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AN ABSTRACT OF THE THESIS OF

Nadine Wehbe Wehbe for  Master of Science
Major: Biology

Title: Modulation of Phospholipid Membranes by Curcumin-conjugated Silver
Nanoparticles and their Application

Nanotechnology is a field of science involving the synthesis and development of
nanomaterials. Silver nanoparticles (AgNPs) have been incorporated in several biomedical
and environmental applications because of their chemical stability, catalytic activity, and
enhanced conductivity. Green synthetic routes have been an emerging field to synthesize
AgNPs. These routes help minimize the use of hazardous substances therefore reducing the
formation of toxic products. Curcumin can be used as a reducing agent in the green
synthesis of AgNPs. Curcumin is the active ingredient of turmeric, a medicinal and dietary
spice extracted from Curcuma longa. Although extensive research has proven curcumin as
a potential drug for various diseases such as Alzheimer’s disease, carcinogenesis, and
inflammatory disorders, curcumin’s poor bioavailability limits its therapeutic efficacy.
Therefore, numerous approaches have been developed to enhance curcumin’s therapeutic
utility. These include co-administration of curcumin and adjuvants or encapsulation of
curcumin within the membrane of delivery systems such as liposomes. The impact of
AgNPs on phospholipid membrane properties is not clearly understood yet. By applying
curcumin as a probe molecule, this work was done to investigate the effect of AgNPs on
membrane properties such as permeability and phase transition temperature using 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) liposomes as a model for phospholipids
membranes. In addition, cytotoxicity of curcumin and curcumin-AgNPs (cur-AgNPs) was
assessed against Human cervical cancer (HeLa) cells. We concluded that AgNPs at low
concentration decrease the partition of curcumin into DMPC liposomes by ~ 4-fold. In the
presence of AgNPs, curcumin was found to be located close to the stern layer of DMPC
liposomes by using a hydrophobic quencher, cetylpyridinium bromide (CPB). In addition,
AgNPs broadened the phase transition temperature of DMPC liposomes as it ranged from
20°C to 35°C. Low concentrations of AgNPs were found to have cytotoxic effect against
HeLa cells, and a synergistic effect was detected when combining AgNPs and curcumin.
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CHAPTER I

INTRODUCTION

Green chemistry is an emerging field used in the synthesis of nanoparticles. It is
based on the use of eco-friendly and nontoxic agents to help reduce the formation of toxic
products. Recently, curcumin has been used as a reducing and stabilizing agent to
synthesize AgNPs via green synthetic routes (Shameli ef al., 2012). Curcumin is the active
ingredient in turmeric, a gold-colored spice extracted from the plant Curcuma longa.
Curcumin is widely known for its therapeutic use as an antibacterial, anti-inflammatory,
and anticancer agent. It is also known to enhance wound healing, inhibit platelet
aggregation, reduce blood cholesterol, and suppress symptoms related to Alzheimer’s
disease (Gupta et al., 2012). Altogether, these beneficial uses contributed to establishing
curcumin as a dietary supplement with a safety dosage of up to 8g/day (Chainani-Wu
2003).

In the past decades, the use of AgNPs has dramatically increased because of their
biological applications such as antibacterial and anticancer agents, drug delivery, and
diagnosis. AgNPs are known to have distinctive properties including chemical stability,
catalytic activity, enhanced conductivity, and optical functions (Wei et al., 2015). AgNPs
are known to be toxic to human hepatocytes, fibroblasts, and glioblastomas. They also have
anticancer effects against breast, leukemia, liver, and lung cancer cells (Riaz et al., 2017).
However, the impact of AgNPs on membrane properties is not clearly understood yet.

Previously in our lab, the partition coefficient of curcumin with DMPC liposomes



was measured and found to be high. It was concluded that curcumin binds strongly to
liposomes, and at high concentration it can influence the phase transition temperature of
liposomes. However, at a low concentration curcumin does not influence it significantly (EI
Khoury and Patra 2013). Thus, curcumin at a low concentration range can be used as a

probe to investigate the effect of AgNPs on the properties of phospholipid membranes.

The aim of this work is to
1. Synthesize curcumin-conjugated AgNPs.
2. Study the effect of AgNPs on the partition of curcumin into DMPC liposomes.
3. Determine the effect of AgNPs on the fluorescence quenching of curcumin by CPB
in DMPC liposomes.
4. Examine the effect of AgNPs on the phase transition temperature of DMPC
liposomes.

5. Assess anti-proliferative effect of curcumin and cur-AgNPs against HeLa cells.



CHAPTER II

LITERATURE REVIEW

A. Nanoparticles

Nanotechnology is a field of science involving the synthesis and development of
nanomaterials, which are usually 1 to 100 nm in size. Metallic nanoparticles, made up of
metal precursors, have shown to exhibit unique physical and chemical properties compared
to their bulk counterparts. Therefore, they have been incorporated in several biological
applications such as antibacterial and antifungal agents, drug targeting and delivery, wound
dressing, and disinfectants (Wei et al., 2015). Noble metals such as gold, palladium,

platinum, and silver are mostly used for the preparation of metallic nanoparticles.

1. General Properties of Metallic Nanoparticles

As mentioned earlier, metallic nanoparticles have unique physicochemical
properties. These include optical, magnetic, and mechanical properties among several
others.

Noble metal nanoparticles exhibit a strong UV-visible extinction band, which is not
found in the spectrum of their bulk counterparts, known as the localized surface plasmon
resonance (LSPR). LSPR is an optical phenomenon where an electromagnetic wave is
trapped on the metal surface. This phenomenon is generated when the incident
electromagnetic field interacts with the metal nanoparticle. The electrons on the metal’s

surface oscillate collectively and coherently in resonance with the light frequency creating



LSPR on the metal nanoparticle surface (Fong and Yung 2013). The peak wavelength of
the LSPR spectrum depends on the size and shape of the nanoparticles as well as the
properties of its surrounding environment. Noble metal nanoparticles are implicated in
sensing and imaging techniques due to their optical properties (Eustis and El-Sayed 2006).

Magnetic nanoparticles are made up of a magnetic material and a functional
chemical material. Having magnetic properties, these nanoparticles obey Coulomb’s law:
same charges rebel and opposite charges attract. Therefore, they can be manipulated by an
external magnetic field. Magnetic nanoparticles are widely implicated in biomedicine since
they can be used for tissue targeting and drug delivery. These nanoparticles can then be
easily manipulated by a magnetic field, which is permeable to human tissues (Pankhurst et
al., 2003).

Mechanical properties of nanoparticles consist of several parameters such as
elasticity, hardness, coagulation, and surface coating. These properties enhance the use of
metal nanoparticles in coatings, nanomanufacturing, surface engineering, and tribology

(Guo et al., 2014).

2. Silver Nanoparticles

Popularity of silver is due to the fact that it is more affordable than other noble
metals such as gold, palladium, and platinum. In addition, AgNPs are commonly used
because of their distinctive properties such as chemical stability, catalytic activity,
enhanced conductivity, and optical functions (Wei et al., 2015). Synthesis methods of
AgNPs along with their diverse applications and potential toxicity are discussed in the

following sections.



a. Synthesis Methods of AgNPs

Synthesis methods of AgNPs can be categorized as chemical, physical and
biological methods. Synthesis of AgNPs in solution via chemical methods, such as
chemical reduction process (Landage et al., 2014), electrochemical techniques (Roldén et
al., 2013), and pyrolysis (Sotiriou et al., 2011), contains three main components: metal
precursors, reducing agents, and stabilizing agents. Synthesis via physical methods has
some advantages, including absence of toxic chemicals, fast processing time, and narrow
size distribution of formed AgNPs (Asanithi ef al., 2012). Examples of physical methods
are arc-discharge method (Tien ef al., 2008), direct current magnetron sputtering (Asanithi
et al., 2012), and physical vapor condensation (Abou El-Nour et al., 2010). In biological
methods, nontoxic molecules such as antioxidants, carbohydrates, and proteins, are used as
reducing agents and stabilizers. Microorganisms, including bacteria (Shivaji et al., 2011),
fungi (G. Li et al,, 2012), and yeasts (Mourato et al., 2011) help produce those nontoxic
molecules.

