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ABSTRACT 

Breast cancer is the second leading cause of cancer-related death in women. 

Quercetin, a natural flavonoid abundantly present in grapes, red wine, onions, 

broccoli and other leafy green vegetables, is known to possess potent anti-

proliferative effects against various malignant cells, but the low level of water 

solubility and bioavailability in the body makes administering it in therapeutic 

doses unrealistic. Therefore, the development of appropriate flavonoid 

nanocarriers could be of great importance to enhance its solubility and cellular 

bioavailability. We have successfully synthesized a quercetin encapsulated 

nanostructured lipid carrier (Q-NLC). Our hypothesis is that Q-NLC can enhance 

quercetin stability, solubility and cellular bioavailability, decrease the viability of 

breast cancer cells, and induce their apoptosis. This research project can help to 

develop a novel preventive and therapeutic modality for breast cancer. 
The stability, solubility and cellular bioavailability of quercetin in MCF-7 

and MDA-MB-231 breast cancer cells were measured using a high performance 

liquid chromatography (HPLC) system. Cell viability and apoptosis in MCF-7 and 

MDA-MB-231 breast cancer cells were measured using a 3-(4, 5-dimethylthiazol-

2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay and Annexin-V/PI 

(propidium iodide) to detect phosphatidylserine exposure on the surface of 

apoptotic cells, respectively.  

Nanoencapsulation significantly increased the stability, solubility, and 

cellular uptake of quercetin. Q-NLC significantly lowered the proliferation of both 

MCF-7 and MDA-MB-231 breast cancer cells and induced their apoptosis 

compared to free quercetin. Cell proliferation decreased significantly in a time- 

(24h and 48h) and dose-dependent (1 µM to 50 µM) manner.  
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Q-NLC is a promising approach for the prevention and treatment of breast 

cancer. 
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CHAPTER 1  

INTRODUCTION 

Worldwide, breast cancer is the most common invasive cancer in women. 

Breast cancer comprises 22.9% of invasive cancers in women and 16% of all 

female cancers (" World Cancer Report". International Aagency for Research on 

Cancer. 2008).  

Dietary flavonoids are polyphenolic compounds that are abundant in nature, 

they have aroused considerable interest recently because of their potential 

beneficial effects on human health. They have been reported to have antiviral, 

anti-allergic, anti-platelet coagulation, anti-inflammatory, antitumor and 

antioxidant activities (Nijveldt et al., 2001). Increased consumption of flavonoids 

decreases cancer risk in humans (Assemand, Lacroix, & Mateescu, 2004). 

However, some of the flavonoids have a very low level of bioavailability, aqueous 

solubility, and target specificity (Ross & Kasum, 2002), and a high level of 

toxicity (Galati & O'Brien, 2004). 

Quercetin (3, 3’, 4’, 5’-7-pentahydroxy flavone) is one of the most 

abundant flavonoids in plants. The potent antioxidant activities of quercetin are 

due to the number and position of the free hydroxyl groups in the quercetin 

molecule (Kumari, Yadav, Pakade, Singh, & Yadav, 2010). However, possibly 

due to hydroxyl groups on the C-ring of quercetin, it is chemically unstable, 

especially in aqueous alkaline medium (Zheng, Haworth, Zuo, Chow, & Chow, 

2005). Apart from the antioxidant activities, quercetin shows anti-cancer and 
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antiviral activities as well. In spite of its potential beneficial properties, the use of 

quercetin in pharmaceutical field is limited due to “its low aqueous solubility and 

unstable property in physiological medium”(Kumari, Kumar, & Yadav, 2012). 

These properties of quercetin result in “poor bioavailability, poor permeability, 

instability and extensive first pass metabolism before reaching the systemic 

circulation” (Kumari, et al., 2012). One of the strategies to circumvent these 

problems is to encapsulate quercetin into biodegradable and biocompatible 

nanoparticles.  

Many drugs and therapeutic compounds have low levels of target 

specificity and bioavailability, short circulation time, and high toxicity (Sadrieh & 

Tyner, 2010; Sinha, Kim, Nie, & Shin, 2006; L. Zhang et al., 2008). Drugs and 

other biologically relevant molecules (like nature compounds) can be packaged 

into nanoparticles for improving their delivery and stability, and lowering toxicity. 

