wt % ethanol lipid solution (in light blue color) by a syringe pump at an injection
rate of 60 ml/hr. The yellow circles present PLGA-Cu NPs. The blue circles present lipid-coated
PLGA-Cu NPs.

2.2.3 Particle Size and Surface Potential Characterization
Particle size and zeta potential (surface potential) were measured at room temperature
using a Malvern Nano-ZS dynamic light scattering (DLS) (Malvern, Westborough, MA) system.
After setting up the viscosity and refraction index to DI water or PBS depending on the applied
solution, 1 ml sample volume was transferred to a disposable plastic cuvette for size measurement
by the instrument. For measuring zeta potential, the solution was transferred to a disposable
capillary cell (Figure 2-4) instead of the regular disposable cuvette.

Figure 2-4. Disposable capillary cell used for zeta potential measurements by DLS. The sample
was added into the cell by a specialized syringe.

2.2.4 Scanning Electron Microscopy (SEM)
SEM images were taken by a FEI Nova NanoSEM 630 (FEI, Hillsboro, OR) at a voltage
of 3.06 kV and a current of 10 pA. To reduce the sample charging and to improve the resolution, a
thin layer of chromium was deposited on the samples. The samples were dried at room
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temperature overnight before they were transferred to Emitech K575X sputter coater (Quorum
Technologies, East Sussex, UK) for deposition of chromium.

2.2.5 Transmission Electron Microscopy (TEM)
TEM imaging was carried out by a FEI Tecnai G2 Spirit BioTwin electron microscope
(FEI, Hillsboro, OR) at a voltage of 120 kV. The TEM samples were prepared by loading a 10 µl
particle solution on a 200 mesh carbon coating Formvar-covered grid at room temperature.
Samples were then negatively stained for 5 minutes at room temperature with a 2 % (w/v) uranyl
acetate aqueous solution. Afterwards, the sample grids were air-dried overnight before imaging.

2.2.6 Colloidal Stability and Lipid Shell Stability of NPs
A 1 mg/ml particle solution (either lipid-coated PLGA-Cu NPs or bare PLGA-Cu NPs)
was concentrated to 2 mg/ml in DI water using Amicon Ultra-4 centrifugal filters (10 kDa
MWCO), then diluted by 2× PBS to a final concentration of 1 mg/ml in 1x PBS. The particle size
and zeta potential were measured daily for five days using DLS.

2.2.7 Encapsulation Efficiency
To measure the encapsulation efficiency of curcumin, all PLGA-Cu NPs and lipid-coated
PLGA-Cu NPs were washed three times during particle preparation using Amicon Ultra-4
centrifugal filters (with 10 kDa MWCO) to remove the free curcumin, which was not
encapsulated inside NPs, then concentrated to 2 mg/ml. Afterwards, an equal volume of
acetonitrile was added to the sample to dissolve drug-loaded NPs. The solutions were then tested
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for the amount of curcumin by a Hewlett Packard HP Agilent 8453 Diode Array
Spectrophotometer (Agilent Technologies, Santa Clara, CA) at 420 nm wavelength. The standard
curve for curcumin was prepared using solutions of 1 to 10 µg/ml of curcumin in acetonitrile. The
encapsulation efficiency was calculated using the following equation (Mukerjee and Vishwanatha
2009).

𝑚𝑔
𝐶𝑢𝑟𝑐𝑢𝑚𝑖𝑛  𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛  𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑  𝑓𝑟𝑜𝑚  𝑠𝑝𝑒𝑐𝑡𝑟𝑜𝑝ℎ𝑜𝑡𝑜𝑚𝑒𝑡𝑒𝑟  (
)
𝑚𝑙   ×  100%
𝐸𝑛  % =
𝑚𝑔
𝑇ℎ𝑒  𝑖𝑛𝑖𝑡𝑖𝑎𝑙  𝑐𝑢𝑟𝑐𝑢𝑚𝑖𝑛  𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛  𝑓𝑜𝑟  𝑁𝑃𝑠  𝑓𝑎𝑏𝑟𝑖𝑐𝑎𝑡𝑖𝑜𝑛  (
)
𝑚𝑙

For encapsulation efficiency of liposomes, an additional centrifugation step was needed
at 2000 rpm for 10 minutes to remove un-encapsulated curcumin. The same protocol of PLGACu NPs and lipid-coated PLGA-Cu NPs was then followed.

2.2.8 Release Profile
To study the curcumin release pattern, the PLGA/Cu NPs with and without lipid coating
were first concentrated by Amicon Ultra-4 centrifugal filters (10 kDa MWCO) to 2 ml with a
concentration of 2 mg/ml, then re-suspended in an equal volume of 2x PBS to reach the final
volume of 4 ml with a final concentration of 1 mg/ml. The particle solution was then aliquoted to
10 individual dialysis bags (cut-off of 3500 MW) (Fisher, Loughborough, UK) with 0.4 ml
volume in each. At time points of 0h, 0.5h, 1h, 2h, 6h, 12h, 24h, 48h, 72h, and 96h the particle
solution from one dialysis bag was taken and an equal volume of acetonitrile was added to the
solution to dissolve the particles and curcumin. The concentration of encapsulated curcumin was
then measured by the spectrophotometer as described previously. The standard curve for
curcumin was generated using 1 to 10 µg/ml of curcumin in acetonitrile (Yallapu et al. 2010) and
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the blank samples for these measurements were PLGA NPs and lipid-coated PLGA NPs,
depending on the sample, without curcumin encapsulated. The release percentage was calculated
by the following equation.

𝑅𝑒𝑙𝑒𝑎𝑠𝑒  𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒   %
=   

𝑚𝑔
mg
) − 𝑡ℎ𝑒  𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛  𝑎𝑡  the  indicated  time  point  ( )
𝑚𝑙
ml
𝑚𝑔
𝑇ℎ𝑒  𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛  𝑎𝑡  0  ℎ  𝑡𝑖𝑚𝑒  𝑝𝑜𝑖𝑛𝑡  ( )
𝑚𝑙

𝑇ℎ𝑒  𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛  𝑎𝑡  0  ℎ  𝑡𝑖𝑚𝑒  𝑝𝑜𝑖𝑛𝑡  (
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Chapter 3
Results and Discussion

3.1 Characterization of PLGA NPs Fabricated via Nanoprecipitation
The size of a drug carrier is a key factor for delivery to desired target in physiological
condition because the immune cells, such as macrophages, are able to recognize foreign contents
by their size and surface charge (Zamboni et al. 2012). It has been shown that the size of
nanoparticles produced by the nanoprecipitation is affected by a number of factors. These factors
include (1) type of organic solvent (Galindo-Rodriguez et al. 2004), (2) type of non-solvent phase
(Bilati et al. 2005), (3) the volume ratio of organic solvent to non-solvent phase (Bilati et al.
2005), (4) injection rate of solvent phase into non-solvent phase (Molpeceres et al. 1996), (5)
gauge of the needle used for injection (Molpeceres et al. 1996), (6) concentration of polymer
(Molpeceres et al. 1996), and (7) ratio of polymer to cargo (Govender et al. 1999). To test the
hydrodynamic size of the particles, we used DLS measurements.