The most popular method used to synthesize AgNPs as stable colloidal dispersions
is the chemical reduction of silver salts (Abou El-Nour et al., 2010). Some widely used
reducing agents are alcohol, ascorbic acid, sodium borohydride, and sodium citrate (Wei et
al., 2015). The reduction of silver ions (Ag+) in aqueous solution leads to the formation of
silver atoms (Ag0). This is followed by agglomeration resulting in the formation of
colloidal silver nanoparticles. It is important to stabilize the dispersive nanoparticles during
their synthesis. Examples of stabilizing/capping agents used for this matter are

polyvinylpyrrolidone, starch, and sodium carboxyl methylcellulose (Landage ef al., 2014).



Since chemical reduction involves the use of hazardous chemicals, it is considered
harmful and should be replaced with a safer method. Green synthetic routes have been an
emerging field to synthesize AgNPs (El Khoury et al., 2015). These routes help minimize
the use of hazardous substances therefore reducing the formation of toxic products. To be
considered as a green chemistry route, the used method should be evaluated based on the
selection of solvent medium, eco-friendly reducing agent, and nontoxic stabilizing/capping

agents.

b. Applications of AgNPs

In the past decades, the use of AgNPs has dramatically increased because of their
therapeutic applications. AgNPs function as antifungal, antibacterial, and anticancer agents.
They are also used in drug delivery and diagnosis (Wei ef al., 2015). One study showed that
AgNPs have an inhibitory effect against the growth of Trichosporon asahii, an emerging
fungal pathogen. Based on electron microscopy observations, AgNPs inhibited growth of
T.asahii by damaging the fungal cell wall and cellular organs (Xia et al., 2016). In a recent
study, antibacterial and antifungal activities of AgNPs were examined. AgNPs (30 g filled
in a disc) had good antibacterial activity against tested strains of Escherichia coli, Proteus
vulgaris, Staphylococcus aureus, Staphylococcus epidermidis, and Vibro cholera.
Inhibition zones were observed as 16 + 0.34, 14 +£0.03, 12+ 0.24, 14 £ 0.94, and 12 + 0.26
mM, respectively. AgNPs were also found to have a concentration- and time-dependent
anticancer effect against MCF-7 breast cancer cells. ICsp was found to be 70 g/ml and 50

g/ml after 24-hour and 48-hour incubation, respectively (Majeed et al., 2016).



In addition, AgNPs have been used in many manufacturing processes and end
products. They are found in cosmetics, home appliances, and textiles as well as
incorporated in medical devices such as pacemakers and wound dressings. AgNPs can be
used in their liquid form, such as in coating/spray agents and shampoo, or in solid form
such as in soap (Wei et al., 2015). Wide and increasing use of AgNPs in biomedical and
environmental applications necessitates understanding the effect of AgNPs on human

health, particularly their toxicity.

c. AgNPs and their Toxicity

Toxicity of AgNPs has been widely studied in numerous cell types. AgNPs are
found to be toxic to human hepatocytes, fibroblasts and glioblastomas. They also have
anticancer effects against breast, leukemia, liver, and lung cancer cells (Majeed et al.,
2016). AgNPs mediate their cytotoxicity primarily by oxidative stress due to the release of
silver ions from their surface (Zhang et al.,2014). For most cells, the uptake of AgNPs
occurs mainly through endosomal or lysosomal endocytosis (Wei et al.,2015). Silver ions
target organelles such as the mitochondria and the nucleus. By interacting with membrane
proteins, silver ions cause DNA damage, cell morphology alteration, inflammation, and
mitochondrial dysfunction leading to cell death by apoptosis or necrosis (Asharaniet

al.,2012; Zhang et al.,2014).

The size, shape, and surface chemistry of AgNPs influence their cytotoxicity.
Several studies have shown that smaller sized AgNPs exhibit greater cytotoxicity due their

enhanced ability to pass through the cell membrane resulting in a greater cellular uptake



(W. Liu et al.,, 2010; Gliga et al., 2014). A study investigated the cytotoxicity of silver
nanowires, spherical AgNPs, and silver microparticles on lung epithelial cells. Results
showed that the highest level of cytotoxicity was exhibited by silver nanowires. This was
thought to be due to the direct interactions of silver nanowires with the cell membrane
rather their cellular uptake by endocytosis as in the case of spherical AgNPs (Stoehr et al.,
2011). In addition to their size and shape, surface chemistry of AgNPs was shown to affect
the cellular uptake of AgNPs and thus their degree of cytotoxicity (Zhang et al., 2014).
Higher toxicity is generally associated with positively charged AgNPs compared to
negatively charged or neutral AgNPs. This could be due to their higher affinity to the
negatively charged plasma membranes (Suresh ef al., 2012). Up to date, the influence of
AgNPs on human health is controversial. More studies are required to further understand

the safety and toxicity of AgNPs.

B. Curcumin

Curcuma longa is a perennial herb that belongs to the ginger family, Zingiberaceae,
and is widely cultivated in tropical regions of Asia. The plant’s rhizome, turmeric, is a
spice of golden color used as food additive, preservative, and coloring agent. India is the
primary exporter of turmeric, which is known as the “Indian Saffron” in Europe. Turmeric
has been known for its therapeutic activities since the time of Ayurveda (1900 BC), the
science of long life (Aggarwal et al., 2007). Traditional medicine uses turmeric as an herb
for arthritis, conjunctivitis, chicken pox, skin cancer, and wound healing (Nasri et al.,

2014).



Turmeric contains a variety of phytochemicals, one of which is curcumin. Curcumin
is the phytochemical that gives turmeric its yellow color, and it is responsible for most of
turmeric’s therapeutic effects. Curcumin is estimated to constitute 2-5% of turmeric
(Aggarwal et al., 2015). Vogel and Pelletier first isolated curcumin in 1815 (Vogel and
Pelletier 1815). However, its chemical structure was not identified until 1910 by
Milobedzka and Lampe as (1E, 6E)-1,7-bis (4-hydroxy-3-methoxyphenyl)-1, 6-heptadiene-
3, 5-dione or diferuloylmethane (Milobedzka et al., 1910) as shown in Figure 1.

Curcumin is a hydrophobic polyphenol with a vibrant yellow color allowing it to be
used as a dye. It is poorly soluble in aqueous media, but it is soluble in organic solvents
such as acetone, dimethylsulfoxide (DMSO), ethanol, and methanol. Curcumin’s molecular

formula is C,;H»0Os, and it has a molecular weight of 368.37 g/mol and a melting point of

183°C (Goel et al., 2008).

Figure 1: Chemical structure of curcumin.