Recently, nanoparticle drug delivery has gained tremendous attention in cancer 

research, because nanocarriers can increase drug absorption, protect drugs from 

premature degradation, prolong drug circulation time, exhibit high differential 

uptake efficiency in the target cells (or tissue) over normal cells (or tissue), lower 

toxicity through preventing the drug from prematurely interacting with the 

biological environment, and improve intracellular penetration. A variety of 

nanoparticles have been developed for cancer therapeutics. The common 

nanoparticulate systems include functionalized liposomes (McMillan, Batrakova, 

& Gendelman, 2011), nanostructured lipid carriers (NLC) (X. X. Zhang et al., 

2008), albumin-based particles, polymeric micelles, dendrimers, gold 
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nanoparticles, and cell-based nanoparticle delivery systems (Misra, Acharya, & 

Sahoo, 2010).  

Nanoparticles can lead to increased treatment efficacy and reduced 

undesirable side effects through improving pharmacokinetics and biodistribution 

profiles of drugs and other therapeutic compounds. This may be achieved through 

elevating their solubility and stability, increasing intestinal uptake and circulation 

time, reducing liver metabolism,  enhancing target specificity, or improving 

accessibility to disease sites (Igarashi, 2008). 

Our hypothesis is that quercetin encapsulated nanostructured lipid carriers 

(Q-NLC) can increase aqueous solubility and stability of quercetin, enhance 

cellular uptake of quercetin by breast cancer cells, decrease the viability of those 

breast cancer cells, and induce their apoptosis, which can help to develop a novel 

preventive and therapeutic modality for breast cancer. 

 

 

 

 



                                                               Texas Tech University, Ming Sun, October 2012 
 

4 
 

 

CHAPTER 2  

LITERATURE REVIEW 

2.1 Breast cancer 

Worldwide, breast cancer is the most common invasive cancer in women. 

Breast cancer comprises 22.9% of women invasive cancers and 16% of all female 

cancers ( World Cancer Report International Agency for Research on Cancer). The 

incidence of breast cancer varies around the world. It is lower in less-developed 

countries and much higher in more-developed countries. ("WHO Disease and 

injury country estimates" World Health Organization. 2009. Retrieved Nov. 11, 

2009.) 

The estimated new cases and deaths from breast cancer (women only) in the 

United States in 2012 are 226,870 cases and 39,510 deaths (American Cancer 

Society.:cancer facts and figures 2012). 

Family history, nulliparity, early menarche, advanced age, and personal 

history of breast cancer have been considered as risk factors (American Cancer 

Society.:cancer facts and figures 2012). The breast is majorly made up by two 

parts: lobes and ducts. The smaller sections called lobules comprise lobes. Ends of 

lobules have many tiny bulbs, which can produce milk. Each breast has 15 to 20 

lobes. The lobes, lobules, and bulbs are linked by thin tubes which are ducts. 

There are also blood vessels, lymph vessels and fat tissue in the breast (Breast 
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Cancer Treatment, National Cancer Institute - PDQ Cancer Information 

Summaries.) 

Ductal carcinoma is the most common type of breast cancer, which begins 

in the cells of the ducts.  Lobular carcinoma in situ is more often found in both 

breasts, it is a form of tumor that begins in the lobes or lobules (Breast Cancer 

Treatment, National Cancer Institute - PDQ Cancer Information Summaries. 

Updated 2012 ). 

Breast cancer is usually treated by combinations of different therapies such 

as surgery, radiation therapy, chemotherapy, and hormone therapy (Breast Cancer 

Treatment, National Cancer Institute - PDQ Cancer Information Summaries. 

Updated 2012.). The following several clinical and pathology features may 

influence the prognosis and therapy selection: the stage of the disease, the 

histologic and nuclear grade of the primary tumor, the estrogen receptor (ER) and 

progesterone receptor (PR) status of the tumor, human epidermal growth factor 

type 2 receptor (HER2/neu) status of the tumor, and the over-expression capacity 

of the tumor and proliferative capacity of the tumor.  