3.1.1 Effect of Surfactant Type on the Size and Morphology of NPs
The presence of surfactant is known to improve the colloidal stability of PLGA NPs in
aqueous solutions (Bilati et al. 2005). Here, we tested the effect of four different surfactants on
the size and morphology of nanoprecipitated PLGA particles. Previously, 1% Pluronic F-68 in
combination with 0.05% PEG as surfactants were shown to improve the PLGA-Cu NPs (Yallapu
et al. 2010). We, thus, tested 1% Pluronic F-68, 1% PEG, and 1% Pluronic F-68 with 0.05% PEG
mixture as surfactants and compared the size of NPs to those produced in DI water. Figure 3-1
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shows that varying the type of surfactants did not have a significant impact on the particle size;
however, the polydispersity index (PDI) was lowest for 1% PEG revealing the narrowest size
distribution among the tested surfactant systems.
We then investigated the morphology of these particles using SEM and TEM (Figure
3-2). The results showed that all the three different surfactant systems (1% Pluronic F-68 (Figure
3-2A, 3-2B), 1% PEG (Figure 3-2C, 3-2D), and 1% Pluronic F-68 with 0.05% PEG (Figure 3-2E,
3-2F)) visibly reduced the particle aggregation in comparison with NPs prepared with no
surfactant. In these preparations, the aggregation of PLGA NPs due to hydrophobic effect was
reduced by creating a hydrated shell around each particle due to the presence of the hydrophilic
polymer chains. SEM images showed severe aggregation of PLGA NPs that were prepared in DI
water, presumably due to the hydrophobic-hydrophobic interactions (Figure 3-2G, 3-2H); thus,
we imaged these particles by TEM (Figure 3-2I, 3-2J).
Altogether, the presence of surfactants significantly improves colloidal stability of PLGA
NPs. However, due to steric hindrance, the layer of free hydrophilic chains from surfactants was
suspected to impede further lipid coating on the surface of NPs. Therefore, we decided to apply
no surfactant system for the fabrication of PLGA NPs for next steps.
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Figure 3-1. The effect on different non-solvent systems on size and polydispersity of PLGA NPs.
NPs were prepared in acetone and aqueous solution containing different surfactants. The
concentration of PLGA was 10 mg/ml and the injection rate was set to 20 ml/hr (n=1).
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Figure 3-2. SEM and TEM images of PLGA NPs prepared using different surfactants. SEM
images of PLGA NPs prepared in acetone and aqueous solution containing 1% Pluronic F-68 (A,
B), 1% PEG (C, D), 1% Pluronic F-68 and 0.05% PEG (E, F) and in DI water (G, H). (I, J) TEM
images of PLGA NPs prepared in DI water.
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3.1.2 Effect of PLGA Concentration on Size of NPs
The particle size is closely linked with the polymer concentration during
nanoprecipitation as greater number of polymer chains in one unit droplet of organic solution
generates bigger particles (Molpeceres et al. 1996). After solvent diffusion, the organic droplets
with higher amount of polymer chains entangle into bigger polymeric cores. Based on this theory,
we chose concentrations of 1 mg/ml and 10 mg/ml to assess the effect of polymer concentration
on particle size. As shown in Figure 3-3, the mean diameter of NPs increased by ~82 % (p<0.005)
from 87.91±7.3 nm to 160.3±9.2 nm with an increase in PLGA concentration (Table 3-1).
However, the results showed that the PDI values of two samples were both around 0.08 (Figure 33) (Table 3-1), and there was no significant difference in two samples (p=0.4064) (Figure 3-3),
indicating the particles from two concentrations all had a good and narrow size distribution.
Based on this finding, we proceeded with 1 mg/ml PLGA concentration for the next steps to have
smaller NPs.

	
  
Figure 3-3. Effect of PLGA concentration on the particle size and PDI. The desire concentration
of PLGA was dissolved in acetone and injected into DI water at an injection rate at 20 ml/hr,
following 2 hours stirring (n=3, *: p<0.005).
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PLGA concentration (mg)

1

10

Particle size (nm)

87.91±7.30

160.3±9.23

Polydispersity Index (PDI)

0.085±0.009

0.074±0.009

Table 3-1. Particle size and PDI as a function of PLGA concentration.

3.1.3 Effect of Injection Rate on NP Size
During nanoprecipitation, when the organic solvent exits the needle, the dynamic flow of
the polymer solution changes from laminar to turbulent flow, breaking down the solution to small
droplets. In the mean time, the organic solvent diffuses into the non-solvent phase and the
polymer chains entangle into small spherical structures, precipitating out as nanoparticles
(Molpeceres et al. 1996). Traditionally, the organic solvent is brought to non-solvent phase
gradually in a drop-by-drop manner. Recently, Molpeceres et al. proposed to modify this method
by injecting the solvent phase into non-solvent phase at a controlled rate to improve the
reproducibility (Molpeceres et al. 1996). Using a rotatable central composite design (RCCD),
these authors studied how different parameters affected the size of polycaprolactone (PCL)
nanoparticles and found that particle size is strongly influenced by the injection rate due to the
alternating flow dynamics inside the needle. Specifically, faster injection rates can change laminar
flow to turbulent flow, which breaks the polymer solution into smaller droplets before the
solution exits the needle and results in reduced particle size (Molpeceres et al. 1996). To study the
effect of this parameter on PLGA particles, we selected four different injection rates of 10 ml/hr,
20 ml/hr, 40 ml/hr, and 60 ml/hr with 1 mg/ml PLGA concentration to prepare PLGA NPs and
examined the change in the size of the NPs. Using these injection rates for nanoprecipitation, the
size of resulting particles ranged from 100.3±3.57 nm to 73.88±2.10 nm, as summarized in Table
3-3 and Figure 3-4 below.
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Figure 3-4. Effect of injection rate of solvent phase into non-solvent phase on the particle size.
The 1 mg/ml PLGA was dissolved in acetone then injected into DI water by four different
injection rates, following 2 hour stirring (n=3, *: p<0.0005, **: p<0.005, #: p<0.05).