1. Therapeutic Uses of Curcumin

Curcumin is widely known as a therapeutic agent having a wide variety of
biological uses, including antibacterial, anti-inflammatory, antioxidant, and anticancer. In
addition, curcumin is known to enhance wound healing, inhibit platelet aggregation, reduce

blood cholesterol, suppress thrombosis and myocardial infarction, and suppress symptoms



related to Alzheimer’s disease (Gupta et al., 2012). Altogether, these beneficial uses
contributed to establishing curcumin as a dietary supplement with a safety dosage of up to

8g/day (Chainani-Wu 2003).

a. Antibacterial Activity

Public health has been at risk of antimicrobial resistance since the 20™ century.
Therefore, despite the progress in the industry in developing effective antibacterial drugs,
there is always a need for new drugs due to the development of multidrug resistant bacteria
(Wise et al., 1998). Extensive research has proven curcumin to be a suitable agent against a
wide variety of bacteria. A recent study revealed antibacterial activity of curcumin against
standard bacterial strains, such as Bacillus subtilis, Escherichia coli, Enterococcus faecalis,
and Klebsiella pneumonia at high concentrations. The minimum inhibitory concentration
was found to be in the range between 129 pg/ml and 293 pg/ml (Gunes et al., 2016).
Another study showed a strong concentration- and time-dependent antibacterial activity of
curcumin against Gram-positive bacterial strains, Staphylococcus aureus and Enterococcus
faecalis, and Gram-negative bacterial strains, Escherichia coli and Pseudomonas
aeruginosa. A concentration of 100 pM was able to kill 100% of the bacteria after a 2-hour
exposure. It was shown that curcumin mediated its killing effect by damaging the cell

membrane (Tyagi et al., 2015).

b. Anti-inflammatory and Antioxidant Activities

Oxidative stress and inflammation have similar pathological processes. In fact, they

can easily induce one another. For example, it is known that inflammatory cells liberate a

10



number of reactive species at the inflammation site leading to oxidative stress (Biswas
2016). Studies have proven curcumin as an anti-inflammatory and antioxidant agent.
Curcumin was shown to exhibit a stronger antioxidant activity compared to vitamins C and
E (Toda et al., 1985). It was found to be an effective scavenger of a number of reactive
oxygen species (ROS) including hydroxyl radicals and superoxide anions (Reddy and
Lokesh 1994). A study investigated the anti-inflammatory activity of curcumin against
cyclooxygenase-1 (COX-I) and cyclooxygenase-I1 (COX-II) enzymes and its antioxidant
activity against liposome peroxidation initiated by FeCl2 solution. It was shown that
curcumin, at a concentration of 125 pg/ml, inhibited COX-I enzyme by 32% and COX-II
enzyme by 89.7%, and 100 pg/ml of curcumin was able to inhibit liposome peroxidation by

58% (Ramsewak et al., 2000).

c. Anticancer Activity

According to the Center for Disease Control and Prevention, 14.1 million new
cancer cases have been diagnosed in 2012. It is expected to increase to 19.3 million by
2025 (Ries et al., 2007). Cancer is a complex disease characterized by the accumulation of
gene mutations followed by abnormal cell proliferation and growth. It is marked by
metastasis into the body’s vital organs through invasion and angiogenesis. In all types of
cancer, inflammation is a major factor of initiation and progression. Since it is known for
both its anti-inflammatory and anticancer activity, curcumin has been shown to have a wide
range of therapeutic effects in many cancers. Curcumin is well known for its anticancer
activity because it has the ability to suppress the growth of a variety of tumor cell lines by

modulating the activity of several molecular factors, which are implicated in

11



carcinogenesis. It also has the ability to control the expression of genes involved in

angiogenesis, cell proliferation, and metastasis (Shishodia et al., 2007).

Curcumin has a multi-targeting ability against a number of molecular factors
involved in carcinogenesis. This is the key to why curcumin has antitumor effects against
various cancers. Several preclinical and clinical studies have proven curcumin to have
antitumor effects against many cancers including breast, cervical, hepatic, lung, pancreatic,
and intestinal.

Breast cancer is most commonly and frequently diagnosed at an average age of 61
years in women (Ries et al., 2007). Although therapeutic interventions have enhanced the
survival rate of breast cancer patients, more than 60% of deaths from breast cancer are due
to late recurrences (Widakowich et al., 2007). A study established that curcumin has an
anti-proliferative effect against MDA-MB-231 and BT-483 breast cancer cells. Curcumin
mediates its effect by inhibiting the nuclear factor kappa-B (NF-kB) and cyclin D1
transcription (Liu et al., 2009). In a human breast cancer xenograft model, dietary
administration of curcumin suppressed NF-kB pathway and inhibited the incidence of
breast cancer metastasis to the lung (Aggarwal et al., 2005).

Cervical cancer is the most predominant cancer in women in several developing
countries. It is usually diagnosed in young patients at the age of 48 years (Ries et al., 2007).
A study on HPV-infected cells showed that curcumin is cytotoxic to cervical cancer cells
by down-regulating NF-«B and Activator protein-1 (AP-1) expression levels and inhibiting

the expression of viral oncogenes E6 and E7 (Divya and Pillai 2006). In cervical cancer

12



xenograft mice models, oral administration of 1,000 or 1,500 mg/kg of curcumin daily for
one month caused tumor growth reduction by 21.03% and 35.57%, respectively. Curcumin
inhibited tumor growth and angiogenesis by down-regulating COX-2 and VEGF expression
(Yoysungnoen-Chintana et al., 2014).

Pancreatic cancer is one of the most common cancers, and it accounts for 6% of all
cancer-related deaths in both men and women (Ries et al., 2007). Despite therapeutic
advances in the treatment and prevention, patients with pancreatic cancer have around 5-
year survival of 5% (Jemal ef al., 2007). Curcumin was shown to inhibit tumor growth in
pancreatic cancer cells by suppressing NF-kB expression and growth control molecules
induced by it (Li et al., 2004). In a phase II clinical trial, patients with advanced pancreatic
cancer received 8g curcumin daily for 8 weeks. Although it has poor oral bioavailability,
curcumin down-regulated the expression of NF-«kB. It also showed antitumor activity in
two patients, one of which had 73% tumor decrease. Curcumin was found to be tolerable

with no toxicity for 18 months (Dhillon ef al., 2008).

Curcumin has been shown to target several molecules involved in carcinogenesis,
and it has the ability to modulate the expression of transcription factors, inflammatory
enzymes, protein kinases, and adhesion molecules among many others.

Activation of NF-«xB is a common feature of most cancers and acts by suppressing
apoptosis in many cancer cells. It is also implicated in chemoresistance (Wang et al., 1996).
Curcumin was shown to suppress the activation of NF-kB induced by tumor promoters

such as hydrogen peroxide (Singh and Aggarwal 1995). A study showed that curcumin

13



induced apoptosis in human melanoma cells by inhibiting NF-kB activation (Philip and
Kundu 2003). Curcumin suppresses NF-kB activation through the impairment of the
ubiquitin-proteasome system, which is the cell’s principle mechanism for protein
degradation. The inhibition of proteasome activity leads to an increase in the half-life of
IxB-a, which is a substrate of the proteasome. IkB-a keeps NF-kB in its inactive state in the
cytoplasm and ultimately down-regulates the activation of NF-«kB (Dikshit et al., 2006).

AP-1 is a family of transcription factors that has been linked with the proliferation
and transformation of tumor cells. AP-1 is associated with the activation of NF-xB (Karin
et al., 1997). Curcumin suppresses the activation of the stress-activated kinase Jun N-
terminal Kinase (JNK) (Chen and Tan 1998). INK phosphorylates c-Jun resulting in the
activation of AP-1(Xia et al., 2000). AP-1 is also known to play a crucial role in the
regulation of high-risk human papilloma viruses (HPVs), which are associated with the
development of cervical cancer. A study revealed that curcumin has the ability to down-
regulate AP-1 activity in HeLa cells, leading to the suppression of HPV oncogene
expression (Prusty and Das 2005).

Cyclin D1 is an important regulator of cell progression through the first gap phase
of the cell cycle. Cyclin D1 forms an active complex by binding to cyclin dependent
kinases 4 and 6 (CDK4 and CDK®6). This active complex promotes cell cycle progression
by phosphorylating and inactivating retinoblastoma protein (pRb), a nuclear
phosphoprotein that exerts growth-inhibitory effects (Giacinti and Giordano 2006). The
loss of pRb regulation is the hallmark of cancer. Overexpression of Cyclin D1 is linked to
the development of various cancers (Alao 2007). Studies have shown curcumin to down-
regulate the expression of cyclin D1 by blocking its interaction with CDK4/CDK6
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therefore inhibiting the phosphorylation and inactivation of pRb. This may contribute to the
anti-proliferative activity of curcumin against several tumor types (Mukhopadhyay et al.,
2002). It is also known that Cyclin D1 expression is regulated by NF-kB; therefore,
curcumin’s suppression of NF-«kB activity leads to the down-regulation of cyclin D1 in
multiple myeloma cells (Bharti et al., 2003).