Radiation therapy, chemotherapy, and hormone therapy have some side 

effects. Most women with breast cancer need to have some types of surgery. The 

breast tumors can be removed by breast-conserving surgery or mastectomy, the 

most common types of breast cancer surgery. Chronic pain is associated with the 

surgery therapy. (Surgery for breast cancer 

http://www.cancer.org/Cancer/BreastCancer/DetailedGuide/breast-cancer-treating-

http://www.cancer.org/Cancer/BreastCancer/DetailedGuide/breast-cancer-treating-surgery
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surgery).  Radiation therapy, which destroys cancer cells by high-energy rays or 

particles, is used to treat cancer that has spread to other sites. Radiation therapy 

can be given in 2 main ways: external beam radiation and brachytherapy. The 

common side effects associated with radiation therapy are redness and sunburn-

like skin changes in the treated area, pain, infection, and even a break-down of an 

area of fat tissue (Radiation therapy for breast cancer 

http://www.cancer.org/Cancer/BreastCancer/DetailedGuide/breast-cancer-treating-

radiation).  Researchers have shown “Chemotherapy-related amenorrhea is a 

frequent side effect observed in young breast cancer patients” (Ben-Aharon et al., 

2012). Ben-Aharon et al. evaluated the effects of chemotherapy on young breast 

cancer patients and on mice. They revealed that chemotherapy-induced gonadal 

toxicity may result from vascular damage (Ben-Aharon, et al., 2012). Hormone 

therapy works best for patients who express specific types of hormone receptors 

( Breast Cancer Treatment, National Cancer Institute - PDQ Cancer Information 

Summaries. Updated 2012. ). 

In vitro and in vivo studies by using breast cancer cell (BCC) lines and 

animal models have contributed to current knowledge of breast cancer. A few of 

them have been widely used as tumor models, such as MCF-7, T-47D, BT-474, 

SK-BR-3, MDA-MB-231, and Hs578T cell lines. “BCC lines are likely to reflect, 

to a large extent, the features of cancer cells in vivo”, as concluded from a 

Medline-based survey mainly based on Lacroix and Leclercq’s publication in 2004 

(Lacroix & Leclercq, 2004). 

http://www.cancer.org/Cancer/BreastCancer/DetailedGuide/breast-cancer-treating-radiation).
http://www.cancer.org/Cancer/BreastCancer/DetailedGuide/breast-cancer-treating-radiation).
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2.2 Flavonoid 

Flavonoids are phenolic compounds composed of three benzene rings with 

hydroxyl (OH) groups (Fig.2.1), which are diverse in chemical structure and 

characteristics. They are abundant in fruits, vegetables, nuts, seeds, flowers and all 

kinds of plants. Almost 4,000 flavonoids have been described so far, and they are 

categorized into flavonols, flavones, flavanones, isoflavones, catechins, 

anthocyanidins and chalcones according to their chemical structure (Fig.2.1)(Heim, 

Tagliaferro, & Bobilya, 2002). 

 

Fig.2.1: The structure of a flavonoid 

Flavonoids are composed of three benzene rings with several hydroxyl 

(OH) groups (Heim, et al., 2002). 

Remove the OH at position (1): flavones 

Replace (OH) at position (1) with 3rd ring: isoflavone 

Replace the O at position (2) with an H: anthocyanin. 
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 Replace the OH at position (3) with glucose; remove OH at position (4); 

remove OH at position (1): glucoside. 

 

According to the research by Chun et al, the total mean daily dietary 

flavonoid intake in U.S. adults and its sociodemographic subgroups is 189.7 mg/d, 

which was mainly from flavanols (83.5%), followed by flavanones (7.6%), 

flavonols (6.8%), anthocyanidins (1.6%), flavones (0.8%), and isoflavones (0.6%). 

The proportion of flavonoid intake increases with age and income (Chun, Chung, 

& Song, 2007). It is also higher in women, Caucasians and vitamin supplements 

users. The following foods provides the most dietary flavonoids: tea (157 mg/day), 

citrus fruit juices (8 mg/day), wine (4 mg/day), and citrus fruits (3 mg/day) (Chun, 

et al., 2007).  