Injection Rate (ml/hour)

10

20

40

60

Particle Size (nm)

100.3±3.57

95.0±0.80

80.58±1.07

73.88±2.1

Table 3-3. The particle size as a function of rate of injection of solvent phase into non-solvent
phase.
To assess the flow properties under these flow rates, we calculated the Reynolds number
using the following equation,

𝑅𝑒 =   

𝜌𝑄𝐷
𝜇𝐴

where the density of acetone (ρ) is 791.00 kg/m3, the injection rate (Q) is 2.78×10-9 m3/s for 10
ml/hour, the inner diameter of the applied needle (D) is 0.127×10-3 m, the relative viscosity of
acetone (μ) is 0.3311×10-3 kg/ms, and the cross section area of needle (A) is 1.266×10-8 m2. The
calculated Reynolds numbers are listed in the Table 3-4.
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Injection Rate (ml/hour)

10

20

40

60

Reynolds Number

66.62

133.25

266.50

399.72

Table 3-4. Reynolds number affected by injection rate.
The calculated Reynolds numbers show that all the examined flow rates were within the laminar
regime. However, as we have obtained the desired particle size (below 100 nm) with the injection
rate of 60 ml/hr, we did not examine faster injection rates within the turbulent regime. Based on
these results, we will proceed with 60 ml/hr injection rate for preparation of NPs in next steps.

3.1.4 Effect of PLGA to Curcumin Ratio on Particle Size
We further tested the influence of the polymer to drug ratio on the size of curcuminloaded PLGA NPs prepared in nanoprecipitation system with 1 mg/ml PLGA concentration and
60 ml/hr injection rate. Results of DLS measurements on NPs with PLGA/Cu ratios of 1/ 0.15, 1/
0.2, and 1/ 0.3 (mg/ mg), which are summarized in Figure 3-5 and Table 3-5 show that the
particle size increased significantly when the ratio of PLGA/curcumin was higher than 1 mg/ 0.15
mg. Moreover, the PDI value for these NPs significantly increased when the PLGA/drug
increased above 1 mg/0.15 mg (Figure 3-6), showing an increased polydispersity in these
particles. We attribute this increase in particle size and polydispersity to the hydrophobicity of
curcumin and hypothesize that greater mass of curcumin increases the surface hydrophobicity of
the particles resulting in further aggregation.
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Figure 3-5. Effect of polymer to curcumin ratio on size of PLGA-Cu particle. Three different
PLGA/curcumin ratios were separately dissolved in acetone, then injected into DI water with an
injection rate of 60 ml/hour, following 2 hours stirring (n=3, *: p<0.0005 and #: p<0.005).

	
  
Figure 3-6. Effect of polymer to curcumin ratio on PDI of PLGA/Cu particles. Three different
PLGA/curcumin ratios were separately dissolved in acetone, then injected into DI water with an
injection rate of 60 ml/hour, following 2 hours stirring (n=3, *: p<0.005 and #: p<0.005).	
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PLGA/Curcumin (mg/mg)

1/0

1/0.15

1/0.2

1/0.3

Particle Size (nm)

73.88±2.1

78.80±1.97

341.5±13.92

596.0±68.13

Polydispersity Index

0.066±0.01

0.0747±0.01

0.6453±0.07

0.7327±0.08

Table 3-5. The particle size and polydispersity index as a function of PLGA/Curcumin ratio.
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3.2 Bilayer-coated PLGA-Cu NPs
Bilayer-coated PLGA-Cu NPs were prepared by extrusion of mixture of large
multilamellar vesicles and PLGA particles at 65℃, which is higher than the Tg temperature of
lecithin, after re-hydration of the lipid film with a solution of PLGA-Cu NPs.

3.2.1 Particle Characterization
After hydrating the lipid film with an aqueous solution of PLGA-Cu NPs, the resulting
mixture contained PLGA-Cu NPs, multilamellar liposomes, and multilamellar lipid-coated
PLGA-Cu NPs. We hypothesize that the extrusion of this mixture through membranes with 100
nm pores makes the large multiamellar lipid-coated PLGA-Cu NPs to have a single lipid bilayer
on the surface of PLGA-Cu NPs. The result of size distribution assessment after re-hydration of
PLGA-Cu NPs with lipid film (prior to extrusion) clearly showed there were two groups of
particles (Figure 3-7A). The peak located at 70 nm, presents the group of PLGA-Cu NPs (Figure
3-7B) and the peak at 1280 nm presents the large multilamellar liposomes. After extrusion, these
two peaks merged into one peak at 134.9 nm (Figure 3-7C), suggesting that this process resulted
in the formation of bilayer-coated PLGA-Cu NPs. These results also revealed that the particle
size had a significant jump from 78.80±1.97 nm to 118.4±4.71 nm in average (Figure 3-8) (Table
3-6). This size increase is due to the presence of lipid bilayer around the particle (~10 nm) plus
the thickness of PEG chains (MW of 2000 Da (45 monomers)), which may be present on both
inner and outer leaflets of the membrane. These PEG chains, contain 45 monomers, is
approximately in 14.5 nm, based on the length of carbon-carbon bonds and carbon-oxygen bonds
(Weast 1984). The results also showed that the bilayer-coated PLGA-Cu NPs were a ~ 20 nm
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larger than the pore size of the PC membrane applied for extrusion, which was 0.1µm. We
attributed this difference to the presence of flexible PEG chains waving outside of the lipidcoated PLGA-Cu NPs that are detected by DLS. To explain the size of liposomes after extrusion,
which was around 131.8±3.03 nm (Figure 3-8) (Table 3-6), we also attributed to the reason of the
covalent bonding of carbon-carbon atoms and carbon-oxygen atoms on PEGylated lipids (Weast
1984).
After creating a lipid coating on the surface of the PLGA nanoparticles, due to the
application of negative charged PEGylated lipids with neutral charged lecithin, we hypothesized
that the surface potential of bilayer-coated PLGA-Cu NPs should have a significant drop,
compared to bare PLGA-Cu NPs. Furthermore, the surface charge should be relatively close to
that of liposomes because of the same lipids composition. From the results, however, we found
the zeta potential did not have a significant difference between bilayer-coated PLGA-Cu NPs and
bare PLGA-Cu NPs although the potential was relatively close to liposomes, which is 39.63±1.42 (Figure 3-9). We found that there was a significant drop from PLGA NPs, 29.20±2.35 mV, to PLGA-Cu NPs, -37.43±0.74 mV, showing the negative charge of curcumin
and that the curcumin is able to change the surface potential of the particles. This surface
potential change is presumably due to the presence of some of the curucmin on the surface of the
particles. Since the difference of surface charge of PLGA-Cu NPs and lipid-coated PLGA-Cu
NPs is not significant (Figure 3-9), we believe this matter requires further investigation. The
measured values of zeta potential for the samples are presented in Table 3-6.
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C	
  