Cell adhesion molecules (CAMs), such as intercellular cell adhesion molecule-1
(ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), integrins, and cadherins, are
transmembrane proteins required for cell-extracellular matrix or cell-cell interactions.
Alteration in the expression of CAMs may serve as a mean for the development and
metastasis of tumor cells (Okegawa et al., 2004). NF-kB is known to regulate the
expression of these molecules. Therefore, down-regulation of NF-xB activation by
curcumin helps mediate the down-regulation of CAMs. Curcumin was shown to block the
cell surface expression of adhesion molecules in endothelial cells leading to a suppression

of tumor cell adhesion to endothelial cells (Kumar ef al., 1998).

2. Curcumin: Limitations and Improvement

Although extensive research has proven curcumin as a good therapeutic agent
against a number of health conditions, curcumin’s poor bioavailability limits its therapeutic
efficacy. Since curcumin has low solubility in aqueous media, its preparation and
administration is very crucial. Curcumin is rapidly metabolized and eliminated from the
body after administration resulting in its poor bioavailability (Anand et al., 2007).

A pharmacokinetics study showed that after intravenous administration of 10 mg/kg
curcumin in rats, a maximum concentration of 0.36 + 0.05 pg/mL was found in the serum.

15



However, after an oral administration of 500 mg/kg curcumin, a maximum plasma
concentration of 0.06 + 0.01 pg/mL was reached. The oral bioavailability of curcumin was
estimated to be ~ 1% (Yang et al., 2007). In a human clinical trial, an oral dose of 3.6 g of
curcumin resulted in a plasma concentration of 11.1 &+ 0.6 nmol/L after an hour of
administration (Sharma et al., 2004). In order to overcome the limitations of curcumin, a
number of approaches has been established which helped to enhance its solubility and
bioavailability.

Co-administration of curcumin and adjuvants helps to block the metabolic
processing of curcumin. One study showed that co-administration of curcumin and
piperine, an inhibitor of intestinal and hepatic glucuronidase, was able to increase the
bioavailability of curcumin by 2000% (Shoba et al., 1998).

Another approach to enhance the bioavailability of curcumin is the encapsulation of
curcumin within the membrane of delivery systems. These systems also help to deliver
curcumin to its desired site for therapeutic applications. Liposomes, exosomes, and
polymeric micelles are examples of delivery systems used to overcome curcumin’s poor
bioavailability.

Liposomes are synthetic vesicles similar to the phospholipid bilayer of a cell
membrane. They have the ability to carry both hydrophilic and lipophilic drugs (Li et al.,
2014). Liposomal curcumin was shown to enhance the stability, bioavailability, and
anticancer efficacy of curcumin. An in vivo study revealed that liposomal curcumin
enhanced the bioavailability of curcumin when orally administered by 4.96-fold. This
indicated a higher gastrointestinal absorption rate compared to free curcumin (Takahashi et
al., 2009).
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Exosomes are naturally occurring small extracellular vesicles. They are excreted by
cells upon the fusion of the multivascular body (MVB), an intermediate endocytic
compartment, with the plasma membrane (Edgar 2016). A recent study evaluated the
bioavailability of exosomal curcumin versus free curcumin in the lung, liver, and brain of
mice. A concentration of 2.5 mg/kg of exosomal curcumin or free curcumin was
administered. Exosomal curcumin increased the bioavailability of curcumin by 4- to 6-fold
probably due to higher uptake, prolonged circulation, and protection from rapid hepatic
degradation (Aqil et al., 2017).

Polymeric micelles are self-assembled nanostructure composed of amphiphilic
macromolecules formed in an aqueous solution (Xu et al., 2013). In a human trial, the
bioavailability of free curcumin and micellar curcumin was examined. An 88-fold increase
in the bioavailability of curcumin was achieved after the oral administration of micellar

curcumin compared to free curcumin (Kocher et al., 2015).

C. Liposomes

Lipids have the ability to self-assemble in aqueous media and form bilayers,
micelles, and liposomes as indicated in Figure 2. Liposomes are synthetic vesicles prepared
to resemble the structure of a cell membrane. They are made up mainly of phospholipids,
molecules having a hydrophilic head and a hydrophobic tail (Li ef al., 2014). Bangham and
Horne (1964) were the first to show that liposomes spontaneously form when

phospholipids are dispersed in an aqueous medium (Bangham and Horne 1964).
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Figure 2: Schematic representation of a bilayer sheet, a micelle, and a liposome. (Tiwari et
al., 2012)

1. Composition of Liposomes

Liposomes are made up of phospholipids, which consist of a hydrophilic head group
and hydrophobic acyl chains both linked to an alcohol moiety. A variety of phospholipids
exist due to variations in these groups and due to the source of phospholipids; this gives
rise to a number of different liposomes. According to their alcohol, phospholipids can be
either glycerophospholipids or sphingomyelins, having glycerol or sphingosine as their
backbone, respectively.

Glycerophospholipids are the main phospholipids in eukaryotic cells. Their
chemical structures can be classified based on several variations such as the head group and
the length of nonpolar moiety. Based on the head group, glycerophospholipids can be
grouped as phosphatidylcholine (PC), phosphatidylethanolamine (PE), and
phosphatidylserine (PS) among many others. Variations in the length of the nonpolar
moiety lead to glycerophospholipids such as dimyristoyl (C14:0), dipalmitoyl (C16:0), and

distearoyl (C18:0) PC (Li et al., 2014).
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Liposomes can be made up of natural or synthetic phospholipids. Natural
phospholipids are found in animal and plant sources such as egg yolk, bovine brain,
soybean, and corn. Egg yolk and soybean are the most important sources (Li et al., 2014).
Although their price is lower than that of synthetic phospholipids, getting a purified single
component of naturally occurring phospholipids is not an easy task. Researches have
preferred chemical synthesis, which helps to obtain a single phospholipid component with a
defined structure and configuration (Eibl 1980). Synthesis of phospholipids involves the
formation of ester or ether bonds to link nonpolar moieties to the backbone followed by the
attachment of the polar head group. DMPC is one example of synthetic phospholipids, and
it is a di-saturated phospholipid made up of two myristic acids (C14:0), as shown in Figure
3. It is used in research as a model to study liposomes, lipid bilayers, and biological

membranes (Van Hoogevest and Wendel 2014).

Figure 3: Chemical structure of 1,2-dimyristoyl-sn-glycero-3-phosphocholine.

2. Classification of Liposomes

Liposomes are classified into different groups based on their size and lamellarity,
surface charge, and circulation in vivo. Liposomes are formed as small unilamellar vesicles

(SUVs), large unilamellar vesicles (LUVs), or large multilamellar vesicles (MLVs). SUVs
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are usually 20-50 nm in size and can be generated form MLVs by sonication or by solvent
injection methods. LUVs are 100-400 nm in size allowing them to encapsulate large
volumes of solution in their cavity. MLVs range from 500 nm to 10 pm and are
spontaneously formed when an excess volume of aqueous solution is added to dry lipids
(Banerjee 2001).

Liposomes can be positively charged, negatively charged, or neutral depending on
the nature of lipid used. Cationic liposomes are preferably used in biomedical applications
due to their interaction with the negatively charged cell membrane and nucleic acids (Shim
etal.,, 2013).

Based on their circulation time in vivo, liposomes are classified as classical or
sterically stabilized. Classical (or conventional) liposomes consist of neutral phospholipids,
such as PC, in addition to cholesterol to increase the stability of liposomes in plasma. These
liposomes are recognized by phagocytic cells in the body and are rapidly removed from the
circulation. Sterically stabilized liposomes are classical liposomes combined with specific
molecules, such as polyethylene glycol, to enhance their stability and reduce their reactivity

towards plasma membrane proteins and receptors (Banerjee 2001).