Flavonoids have antiviral, anti-allergic, anti-platelet coagulation, anti-

inflammatory, antitumor and antioxidant activities that have aroused considerable 

interest recently (Nijveldt, et al., 2001). Humans who ingest very low amount of 

flavonoids daily in their diet will have a high risk of developing chronic diseases, 

such as cardiovascular disease (Knekt et al., 2002; Yochum, Kushi, Meyer, & 

Folsom, 1999) and cancer (Knekt, et al., 2002). Flavonoids have cytoprotective 

antitumor properties through regulating several signal pathways (Assemand, et al., 

2004). Cancer initiation and development are regulated by many signaling 

pathways (Pan, 2010; Sancho, Batlle, & Clevers, 2004). A lot of flavonoids have 

been reported to directly modulate various molecular signal transduction pathways, 
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and research efforts have centered on the effects of phytochemicals on signaling 

cascades that are known to induce cancer cell death or to inhibit cancer cell 

proliferation (Benavente-Garcia et al., 2007; Chang, Wu, Su, Yeh, & Yuan, 2008; 

Gopalakrishnan et al., 2006; Ramos, 2007). However, the flavonoid concentrations 

in in vitro treatments are much higher than its circulating concentrations in human 

body, the low circulating concentration in human is partially caused by the low 

bioavailability of the flavonoid (Ross & Kasum, 2002). In addition, many 

flavonoids have high toxicity (Galati & O'Brien, 2004) and low target specificity 

to cells or tissues (Chari, 2008). 

 

2.3 Quercetin 

The flavonol quercetin (3, 3’, 4’, 5’-7-pentahydroxyflavone) is one of the 

most abundant flavonoid in plants, and one of the most common dietary flavonoids 

in daily life. The daily intake of quercetin with a typical western diet was in the 

range from 0 to 30 mg (Egert et al., 2008), with an average daily intake of 16 mg 

(Hertog, Hollman, Katan, & Kromhout, 1993). 

2.3.1 Quercetin properties 

Quercetin shows an amphipathic property due to its structure: phenyl rings 

forming the hydrophobic part of the molecule and hydroxyl groups being the polar 

portion (Codorniu-Hernandez et al., 2003). The aqueous solubility of anhydrous 

quercetin varies from 0.00215 g/L at 25 °C to 0.665 g/L at 140 °C and that of 

quercetin dihydrate varies from 0.00263 g/L at 25 °C to 1.49 g/L at 140 °C 
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(Srinivas, King, Howard, & Monrad, 2010). Quercetin is soluble in organic 

solvents such as ethanol, dimethylsulfoxide (DMSO), and dimethyl formamide 

(DMF). The solubility of quercetin in ethanol is approximately 2 g/L and 30 g/L in 

DMSO at 25 °C. 

Quercetin is best known for its antioxidant property (Formica & Regelson, 

1995; Zhang et al., 2011). Quercetin is considered as a strong antioxidant because 

of its ability to scavenge free radicals and bind transition metal ions (Hertog, 

Feskens, Hollman, Katan, & Kromhout, 1993). But numerous studies have shown 

its other biological and pharmacological effects including anti-carcinogenic, 

cardioprotective, bacteriostatic, and antiviral activities (Bakay, Mucsi, Beladi, & 

Gabor, 1968; Formica & Regelson, 1995; Hertog, Hollman, et al., 1993).  

2.3.2 Quercetin bioavailability and metabolites  

Quercetin is usually glycosidated (mainly bound to glucose and rutinose, a 

6-O-rhamnosyl-glucose).  Most dietary quercetin exists as more water-soluble 

glycosides in foods (Hertog, Hollman, et al., 1993). The glycosylation usually 

occurs on the 3-position (Fig.2.2). D-glucose is the most frequent sugar residue in 

glycosidated quercetin. However, D-galactose, L-rhamnose, L-arabinose, D-

xylose, D-apiose and D-glucuronic acid have also been found in glycosidated 

quercetin in foods (Aherne & O'Brien, 2002).  
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Fig.2.2: Structure of quercetin and position 3 glycosidated 

Hollman et al.’s study on healthy ileostomy volunteers found the absorption 

amount of orally administered quercetin aglycone was approximately 24%, onions 

was 52%, quercetin-3-rutinoside was 17%, which indicated glycoside moiety 

actually enhanced absorption (Hollman, de Vries, van Leeuwen, Mengelers, & 

Katan, 1995). Quercetin and its aglycone can be found on the U.S. market as a 

dietary supplement. Generally, an oral dose less than 1,000 mg/day, or an 

intravenous dose less than 756 mg/ day, is considered safe for humans (Harwood 

et al., 2007).  