Figure 3-7. The size distribution of PLGA-Cu NPs (A), mixture of PLGA-Cu NPs and large
multilamellar vesicles before extrusion (B), and after extrusion through a PC membrane with 0.1
µm pore size at 70℃ (C).

	
   67
	
  

	
  
Figure 3-8. Comparison of particle size between PLGA-Cu NPs, bilayer-coated PLGA-Cu NPs,
and liposomes. Liposomes were prepared by the same amount of lipids in the sample of bilayercoated PLGA-Cu NPs, and also extruded with the same size of PC membrane (n=3, *: p<0.005).

Figure 3-9. Comparison of zeta potential between PLGA-Cu NPs, bilayer-coated PLGA-Cu NPs,
and liposomes. Liposomes were prepared by the same amount of lipids in the sample of bilayercoated PLGA-Cu NPs, and also extruded with the same size of PC membrane (n=3, *: p<0.05).

Bilayer-coated
PLGA NPs

PLGA-Cu NPs

Liposomes
PLGA-Cu NPs

Particle size (nm)

73.88±2.10

78.80±1.97

118.4±4.71

131.8±3.03

Zeta potential (mV)

-29.20±2.35

-37.43±0.74

-34.40±2.45

-39.63±1.42

Table 3-6. The particle size and zeta potential of PLGA NPs, PLGA-Cu NPs, bilayer-coated
PLGA-Cu NPs, and liposomes.
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3.2.2 Issues with Extrusion
During the extrusion process, we noticed that our lipid-coated PLGA-Cu NPs were
apparently blocked by filter support (Figure 3-10B), leaving a yellowish layer of curcumin on the
filter surface after extrusion (Figure 3-10A). We, first, hypothesized that this is because of the
particle size of our PLGA-Cu NPs and some aggregates, which were bigger than the pore size of
PC membrane, were blocked. However, the particle size measurements showed that size of bare
PLGA-Cu NPs were 42.92 nm an average (Figure 3-11), which is half-size of the pores on the
membrane. We also extruded bare PLGA-Cu NPs with PC membrane with the same pore size.
However, the particles were still blocked by the filter supports (Figure 3-10C), indicating that the
pore size of membrane and the size of the particles did not cause the blocking. The possible
explanations for this blocking situation on both lipid-coated PLGA-Cu NPs and bare PLGA-Cu
NPs are described below.
1) After re-hydrating the lipid film with PLGA-Cu NPs, a large portion of PLGA-Cu NPs were
not entrapped inside of liposomes, resulting in a population consisted of liposomes, bare
PLGA-Cu NPs, and small portion of lipid-coated PLGA-Cu NPs. Therefore, during the
extrusion, most of the hydrophobic PLGA-Cu NPs were blocked by the hydrophobic
membrane support, which is made by polyester by hydrophobic-hydrophobic interaction.
2) Concerning the extrusion of bare PLGA-Cu NPs, the explanation was the same as lipidcoated PLGA-Cu NPs. Although, due to the absence of lipid coating, the blocking situation
was even more severe than the lipid-coated PLGA-Cu NPs.
We further attempted to modify the surface chemistry of the filter supports from
hydrophobic to hydrophilic by using BD-20A high frequency plasma generator (Electro-Technic
Products Inc., Chicago, IL). During plasma modification, the surface is generated to high levels
of negatively charged oxygen, which allows the modified surface to bind with water molecules.
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We hypothesized that after surface modification, the filter support would not block most of the
particles by hydrophobic-hydrophobic interactions. However, after modification, the lipid-coated
PLGA-Cu NPs were still blocked by filter supports (Figure 3-8D). We attributed this to the fact
that the porous structure in the membrane remained hydrophobic although the plasma generator is
able to modify the surface chemistry.
Based on these observations, we concluded that although we were still able to perform
extrusion to produce lipid-coated PLGA-Cu NPs, the blocking at the membrane resulted in a low
particle yield. This issue also makes the final concentration of particles not controllable.

A	
  
B	
  
C	
  
D	
  
Figure 3-10. Photo of filter supports and PC membranes before and after extrusion. (A) New
support and membrane. (B) After application for extrusion of bilayer-coated PLGA-Cu NPs. (C)
After application for extrusion of bare PLGA-Cu NPs. (D) After application for extrusion of
lipid-coated PLGA-Cu NPs using surface modified filter supports. Filter support is made of
polyester, which is hydrophobic, and the porous membrane is made of polycarbonate, which is
hydrophilic. All supports and membranes were extruded more than 9 times with 0.25 ml sample
solution.
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Figure 3-11. The size distribution of PLGA-Cu NPs. The sample was measured before extrusion.

3.2.3 Colloidal Stability & Lipid-shell Stability of Bilayer-coated NPs
A major limitation of application of polymeric NPs is their poor colloidal stability in
ionic solutions, such as phosphate buffered saline (PBS) (Thevenot et al. 2007). In reality, all
particles naturally interact with each other by van der Waals attraction. To have good suspension
stability, repulsions between each particle are required in the solution. Generally, the repulsion
force for colloidal particles can be categorized into two: electrostatic repulsion and steric
repulsion (Figure 3-12). Therefore, to improve the repulsion potential for polymeric
nanoparticles, a surface modification by either adding surfactants during particle preparation or
coating a charged biocompatible lipid membrane is necessary. In previous studies, certain ratio of
PEGlyated-lipids are commonly used as a stabilizer for lipid-coated polymeric NPs to increase
the hydrophilicity on the surface and to reduce the aggregation (Chan et al. 2009) (Thevenot et al.
2007).
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Figure 3-12. Two types of repulsion potentials. (A) Electrostatic repulsion. The surface of
charged particles induces the opposite charged ions to gather around, creating a charged cloud
around the particles. The higher charged particles generate thicker charged cloud. Due to like
charges repel to each other, thicker charge clouds have higher repulsion potential. (B) Steric
repulsion. The attached polymeric chains on the surface of the particles create a layer of physical
barrier to protect the particles, avoiding two surfaces to contact each other causing aggregation.