3. Methods for Liposome Preparation

A number of methods have emerged throughout the years for the preparation of
liposomes. They are categorized into mechanical dispersion methods, solvent dispersion
methods, and detergent removal methods. All these methods involve the same basic steps,
which consist of drying the lipids from organic solvents, dispersing the lipid in an aqueous
media, and purifying the resultant liposomes (Akbarzadeh et al., 2013).
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Lipid film hydration is an example of a mechanical dispersion method. The lipids
are dissolved in organic solvents, usually a mixture of chloroform and methanol, followed
by solvent removal by rotary evaporation. After getting a lipid film, an aqueous medium,
such as distilled water or buffer, is added to the dry lipids. The temperature of the hydrating
medium should be above the phase transition temperature of the lipid. The resulting
liposomes are ML Vs, which can be downsized to SUVs by sonication or extrusion (Dua et
al., 2012; El Khoury and Patra 2013).

An example of a solvent dispersion method is ethanol injection. A lipid solution of
ethanol is rapidly injected to an excess of buffer through a fine needle forming SUVs
immediately. Although it is a straightforward method and forms SUVs without the need for
sonication, it has its disadvantages including the formation of a heterogeneous solution with
size ranging from 30 to 110 nm, difficulty of removing all ethanol, and very diluted
liposomes (Batzri and Korn 1973).

Detergents at their critical micelles concentrations are sometimes used to solubilize
lipids in solution. As the detergent is removed by a detergent removal method, the micelles
become richer in phospholipid and combine to form LUVs. Dialysis is one way to remove
the detergent. For this, the lipid-detergent mixed micelles solution is placed in a dialysis
bag in a detergent-free aqueous medium allowing the detergent to exist the porous dialysis
bag. Although the formed LUVs are of the same size, there is always a trace of detergent

within the liposome (Ollivon ef al., 2000).
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4. Liposomes as a Drug Delivery System

Gregoriadis et al., (1971) were the first to use liposomes to deliver bioactive
substances (Gregoriadis ef al., 1971). Liposomes serve as delivery systems for anticancer
drugs, antifungal drugs, vaccines, and other therapeutic agents (Li et al., 2014). They can
also deliver dyes to textiles, supplements to food, and pesticides to plants. Liposomes can
be used for the injection of genetic materials into a host cell, a process known as
lipofection. In addition to their role in delivery systems, liposomes can serve as models for
artificial cells (Dua et al., 2012). Liposomes have the ability to entrap hydrophilic
molecules in their aqueous compartment and lipophilic molecules into their membrane.
Liposomes can also help reduce drug toxicity and improve its stability and bioavailability.
In addition, liposomes possess tissue-targeting properties and maintain the drug intact while
delivering it to the site of action (Li et al., 2014).

Liposome-cell interactions can occur through a number of different processes as
illustrated in Figure 4. Liposomes can adsorb onto the cell membrane surface. They can
fuse with the cell membrane and release their content into the cytoplasm. Liposomes are
capable of undergoing an exchange of the lipid components with the cell membrane. They
can also be subjected to endocytosis by the cell. Liposomes are delivered into the lysosome
by an endosome, where the liposomal membrane is degraded releasing their content

(Torchilin 2005).
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Figure 4: Schematic representation of liposome-cell interactions. Liposomes release their
content by interacting with the cell membrane through adsorption, exchange of lipid

component materials, fusion, or endocytosis.
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CHAPTER III

MATERIALS AND METHODS

A. Materials

DMPC was obtained from Avanti Polar Lipids and used as received. Curcumin and
silver nitrate were purchased from Sigma-Aldrich. Chloroform and methanol, from SIAL,
were used to prepare liposomes.

For cellular assays, curcumin with 95.2% purity was purchased from Calbiochem
and was dissolved in DMSO from Fluka Analytical. HeLa cells were graciously provided
by Dr. George Nemer’s lab at the American University of Beirut. Dulbecco’s Modified
Eagle’s medium (DMEM), penicillin/streptomycin, and Sodium/Pyruvate were obtained
from Lonza. Fetal bovine serum (FBS) was obtained from Sigma-Aldrich.

MTT dye (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was
purchased from Arcos Organics. Isobutanol from Sigma-Aldrich, sodium dodecyl sulfate

(SDS) from Sigma-Aldrich, and HCI were used to prepare MTT stop solution.

B. Methods
1. Preparation of Curcumin-Conjugated AgNPs

Silver nanoparticles were synthesized by dissolving curcumin in double distilled
water at 90°C. The stirring was maintained at 90°C and silver nitrate was then added. The
solution was kept stirring for around an hour until its color changed from yellow to olive

green. Finally, the solution was centrifuged up to 20,000 rpm to sediment the AgNPs. The
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AgNPs pellet was then dissolved in double distilled water and stored at 4°C. The size

range of the prepared AgNPs was indicated using scanning electron microscopy (SEM).

2. Preparation of DMPC Liposomes

The method used to prepare DMPC liposomes was the lipid film hydration method
(Dua et al., 2012; El Khoury and Patra 2013). DMPC phospholipids were dissolved in a
mixture of chloroform/methanol (1:1 volume ratio). Using a rotary evaporator, the solvent
mixture was evaporated at 60°C, forming a lipid film. Adding 3 mL double distilled water
formed liposomes at a concentration of 5 mM. The mixture was then vigorously vortexed
and heated at 35°C, which is 10°C above the phase transition temperature of DMPC, until
the lipid film was hydrated and formed a homogeneous solution. The prepared liposomes

were MLVs. To obtain SUVs, the solution was sonicated for few minutes.

3. Sample Preparation

Samples for each of the mentioned studies were prepared in the absence of AgNPs
and in their presence with different concentrations (5, 15, and 20 pM). All fluorescence
measurements were done at an excitation wavelength of 425 nm and emission wavelength
range of 440-650 nm. To increase its solubility, the stock solution of curcumin was
prepared using methanol.

To study the effect of AgNPs on curcumin, samples were prepared with different
concentrations of AgNPs, and the concentrations of curcumin and DMPC were fixed at 9
uM and 100 puM, respectively. The same experiment was done by varying the concentration
of DMPC.
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For partition coefficient studies, samples were prepared with different DMPC
concentrations, 9 UM curcumin, and AgNPs.

For quenching studies, samples were prepared with CPB of different concentrations,
15 uM curcumin, 100 uM DMPC, and AgNPs.

For phase transition studies, a sample of 3 uM curcumin and 100 pM DMPC was
prepared. Phase transition was studied in the absence and of AgNPs. Fluoresnce was

measured at different temperatures.

4. Spectroscopic Measurements

JASCO V-750 UV-VIS-NIR spectrophotometer was used to record absorption
spectra at room temperature. For characterization of the silver nanoparticle size, SEM
analysis was done using Tescan, Vega 3 LMU with Oxford EDX detector (Inca XmaW20).
As for the steady-state fluorescence (emission and excitation) measurements, they were
recorded with increment 1 nm and slit 5 nm using Jobin-Yvon-Horiba Flurolog III
fluorometer and the FluorEssence program. For the excitation source, a 100 W Xenon lamp
was used, and the detector used was R-298 operating at a voltage of 950 V. For temperature
regulation, a thermostat was connected to the sample holder, and a thermometer was used

to measure the final temperature of the sample.

5. Culture of HeLa cells

HeLa cells were cultured in DMEM supplemented with 10% FBS, 1%

penicillin/streptomycin, and 1% Sodium/Pyruvate. Cells were grown in a 10 mm petri dish
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and kept at 37°C in an incubator with a humidified atmosphere containing 95% O, and 5%

CO; until they reached 80-90% confluency.