In 1940, four scientists, Derjaguin, Landau, Verwey, and Overbeek, reported a theory for
the distribution of charges in ionic solutions, so called DLVO theory. In this theory, the total
interactions between two particles are the sum of van der Waals attraction and electrostatic
repulsion, 𝑉! = 𝑉! + 𝑉! , where VT represents the overall potential, VA is van der Waals attraction
potential, and VR represents the electrostatic repulsion potential.
For van der Waals attraction, when two spherical particles approach each other, the
attraction potential is given in the equation shown below.

𝑉! =    −

𝐴𝑟
12𝑠

While we assume all particles are in the same size, and A is Hamaker constant (attraction
parameter), r is the radius of the particles. This simple equation indicates that smaller size
particles and closer distance cause higher attraction potential.
The potential of electrostatic repulsion is given in the equation shown below,
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𝑉! = 𝑘𝑒 !!"

where k presents Boltzmann constant, 1/κ presents the thickness of the electro-double layer on
the surface of the particles. Thus, the higher surface potential induces the higher electrostatic
repulsion.
Although a large portion of our particles was blocked by the filter supports during
extrusion, we still tested our lipid-coated PLGA-Cu NPs, which we retrieved after extrusion. We
hypothesized that those lipid bilayer-coated PLGA-Cu NPs can have good colloidal stability in
ionic solution due to an applied layer of biocompatible lipid membrane on the surface of
polymeric nanoparticles and negative charged PEGylated lipids within lipid membrane to
increase the VR. PEGylated lipids can not only improve the surface charge but also create a
hydration layer on the surface by their hydrophilic polymer chains and improve steric repulsion.
Although the zeta potentials measurements showed no significant difference between the bare
PLGA-Cu NPs and lipid bilayer-coated PLGA-Cu NPs (Figure 3-9), suggesting that the
electrostatic repulsion remained the same, the bare PLGA-Cu NPs tended to aggregate in 1x PBS,
while lipid-coated PLGA-Cu NPs did not (Figure 3-13). This finding suggested that the presence
of a lipid coating on NPs was able to increase the repulsion potential by steric hindrance to
stabilize the NPs. The particle size measurements of bare PLGA-Cu NPs showed an immediate
aggregation when exposed to PBS resulting a size increase of 790.63% (p<0.001).
To further test the long-term lipid-shell stability of the lipid coated particles, we
monitored the size change of NPs in 1x PBS for 5 days at room temperature. As Figure 3-14
shows, there was no detectable aggregation in these samples during 5 days, similar to PEGlecithin liposomes. These results again suggested that the particles were successfully coated with
lipid bilayers.

	
   73
	
  

Figure 3-13. Colloidal stability of NPs presented in different medium. Each sample was
incubated in both DI water and 1x PBS. The diameter of particles was measured by DLS (n=3, *:
p<0.05).

Figure 3-14. Lipid-shell stability in 1x PBS solution. After the colloidal stability, the particle
solution was kept in the same medium at room temperature for 5 days. The diameter of particles
was measured by DLS (n=1).
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3.3 Lipid Monolayer-coated PLGA-Cu NPs
The processes of lipid bilayer-coated PLGA nanoparticles generally have some
limitations, such as the technical complexity and low efficiency for preparing both polymeric
nanoparticles and liposomes (Mandal et al. 2013). Based on our results on the bilayer-coated
PLGA-Cu NPs study, the fusion was processed by extrusion remains challenging. As an
alternative approach, we employed lipid monolayer-coating (described in section 1.4) to modify
the surface of PLGA-Cu NPs with lipids.

3.3.1 Characterization of Lipid Monolayer-coated NPs
After lipid monolayer coating, theoretically, we expected to observe ~5 nm increase in
the particle diameter of PLGA-Cu NPs as the average thickness of lipid bilayer is around 5 nm.
Yet, the size of the monolayer-coated PLGA-Cu NPs had an increase of 13 nm in average (Figure
3-15A). We attributed this size change to the presence of PEGylated lipids on the surface of
PLGA-Cu NPs. The length of one PEGylated lipid, with 45 monomers, is approximately 16.7 nm
(14.2 nm + 2.5 nm) because of the length of carbon-carbon covalent bonds and carbon-oxygen
covalent bonds (Weast 1984). Thus, the thickness of monolayer with PEGylated lipids is around
16.7 nm. Theoretically, if there are only PEGylated lipids on the surface of the particles, and the
PEG chains would be at their maximal length without folding, and the monolayer-coated PLGACu NPs would have a particle size of 90.03 nm. In reality, however, single carbon-carbon and
carbon-oxygen covalent bonds are flexible, resulting in a range of lengths for PEG chains on NPs.
Therefore, we believe that the particle size at 69.50 nm is reasonable for monolayer-coated NPs
(Figure 3-15A) (Table 3-7).
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For surface charge study, we hypothesized that after lipid coating, the surface charge of
monolayer-coated PLGA-Cu NPs would be close to that of liposomes with the same
lecithin/DSPE-PEG composition. Moreover, we expected a significantly different surface charge
for these lipid-coated NPs, compared to the bare PLGA-Cu NPs. However, the results (Figure 315B) did not support this hypothesis. Although there was a decrease in the zeta potential of coated
NPs compared to that of the bare PLGA-Cu NPs, the difference between the two values was not
statistically significant (p=0.3801) (Figure 3-15B). Therefore, the values of zeta potential could
not prove the success of lipid coating based on to theory above, indicating that further
examination is necessary.
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Figure 3-15. The size (A) and the surface charge (B) of monolayer-coated PLGA-Cu NPs. All
samples were measured by DLS at 1 mg/ml of particle concentration right after nanoparticle
fabrication.
Monolayer-coated
PLGA-Cu NPs

Liposomes
PLGA-Cu NPs

Particle size (nm)

56.63±1.78

69.50±1.49

-

Zeta potential (mV)

-37.43±0.74

-40.40±2.92

-39.63±1.42

Table 3-7. The particle size and zeta potential for Figure 11. The result of liposomes is not
included here because of the preparation was based on extrusion and not by nanoprecipitation;
however, the composition of liposome and the amount of curcumin was the same as monolayercoated PLGA-Cu NPs.
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3.3.2 Colloidal Stability & Lipid-shell Stability of Monolayer-coated PLGA-Cu NPs
We next studied the colloidal stability of NPs to further assess the success of monolayer
coating. Prior studies have shown that 20% of PEGylated lipids in the monolayer coating can
prevent particle aggregation in physiological conditions (Chan et al. 2009) as PEGylated lipids
can increase the physical steric hindrance and electrostatic potential. After coating the particles
with 20% PEGylated lipids and 80% of lecithin, the behavior of monolayer-coated PLGA-Cu
NPs and liposomes in 1x PBS was examined, and the results showed no aggregation of the lipidcoated particles (Figure 3-16) while the bare PLGA-Cu NPs had severe aggregation right after
incubating in 1x PBS solution. The particle size significantly increased (~20-fold) from
56.63±1.78 nm to 1164±127.0 nm (Figure 3-16). These results indicated the ability of lipid
monolayer to protect the polymeric nanoparticles in the core during the contact with ionic
solution, showing that the electrostatic and steric repulsions successfully separate lipid-coated
NPs.
We further tested the lipid shell stability for 5 days in 1x PBS solution. The purpose of
this test was to measure the stability of our monolayer-coated NPs in an ionic solution for a
longer period. Our monolayer-coated PLGA-Cu NPs showed a good colloidal stability in 1x PBS
for 5 days at room temperature, suggesting the stable and strong attachment of lipid tails with the
surface of polymeric NPs by hydrophobic effect (Figure 3-17).

	
   78
	
  

Figure 3-16. Colloidal stability of NPs with and without lipid monolayer coating in comparison
with liposomes in DI water and PBS. Each sample was incubated in 1x PBS with a particle
concentration of 1 mg/ml right after particle fabrication (n=3, *: p<0.005).
	
  

Figure 3-17. Lipid shell stability test. Each sample was incubated in 1x PBS with a concentration
of 1 mg/ml for 5 days at room temperature. DLS was applied to measure the particle size (n=1).

3.3.3 Encapsulation Efficiency
We hypothesized that by inclusion of polymeric nanoparticles as the core of lipid
membranes in this drug delivery system, the encapsulation efficiency of hydrophobic drugs
would increase, compared to that of liposomes since the space for hydrophobic drugs in
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liposomes is only within the lipid membrane. Moreover, we expected that the drug encapsulation
efficiency of monolayer-coated PLGA NPs should be relatively close to the bare PLGA-Cu NPs
because we employed the same parameters for nanoprecipitation, resulting in the production of
the relatively close particle sizes.
We found that the encapsulation efficiency for monolayer-coated PLGA-Cu NPs did have
a significant increase, compared to that of liposomes (Figure 3-18). Furthermore, the
encapsulation efficiency of bare PLGA-Cu NPs was also in the same range as monolayer-coated
PLGA-Cu NPs (Figure 3-18). The loading ratio was shown in Table 8. Based on the
encapsulation efficiency, we were able to calculate the number of drug molecules in each particle.
The equation is shown below, and the number of curucmin molecules in each particle for three
different samples is also shown in Table 3-8.

𝐸𝑛   % ×𝐼𝑛𝑖𝑡𝑖𝑎𝑙  𝑚𝑎𝑠𝑠  𝑜𝑓  𝑑𝑟𝑢𝑔  𝑎𝑝𝑝𝑙𝑖𝑒𝑑  (𝑔)
𝑇𝑜𝑡𝑎𝑙  𝑛𝑢𝑚𝑏𝑒𝑟𝑠  𝑜𝑓  𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
𝑁𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝑑𝑟𝑢𝑔  𝑝𝑒𝑟  𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 =   
  ×  6.02×10!"
𝑔
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑒  𝑤𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑑𝑟𝑢𝑔  (
)
𝑚𝑜𝑙

Figure 3-18. The bar graph of encapsulation efficiency of bare PLGA-Cu NPs, monolayer-coated
PLGA-Cu NPs, and liposomes-Cu. After sample preparation, both bare and lipid-coated PLGA
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samples with 1 mg/ml concentration were diluted with an equal volume of acetonitrile to dissolve
PLGA nanoparticles and drug for further measurement by spectrophotometer (n=3, *: p<0.05).

Monolayer-coated
PLGA-Cu NPs

Liposomes-Cu
PLGA-Cu NPs

Encapsulation
25.70±4.21

25.14±4.46

4.43±2.46

8302.28

8121.38

1431.09

efficiency (%)
Number of Cu in one
particle

Table 3-8. The encapsulation efficiency of bare PLGA-Cu NPs, monolayer-coated PLGA-Cu
NPs, and liposomes-Cu.

3.3.4 In vitro release profile
We hypothesized that after coating a lipid monolayer on the surface of polymeric
nanoparticles, the release profile would behave differently, compared to bare polymeric
nanoparticles since the lipid monolayer creates a barrier on the surface of particles, which may
reduce the drug release from the particles and also slow down the polymer degradation (Zhang et
al. 2008).
However, in our system, after incubating the particles at 37 ℃ we found that the release
behavior of the monolayer-coated PLGA-Cu NPs did not have a significant difference from the
bare PLGA-Cu NPs. The release percentages of monolayer-coated PLGA-Cu NPs and bare
PLGA-Cu NPs reached 66.45% and 77.86% respectively in just 30 minutes (Figure 3-19). We
assumed that this burst release from the bare PLGA-Cu NPs was due to release of drug from the
surface of PLGA NPs, which may create a large number of interconnected pores. Those
interconnected pores trigger further accelerated the drug release from the particles. The
insignificant difference between lipid-coated and bare particles suggested an insufficient lipid
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coverage on NPs. In monolayer coating, amount of lipids in the system is a critical factor to
prepare monolayer-coated PLGA-Cu NPs by a single-step fabrication method. Prior studies have
reported that PLGA/lipids = 1/0.15 (w/w) was optimal to sufficiently cover the surface of PLGA
NPs (Zhang et al. 2008) (Chan et al. 2009). While we applied larger amounts of lipids in our
experiments (PLGA/lipids = 1/0.2 (w/w)) compared to the previously reported optimal amounts,
to coat the surface of PLGA-Cu NPs, the lipid coverage appeared insufficient. To address this
issue, we doubled the amount of lipids in the non-solvent phase for preparation of the monolayercoated PLGA-Cu NPs and assessed the release profile again. Monitoring the release for 96 hours,
we found that the change in the release behavior was only apparent in the beginning 2 hours
(Figure 3-20), and the rest of 90 hours showed no difference in release behavior (Figure 3-18)
compared to experiments with lower lipid/polymer ratios. This result suggested that the burst
release was not caused by the insufficiency of lipids in the non-solvent phase during NP
fabrication.