6. Anti-proliferation Study by MTT Assay

MTT assay was used to measure the cell metabolic activity after treatment with
curcumin, AgNPs, or curcumin in combination with AgNPs. HeLa cells were seeded at a
density of 3,500 cells per well in 96-well plates. At 50% confluence, cells were subjected to
different treatments. Curcumin concentration ranged from 5 uM to 30 uM, AgNPs
concentrations were 5, 20, 50, and 100 pM, and Cur-AgNPs were prepared with different
concentrations of AgNPs (5, 20, 50, and 100 pM) and 23 pM curcumin. The final
concentration of DMSO in culture medium did not exceed 0.1%. Cells were then cultured
for 24 and 48 hours. At each time point, | mg/mL of MTT dye was added to the cells. After
a 3-hour incubation at 37°C, MTT stop solution (10% SDS, 10% isobutanol in 0.01M HCI)
was added to solubilize the formazan crystals. The ELISA microplate reader
(Thermo/LabSystems 352 Multiskan MS) was used to read the plates at a wavelength of

595 nm.

7. Statistical Analysis
Data are presented as mean values of three different experiments and expressed as
mean + SD. The data were tested for statistical significance by the student’s t-test.

Significance levels were donated as *(p<0.05), **(p<0.01), and ***(p<0.005).
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CHAPTER IV

RESULTS

A. Synthesis of Curcumin-Conjugated AgNPs

Formation of AgNPs was confirmed by UV-visible spectroscopy. LSPR peak of
AgNPs is clearly visible at ~420 nm as shown in Figure 5. SEM images show our
synthesized AgNPs to have spherical shape and indicate their size to range from ~20 nm to

~40 nm (Figure 6).

Absorbance

.0
300 400 500 600 700 800

Wavelength (nm)

Figure 5: UV-spectrum of curcumin-conjugated AgNPs. LSPR peak of AgNPs is shown

at ~420nm.
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Figure 6: SEM of curcumin-conjugated AgNPs. Formed AgNPs are spherical in shape.

B. Quenching Effect of AgNPs on Curcumin
AgNPs was shown to have a fluorescence quenching effect on curcumin. As the

concentration of AgNPs increases, fluorescence intensity of curcumin decreases (Figure 7).

C. DMPC Liposomes Decrease Quenching of Curcumin by AgNPs
Adding DMPC liposomes to the curcumin-AgNPs solution restores the fluorescence
intensity of curcumin. As the concentration of DMPC liposomes increases, the fluorescence

intensity of curcumin increases as shown in Figure 8.
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Figure 7: AgNPs have a quenching effect on curcumin. (A) Fluorescence emission spectra
of curcumin in the presence of different AgNPs concentrations. (B) Linear fit showing the

decrease in emission maxima of curcumin as the concentration of AgNPs increases.
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D. Effect of AgNPs on the Partition of Curcumin into DMPC Liposomes

Partition coefficient (Kp) was used as a mean to study the effect of AgNPs on
DMPC permeability using curcumin as a probe molecule. As the concentration of DMPC
increases, the fluorescence intensity of curcumin increases and the emission maximum
shifts to a shorter wavelength (Figure 9A). Addition of AgNPs changes the partition
coefficient of DMPC (Figure 9C). Increasing the concentration of AgNPs decreases the Kp

value as shown in Table 1.

Curcumin in DMPC Partition coefficient (Kp)

no AgNPs 1.15x10° (El Khoury and Patra 2013)
5 pM AgNPs 3.19x10°

15 pM AgNPs 4.12x10*

20 pM AgNPs 3.81x10"

Table 1: Partition coefficients of curcumin into DMPC liposomes in the absence and

presence of AgNPs
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Figure 9: AgNPs affect the partition of curcumin into DMPC liposomes. (A) Fluorescence
emission spectra of DMPC — curcumin system in the presence of 5 pM AgNPs and
different DMPC concentrations. (B) Double-reciprocal plot 1/F versus 1/[DMPC] in the
presence of 5 pM AgNPs. (C) Double-reciprocal plot 1/F versus 1/[DMPC] of DMPC —

curcumin system in the presence of different AgNPs concentrations.

E. Effect of AgNPs on the Fluorescence Quenching of Curcumin by CPB in DMPC
Liposomes

Stern-Volmer constant (KSV) was used as a mean to study the location of curcumin
and AgNPs in DMPC liposomes. As shown in Figure 10A, the fluorescence intensity of
curcumin decreases as the concentration of CPB increases. Increasing the concentration of

AgNPs increases the Ksy value as shown in Table 2.

34



Curcumin in DMPC Stern-Volmer constant (Ksy)

no AgNPs 1.187x107
5 pM AgNPs 3.97x107
15 pM AgNPs 25.31x107
20 pM AgNPs 20.42x107

Table 2: Stern-Volmer constants of curcumin quenching by CPB in DMPC liposomes in

the absence and presence of AgNPs.

F. Effect of AgNPs on Phase Transition Temperature of DMPC Liposomes

AgNPs alter the pre-transition temperature and phase transition temperature of
DMPC, 10°C and 23°C, respectively. It is clear in Figure 11 that in the presence of 5 pM
AgNPs, the pre-transition temperature does not change, but the phase transition temperature
shifts to 27°C. However, as the concentration of AgNPs increases, pre-transition
temperature disappears and the phase transition temperature becomes broader ranging from

~20°C to ~35°C.
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Figure 10: AgNPs affect the quenching of curcumin by CPB in DMPC liposomes. (A)
Fluorescence emission spectra of DMPC — curcumin system in the presence of 5 pM
AgNPs and different CPB concentrations. Linear Stern-Volmer plots are shown in the
absence (B) and presence of different concentrations of AgNPs: 5 pM (C), 15 pM (D), and
20 pM (E). Insets indicate the decrease in curcumin intensity as CPB concentration

increases.
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G. Anti-proliferative Effect of Curcumin against HeLa Cells
As indicated in Figure 12, curcumin has time- and concentration-dependent
cytotoxic effect on the proliferation of HeLa cells. ICsy was calculated and found to be ~23

UM after treatment for 48 hours.
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Figure 12: Curcumin has a cytotoxic effect against HeLa cells. Each value is the mean +
SD of 3 independent replicates. Significance levels are donated as *(p<0.05), **(p<0.01),

and ***(p<0.005).
H. Anti-proliferative Effect of AgNPs against HeLa Cells

AgNPs have a time- and concentration-dependent cytotoxic effect on the

proliferation of HeLa cells as shown in Figure 13.
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Figure 13: AgNPs have a cytotoxic effect against HeLa cells. Each value is the mean + SD
of 3 independent replicates. Significance levels are donated as *(p<0.05), **(p<0.01), and

*5%(p<(0.005).

1. Anti-proliferative Effect of Cur-AgNPs against HeLa Cells
The combination of curcumin and AgNPs has a time- and concentration-dependent
anti-proliferative effect on HeLa cells as indicated in Figure 14. Their effect is found to be

higher than that of curcumin or AgNPs alone.
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Figure 14: Cur-AgNPs have a cytotoxic effect against HeLa cells. Each value is the mean
+ SD of 3 independent replicates. Significance levels are donated as *(p<0.05), **(p<0.01),

and ***(p<0.005).
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CHAPTER V

DISCUSSION

The solubility and stability of curcumin was shown to improve when encapsulated
within membranes. In addition, curcumin has been established as a liposome probe to
investigate membrane properties such as fluidity and phase transition temperature (EI
Khoury and Patra 2016). Therefore, the aim of the present work is to investigate the
modulation of phospholipid membranes properties, such as fluidity, permeability, and
phase transition temperature, by AgNPs using curcumin as a probe molecule. Furthermore,
curcumin is known to be cytotoxic to cervical cancer cells (HeLa). Therefore, cytotoxic
effect of curcumin, AgNPs, and curcumin combined with AgNPs on the proliferation of

HeLa cells was examined.