Figure 3-19. Comparison of release profile for bare PLGA-Cu NPs and monolayer-coated
PLGA-Cu NPs. Each sample was loaded in dialysis bags with a cut-off molecular weight at
3500Da (Fisher, Loughborough, UK) then incubated in 1x PBS at 37℃ for 96 hours. At indicated
times, the sample was diluted with an equal volume of acetonitrile to dissolve both particles and
drugs for absorbance measurements (n=3).
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Figure 3-20. Comparison of release profile for monolayer-coated PLGA-Cu NPs with a
PLGA/lipid ratio of 1 mg/0.2 mg and 1 mg/0.5 mg. The experimental method was the same as
previous release profile study for the comparison of bare PLGA-Cu NPs with monolayer-coated
PLGA-Cu NPs (n=1).
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3.4 Summary
This study explores the potential of lipid-enveloped PLGA NPs as carriers for curcumin,
a water insoluble therapeutic compound. We evaluated the effect of fabrication parameters and
optimized the fabrication procedure to obtain the desired particle size. The results illustrated the
best particle size was obtained by using 1 mg/ml as PLGA concentration, 60 ml/hr as injection
rate, and the ratio of PLGA to curcumin of 1 mg/ 0.15 mg. Using extrusion to fuse liposomes with
PLGA-Cu NPs, bilayer-coated PLGA-Cu NPs with an average size of 118.4±4.71 nm and an
average surface charge of -34.40±2.45 mV were produced. As an alternative approach, using a
single-step self-assembling technique to create a lipid monolayer coating on the surface of
PLGA-Cu NPs, we obtained particles with an average size of 69.50±1.49 nm and an average
surface charge of -40.40±2.92 mV. We believe that the size of monolayer-coated PLGA-Cu NPs
was significantly smaller than bilayer-coated NPs since there was no aqueous layer between lipid
coating and the core PLGA NPs. Concerning the surface charge, because the ratio of lecithin and
DSPE-PEG was the same at both systems, the zeta potentials in both samples were relatively
close (Table 3-8). Although we did not find a significant difference between the surface charge of
lipid-coated PLGA-Cu NPs and bare PLGA-Cu NPs, the results of colloidal stability showed that
the lipid coating improved the colloidal stability of PLGA-Cu NPs in the ionic solution of 1x
PBS.
However, during the bilayer coating by extrusion, the particles were severely blocked by
the filter support presumably due to the hydrophobic-hydrophobic interactions, causing the
difficulty to control the final concentration of the particle solution. Moreover, the release profile
results from monolayer-coated PLGA-Cu NPs showed that the release behaviors from
monolayer-coated PLGA-Cu NPs and bare PLGA-Cu NPs had no significant difference,
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questioning the stability of the attachment of the lipids on the particles in 37℃ 1x PBS. Those
two issues are bringing us to address the problems in the future to create more robust lipid-coated
PLGA particles. Future studies will also examine serum stability for both lipid-coated PLGA-Cu
NPs and bare PLGA-Cu NPs to assess the performance of these hybrid lipid-polymer particles as
curcumin delivery vehicle. In vitro cell uptake and cytotoxicity will also be studied.

Bilayer-coated

PLGA-

Monolayer-coated PLGA-

Cu NPs

Cu NPs

Particle Size (nm)

118.4±4.71

69.50±1.49

Zeta Potential (mV)

-34.40±2.45

-40.40±2.92

Table 3-9. The summary of particle size and zeta potential on bilayer-coated PLGA-Cu NPs and
monolayer-coated PLGA-Cu NPs.
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Chapter 4
Future Direction

In this thesis, we developed a modified nanoprecipitation technique based on injection of
the PLGA/curcumin mixture into an aqueous solution and studied a number of parameters in this
method to obtain desired size distribution of NPs. Based on our results, we were able to control
the size of PLGA-Cu NPs by adjusting the PLGA concentration, injection rate, or PLGA/Cu ratio.
We further created lipid bilayer and monolayer coatings by extrusion and self-assembly
techniques, respectively. The two types of particles exhibited good colloidal stability and lipidshell stability in ionic solutions, suggesting successful surface modifications. However, other
examinations such as surface charge and release profile have shown no detectable difference
between bare and coated PLGA-Cu NPs. Based on these results, we believe that alternative lipid
coating methods should be explored and further particle characterization should be conducted to
appropriately prove the presence of lipid coating on NPs. Moreover, to evaluate the performance
of these hybrid NPs, they should ideally be tested in cell cultures.

4.1 Lipid Bilayer-Coating by Single Emulsification
Bilayer-coated polymeric nanoparticles, as discussed previously, generally need to be
prepared in two steps: 1) polymeric nanoparticle fabrication and 2) fusion of liposomes with
polymeric nanoparticles. In 2008, Bershteyn et al. reported a different method to prepare bilayercoated PLGA nanoparticles by the single emulsion technique (Bershteyna et al. 2008). These
authors showed that phospholipids can self-assemble at the surface of nanoparticles during the
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fabrication process, as illustrated in Figure 4-1. Briefly, the polymer and lipids were dissolved in
an organic solvent, immiscible in water, and homogenized. The toxic organic solution was then
evaporated by 12 hours stirring at room temperature. Cryogenic-transmission electron microscope
(Cryo-TEM) was finally used to prove the attachment of the lipid bilayer onto the surface of
PLGA particles. However, in the method reported by Bershteyn et al., the homogenization
process was conducted by a basic homogenizer with the outcome of a broad size distribution of
NPs (Figure 4-1). We would like to address this issue by using ultrasonic homogenizer (probe
sonication) to collect more homogenous lipid-coated PLGA-Cu NPs with a narrower size
distribution.

Figure 4-1. Fabrication of lipid-coated polymeric nanoparticles developed (Bershteyna et al.
2008). (A) The polymer and lipids are dissolved in an organic solvent, which will be poured into
an aqueous solution, followed by homogenization. The organic solvent is evaporated by stirring at
room temperature. Finally, the particles are harvested by centrifugation. (B) and (C) show the
different groups of lipid-coated PLGA NPs.
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4.2 Cryogenic-Transmission Electron Microscopy (Cyro-TEM)
Cyro-TEM is a type of transmission electron microscopy in which the sample is studied
at cryogenic temperatures (i.e. liquid nitrogen temperature, -185℃) (Bellare et al. 1988). This
type of microscopy has opened the possibility for direct imaging of structures in aqueous
environments (Almgren et al. 1996). Compared to conventional TEM, the samples imaged by
Cryo-TEM remain in an aqueous environment throughout the process of imaging without drying.
However, this technique has some limitations. For instance, the dimension of 4-5 nm is the
smallest resolution that can be resolved (Almgren et al. 2000). Moreover, the thickness of the film
is limited to 500 nm to avoid the scattering and reflection of electrons by the vitrified aqueous
film, (Almgren et al. 2000). Cryo-TEM is particularly suited for liposomal characterization.
Figure 4-2 shows a liposome structure imaged by Cryo-TEM (Almgren et al. 2000). In the study
mentioned in previous section, Bershteyn et al. appropriately applied Cryo-TEM for visualization
of the membrane on the surface of PLGA NPs (Bershteyna et al. 2008) and

successfully

demonstrated the presence of the single lipid bilayer coating on these NPs (Figure 4-3).
For future studies, although the colloidal stability and zeta potential are able to indirectly
prove the success of lipid coating on our PLGA-Cu NPs, we would like to apply Cryo-TEM
imaging as the direct demonstration for the success of lipid coating process.
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Figure 4-2. Cryo-TEM images of liposomes (Almgren et al. 2000). The central darker part within
the liposomes represents the area of liposomes protruding out of the vitrified film.

	
  
Figure 4-3. Cryo-TEM image of bilayer lipid-coated PLGA NPs. The scale bar presents 50 nm
(Bershteyna et al. 2008).
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4.3 In Vitro Cell Culture
Curcumin presents a series of beneficial properties and was thus, selected as a potential
candidate to treat cancer and Alzheimer’s disease (Hamaguchi et al. 2010) (Park et al. 2013).
Within the past few years, PLGA NPs have been used as a nanocarrier for curcumin in treatment
of cancer and AD-affected cells in vitro (Mathew et al. 2012) (Mukerjee and Vishwanatha 2009).
For instance, Mukerjee et al. found that curcumin-loaded PLGA NPs can reduce almost 35% of
the half maximal inhibitory concentration (IC50), compared to free curcumin treatment in prostate
cancer cells (Mukerjee and Vishwanatha 2009). After 72 hours of treatment to the cells lines
LNCaP, PC3, and DU145, these authors showed that application of curcumin encapsulated in
PLGA NPs was more effective in arresting cell growth compared to free curcumin (Mukerjee and
Vishwanatha 2009). In addition, curcumin-loaded PLGA NPs were able to inhibit NF-κB
function to a greater extent than the free curcumin in LNCaP cells. In another study, Yallapu et
al. reported that curcumin-loaded PLGA NPs had a greater anti-proliferative effect on metastatic
ovarian cancer cells (A2780CP) and metastatic breast cancer cells (MDA-MB-231), compared to
free curcumin (Yallapu et al. 2010). Moreover, both metastatic cancer cells showed an increased
PARP cleavage ratio, a classical marker for apoptosis in cancer cells when treated with curcuminloaded PLGA NPs. Doggui et al. showed that when neuroblastoma cells, SK-N-SH, were
challenged with H2O2 at a high level of oxidative stress, curcumin-loaded PLGA NPs can protect
these cells against oxidative stress and was able to degrade reactive oxygen species (ROS)
(Doggui et al. 2012). ROSs are chemically reactive molecules containing oxygen that can cause
cell damage and death (Apel and Hirt 2004). In addition, the activity of Nrf2, a transcription
factor for antioxidant responses, was suppressed by curcumin-loaded PLGA NPs, showing the
ability of curcumin to reduce the oxidant environment of the cells. Furthermore, Li et al. used
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single-step self-assemble technique to coat a lipid monolayer with a specific aptamer on the
surface of curcumin-loaded PLGA NPs (Li et al. 2014). In this system, those aptamers enhanced
the targeting of epithelial cell adhesion molecule (EpCAM) to colorectal cancer cells, HT29. In
addition, the particles showed a higher cytotoxicity to HT29 cells compared to normal human
embryonic kidney cells, HEK293T. The summary of some in vitro cell culture studies is shown in
Table 4-1.
To date, human glioblastoma U-251 MG cells and U-87 MG cells, the two highest
dedifferentiated forms of astrocytic brain tumors, have not been challenged with curcumin-loaded
PLGA NPs. We would like to further explore the potential of our curcumin-loaded hybrid NPs to
defeat human glioblastoma cells. Prior research has shown that liposomes conjugated with
interleukin-13 (IL-13) can improve the uptake of these liposomes by human glioblastoma cells
(Madhankumar et al. 2006)(Madhankumar et al. 2009). In future, we also aim to conjugate IL-13
ligand on the surface of lipid-coated PLGA NPs to specifically target these NPs towards glioma
tumors.
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Table 4-1. The summary of in vitro cell culture studies for curcumin-loaded PLGA NPs.
Vehicles

Disease

Cell line

Ref.

Curcumin-loaded PLGA NPs

Prostate cancer

LNCaP

Mukerjee et al.

PC3
DU145
Curcumin-loaded PLGA NPs
Curcumin-loaded PLGA NPs

Metastatic ovarian cancer

A2780CP

Metastatic breast cancer

MDA-MB-231

Chronic myeloid leukemia

KBM-5

Leukemia

Jurkat

Prostate cancer

DU145

Breast cancer

MDA-MB-231

Colon cancer

HCT116

Esophageal

SEG-1

Yallapu et al.
Anand et al.

adenocarcinoma
Curcumin-loaded PLGA NPs

Neuroblastoma

SK-N-SH

Doggui et al.

Tet-1 conjugated curcumin-loaded

Alzhiemer's disease

Gl-1

Mathew et al.

Colon cancer

HT29

Li et al.

PLGA NPs
Lipid monolayer-coated curcuminloaded PLGA NPs, conjugated with
aptamer
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