A. Formation of Curcumin-Conjugated AgNPs

Recently, several studies have used curcumin as a reducing agent for the green
synthesis of AgNPs (Verma et al., 2016; Garg and Garg 2018). As indicated in figure 5, the
LSPR peak of our synthesized AgNPs was found to be ~420 nm, which is in accordance
with previous studies showing the absorption of spherical AgNPs in the UV-visible spectra
at around 400-420 nm (Shameli et al., 2012). Since it is well established that curcumin
absorbs in the UV-visible region at ~266 nm and ~426 nm in aqueous media (Khopde et
al., 2000; Adhikary et al., 2009), our UV-visible absorption data indicates the association

of AgNPs with curcumin. To ensure that the peak is for the synthesized AgNPs and not
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curucmin, the measurement of UV-visible absorption was done after separation of
curcumin-conjugated AgNPs from unreacted curcumin by centrifugation. SEM images
(Figure 6) revealed the spherical shape of our synthesized curcumin-conjugated AgNPs. In
addition, the images gave insight about the size of AgNPs ranging from ~20 nm to ~40 nm

confirming their nanostructure.

B. DMPC Liposomes Diminish Quenching Effect of AgNPs on Curcumin
Fluorescence quenching refers to any process that decreases the fluorescence
intensity of a sample. Our results showed that as the concentration of AgNPs increased, the

amount of free curcumin decreased as indicated by the trend of fluorescence emission
spectra in Figure 7. This suggests that AgNPs are interacting with curcumin forming a
complex. Adding DMPC liposomes to the solution helped recover the fluorescence
intensity of curcumin as shown in Figure 8. The recovery of curcumin’s fluorescence was
found to be increasing proportionally to the concentration of DMPC. More recovery took
place as the concentration of DMPC increased. This suggests that curcumin on the surface
of AgNPs is stabilized by DMPC liposomes. In addition, curcumin is known to have a
fluorescence emission maximum at ~550 nm in polar media such as water (Patra and
Barakat 2011). The blue shift in the fluorescence spectra of curcumin to ~500 nm in the
presence of DMPC further indicates that curcumin is interacting with the hydrophobic
region of DMPC with high affinity. These results are similar to previous findings in our lab
(EI Khoury and Patra 2016). The interaction of AgNPs with curcumin and curcumin’s high
affinity toward DMPC liposomes give a mean to study the effect of AgNPs on
phospholipid membranes properties using curcumin as a probe.
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C. AgNPs Decrease the Partition of Curcumin into DMPC Liposomes
To investigate membrane permeability, curcumin was used as a probe molecule
since it is well known that the fluorescence of curcumin enhances when it binds to
membranes compared to in water. The observed increase in fluorescence intensity of
curcumin as the concentration of DMPC liposomes is increasing confirms incorporation of
curcumin into the membrane. In addition, the blue shift (~50 nm) of emission maximum
gives further insight that curcumin is buried into the lipid bilayer of DMPC liposomes.
These results are in accordance to previous findings in our lab (El Khoury and Patra 2013).
Therefore, to understand the effect of AgNPs on membrane permeability, partition
coefficient of curcumin into DMPC liposomes was estimated in the presence of AgNPs.
Partition coefficient (Kp) is used to estimate the lipophilicity of a compound by
giving information about the association of the compound with the lipid. The difference
between fluorescence intensity of curcumin in aqueous medium and after its incorporation
into liposomes could be used to evaluate Kp. The partition coefficient of curcumin into
DMPC is expressed as (Huang and Haugland 1991)
Kp = (Curb / DMPC) / (Curf/ W)
where Curb, DMPC, Curf, and W refer to moles of the membrane-associated curcumin,
phospholipid membrane, free curcumin in aqueous phase, and water, respectively.
In the present work, we estimated Kp by using the following equation
1/F = [55.6/(KpFy)](1/DMPC) + 1/F)
where Fj is the maximum fluorescence resulting from total incorporation of curcumin into
DMPC membrane and 55.6 is the molar concentration of pure water since concentration of
DMPC used is less than 0.2% of the total volume. This equation indicates that a double-
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reciprocal plot of the fluorescence intensity and the lipid concentration should give a linear
curve. The Kp value could be estimated from the line’s slope and intercept. A 1/F vs.
1/[DMPC] plot was used to estimate partition coefficient of curcumin into DMPC
liposomes as shown in Figure 9 B&C.

The partition coefficient of curcumin into DMPC liposomes in its liquid crystalline
phase was previously estimated to be 1.15E+06 (El Khoury and Patra 2013). As the
concentration of AgNPs increase, the partition coefficient of curcumin decreases as shown
in Table 1. This establishes that the studied concentrations of AgNPs were able to influence
the partition of curcumin deep into the hydrophobic tails of DMPC liposomes therefore
affecting membrane’s permeability. As depicted in Figure 15, AgNPs are hydrophilic
molecules that are found at the surface of the liposomes, they could possibly block the
entrance of curcumin into the membrane. Another possibility is that AgNPs might increase
spacing between hydrocarbon chains causing curcumin molecules to either move toward

the surface in close proximity to the head groups or come out entirely of the lipid bilayer.

D. AgNPs Increase the Quenching of Curcumin by CPB in DMPC Liposomes

To further establish location of curcumin and AgNPs in DMPC liposomes system,
fluorescence quenching study of curcumin as probe was applied by using a hydrophobic
quencher molecule such as CPB. Membrane permeability is associated with the passive
transport across cell membranes and the capability of a compound to partition and
intercalate into a membrane. Changes in the membrane permeability are reflected in
changes in the rate constant of the quenching reaction or ease of entry of the quencher to
the probe, which is usually incorporated within the membrane hydrophobic core.
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Figure 15: Schematic representation showing the effect of AgNPs on the partition of
curcumin into DMPC liposomes: AgNPs could block curcumin’s entrance into the
membrane (1) or increase the space between hydrocarbon chains causing curcumin to move

upward in the bilayer (2) or exit the bilayer (3).

CPB quenches the fluorescence of curcumin by electron transfer process, where electron in
the excited state is transferred from the aromatic ring of curcumin to electron deficient N-
atom of CPB (Chebl et al., 2016). In liposomes, CPB intercalates within the hydrophobic
part of the membrane with its charged moiety exposed at the surface. Therefore, liposomes
encourage contact between CPB and hydrophobic probe like curcumin.

The fluorescence intensity of curcumin was quenched by CPB in the absence and
presence of AgNPs in DMPC liposomes. Under steady state conditions, the relationship
derived by Stern and Volmer describes quenching as
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where Fy and F are the fluorescence intensities in the absence and presence of different
CPB concentration ([CPB]), respectively, and Ksv is the Stern-Volmer quenching constant.
As shown in Figure 10B-E, the Stern-Volmer plot for fluorescence quenching of curcumin
by CPB in DMPC liposomes was found to be linear in low concentration range and at
higher concentration of CPB it is saturated as expected due to quenching sphere action as
depicted in insets of Figure 10B-E. Ksy remarkably increased in the presence of 5 and 15
pM AgNPs in DMPC liposomes; however, with further increase in AgNPs concentration
the Kgy slightly decreased as summarized in Table 2. This is logical as the presence of
AgNPs helps in opening the membrane interface and allows curcumin to come out from
deep within the membrane. Thus, curcumin is now located close to the stern layer of
liposomes reducing the distance between curcumin and N'-atom of CPB as shown in
Figure 16. This increases Ksy since larger distance between curcumin and N'-atom of CPB
reduces the quenching rate. However, additional increase in AgNPs concentration could
further expose curcumin to the aqueous phase by decreasing partition of curcumin into the

hydrophobic bilayer.

E. AgNPs Broaden the Phase Transition Temperature of DMPC Liposomes

Phase transition is an important aspect of phospholipid membranes since it affects various
important functions of the cell. Membranes can exist in a rigid solid gel phase or a more
fluid liquid crystalline phase. Phase transition temperature (Tm) is the temperature at which
membranes shift from one phase to another. This phenomenon regulates cell membranes

fluidity and permeability. Factors that affect Tm include the nature of the polar head group,
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curcumin by CPB in DMPC liposomes. The presence of AgNPs opens up the membrane
interface causing curcumin to come out close to the stern layer of liposomes; thus,

increasing the interaction between curcumin and N'-atom of CPB.

length of the hydrocarbon chains, and degree of saturation of the hydrocarbon chains. Long
and highly saturated hydrocarbon chains tend to have a higher Tm. In addition, the purity of
phospholipids affects the transition temperature. Naturally occurring phospholipids tend to
have a broader range of Tm as compared to synthetic phospholipids, which usually have a
definite Tm (Li et al., 2014).

Fluorescence is a good method to study phase transition since it is highly sensitive
to low concentrations hence requires small samples; therefore, our lab has recently
established using curcumin as a fluorescence probe to detect phase transition temperature of
membranes (Patra et al., 2012). In general, phase transition consists of two phases: pre-
transition and the main phase transition. For DMPC liposomes, it is known that pre-

transition occurs at ~10°C when DMPC membranes undergo a change from solid gel phase
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to rippled gel phase, and the main phase transition occurs ~23°C where the rigid gel phase
of DMPC membranes transforms into the more fluid liquid crystalline phase (Eklund et al.,
1984) as illustrated in Figure 17.

As shown in Figure 11A, as temperature increases, the fluorescence intensity of
curcumin in DMPC increased to a maximum at Tm reconfirming that curcumin can be
successfully used to the study the phase transition of membranes. After Tm, the intensity
decreased as the system became homogeneous at the liquid phase. Such behavior of
fluorescence intensity of curcumin in DMPC liposomes with temperature is related to the
changes in the permeability and fluidity of the DMPC liposomes. As the system is shifting
from the dense solid gel phase to the less compacted liquid crystalline phase, membrane
permeability increases. Therefore, more curcumin can penetrate the DMPC liposomes
resulting in an enhancement in the fluorescence intensity of curcumin. Besides the
permeability of the membrane, another factor should be considered which is the
microviscosity or the fluidity of the environment. A decrease in the microsviscosity or an
increase in the fluidity of the membrane accounts for the decrease in the emission intensity
after attaining the phase transition temperature. As a result, the fluorescence intensity of
curcumin was dominated by the permeability factor prior to Tm and by the mircoviscosity
or fluidity factor after it.

AgNPs were found to alter both the pre-transition temperature and the phase
transition temperature of DMPC liposomes. As depicted in Figure 11B, as the
concentration of AgNPs increases, the pre-transition temperature is not detected anymore
and the phase transition temperature becomes broader (20 to 35°C). This finding suggests
that the presence of AgNPs at the interface of the membrane’s head groups results in the
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fusion of the solid gel and the liquid crystalline phases shown in Figure 16. AgNPs
provided DMPC liposomes with properties of biological membranes. Since biological
membranes are a complex mixture of different lipids each having its unique Tm, at a given
temperature, some lipids will be in the solid gel phase and others in liquid crystalline phase.
The coexistence of the two phases results in a phenomenon known as phase separation,
where the two phases exist in spatially separated populations. This could result in
aggregation and/or activation of certain proteins in one of the phases. On the other hand,
increase in the spacing between hydrocarbon chains may lead to the leakage of cytoplasmic
contents out of the cell (Heberle and Feigenson 2011). Therefore, this could be another
mean by which AgNPs mediate their cytotoxicity. In addition, the use of AgNPs-
conjugated liposomes as drug delivery system could help increase the drug release rate

from the aqueous compartment of the liposomes.

F. Curcumin has an Anti-proliferative Effect against HeLa Cells

MTT proliferation assay was used to measure anti-proliferative effect of curcumin
on HeLa cells. As shown in Figure 12, curcumin has time- and concentration-dependent
anti-proliferative effect on HeLa cells. Up to 60% inhibition in proliferation of HeLa cells
was observed after 48-hour treatment with 30 uM. Low concentrations of curcumin, 5 and
10 uM, were shown to inhibit cell proliferation by 19% and 26%, respectively. 1Csy was
calculated and found to be 22.7+3.28 uM after treatment with curcumin for 48 hours.
Several previous studies established the anti-proliferative effect of curcumin on cervical

cancer cells.
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Figure 17: Schematic representation showing the effect of AgNPs on the phase transition
temperature of DMPC liposomes. The presence of AgNPs diminishes pre-transition
temperature and broadens the main transition temperature causing the fusion of solid gel

and liquid crystalline phases.

One study estimated ICsy of curcumin to be 17.67+1.10 uM after treatment for 72 hours
(Ding et al., 2015). Another recent study calculated ICsy to be 25+£5.2 uM, which is similar
to what we obtained (Thacker and Karunagaran 2015). The same study found that
combination of curcumin and emodin, a compound present in the roots and barks of several
medicinal plants, synergistically inhibited proliferation of HeLa cells. This suggested
studying the cytotoxic effect of combining curcumin and our synthesized AgNPs on the

proliferation of HeLa cells.

G. AgNPs Enhance Anti-proliferative Effect of Curcumin against HeLa Cells

AgNPs are known to exhibit anticancer, antibacterial, and antifungal activities.

Several studies established the effective anticancer activity of green synthesized AgNPs. In
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one study, AgNPs were synthesized using Moringa oleifera stem bark extract. A
concentration of 250 ng/mL was shown to decrease the viability of HeLa cells by 94% after
incubation for 24 hours. These AgNPs were shown to mediate their effect by inducing
apoptosis through the generation of ROS (Vasanth ef al., 2014). Another study
demonstrated the use of marine bacteria, Escherichia coli, to synthesize AgNPs. These
AgNPs were shown to exhibit cytotoxic effect against HeLa cells at a concentration range
of 25-125 pg/mL. A concentration of 125 pg/mL caused 85.36% decrease in the
proliferation of HeLa cells after treatment for 24 hours (Viswanathan ef al., 2016). A recent
study used curcumin for the green synthesis of AgNPs. The synthesized curcumin-AgNPs
were found to be cytotoxic against breast and lung cancer cells after treatment of 10, 20, 40,
and 80 pg/mL for 24 hours (Garg and Garg 2018).

MTT proliferation assay was used to measure anti-proliferative effect of our
curcumin-conjugated AgNPs on HeLa cells. As shown in Figure 13, picomolar
concentrations of AgNPs have time- and concentration-dependent anti-proliferative effect
on HeLa cells. Up to 70% inhibition in proliferation of HeLa cells was observed after 48-
hour treatment with 100 pM. The combination of curcumin (ICsp) with AgNPs showed
synergistic inhibition against the proliferation of HeLa cells as indicated in Figure 14.
Combination of curcumin with 100 pM AgNPs showed ~ 90% inhibition, which is 1.8-fold
increase compared to curcumin alone. Using AgNPs with curcumin enhances the anticancer
activity of curcumin. Therefore, this combination could be used as a potential anticancer

agent against various cancer types.
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CONCLUSION

AgNPs are well known for their wide use in biological and environmental
applications, but their potential toxicity is still controversial. Therefore, further research is
required to understand the effect of these nanoparticles in vitro before applying them in
vivo. Our present work revealed that AgNPs affect some properties of DMPC liposome, a
model for phospholipid membranes. AgNPs decreased the partition of curcumin, a
molecular probe with high safety profile, into DMPC liposomes. They were also found to
broaden the phase transition temperature of DMPC liposomes. The combination of AgNPs
and curcumin enhanced the anti-proliferative effect of curcumin against HeLa cells.
Delivering AgNPs along with curcumin in DMPC liposomes could be used as a vehicle

system for the potential treatment of cancer.
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