Study have demonstrated that the glycosidic moiety is a key determinant 

for influencing the absorption process of quercetin (Arts, Sesink, Faassen-Peters, 

& Hollman, 2004). Because the sugar moieties elevate the hydrophilicity of 

flavonoid glycosides, the intact flavonoid are hardly absorbed from the small 

intestine. The hydrolysis of the glycosidic moiety is necessary for its intestinal 

absorption, the chemical structure of quercetin and its aglycone has very important 

impacts on its oral bioavailability and pharmacokinetic parameters (Walle, Otake, 
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Walle, & Wilson, 2000). Quercetin glycoside is ingested orally and then digested 

and absorbed at multiple sites along the gastrointestinal tract.  Quercetin is 

absorbed and transported into the circulation system, and excreted in the urine. 

Murota K. et al. (Murota & Terao, 2003) demonstrated that flavonoid glycosides 

from diets will first pass through the small intestine. After entering the cecum and 

colon they are hydrolyzed into aglycones by bacteria. Flavonoid aglycones are 

then absorbed by epithelial cells on large intestine, because of their hydrophobicity, 

which facilitates them to pass through the phospholipid bilayer of cellular 

membranes, and further enters the circulation. Flavonoid aglycones are modified 

by O-methylation, glucuronidation, and/or sulfation in the liver, and those 

metabolites may then be excreted in the bile and return to the intestinal lumen. 

They may be hydrolyzed and reabsorbed by intestinal cells or excreted into feces 

(Murota & Terao, 2003).  

Both human and animal studies indicate the oral bioavailability and 

absorption of quercetin depend on the form of quercetin, such as the type of sugar 

group attached to the quercetin, the glycosidic bond location (Murota & Terao, 

2003). In addition, the glucose-bound glycosides are absorbed most than the other 

sugar-bound glycosides (Murota & Terao, 2003). Understanding which forms of 

quercetin are bioavailable and which foods provide these forms is of great 

importance.  

The bioavailability of quercetin has been very extensively studied. It has 

been found that the native quercetin bioavailability is very low. Most studies 



                                                               Texas Tech University, Ming Sun, October 2012 
 

13 
 

measured the total quercetin (original quercetin and conjugated quercetin)(Z. P. 

Chen et al., 2010; Graefe, Derendorf, & Veit, 1999; Graefe et al., 2001; Moon & 

Morris, 2007). Xiao et. al studied quercetin bioavailability of a dose of 10 mg/Kg 

of quercetin by comparing three administration routes on rats: oral administration, 

single intravenous and intraportal injection. The systemic bioavailability of 

quercetin based on the unchanged quercetin. Their study found the bioavailability 

of quercetin following intraportal administration was 52.6%, which corresponded 

to the hepatic extraction ratio of 47.4%. However only 3.1% of an oral dose was 

found to be bioavailable (X. Chen, Yin, Zuo, & Chow, 2005). The 3.1% of 

quercetin was metabolized in the liver while about 93.3% of oral quercetin was 

metabolized in the gut. Enterohepatic recycling was not obviously observed for 

both quercetin and its conjugated metabolites in rats. The lack of enterohepatic 

recycling of quercetin or its metabolites  is partially caused by the microorganisms, 

which metabolize them to CO2 in the gut lumen (Ueno, Nakano, & Hirono, 1983).  

Hong, Y et.al found at least 21 metabolites of quercetin in human urine 

after ingestion of quercetin glycosides from onion, which is one of the primary 

sources of dietary quercetin (Hong & Mitchell, 2004). These metabolites include 

not only free quercetin, but also conjugates such as glucuronides, O-methylated 

products, and sulfate forms (Murota & Terao, 2003).  

Quercetin-3- and quercetin-7-glucuronides are both major products of small 

intestine epithelial cell metabolism (Gee et al., 2000). Karen et.al (O'Leary et al., 

2003) identified two pathways of quercetin-3- and quercetin-7-glucuronides 
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metabolism: “(i) methylation of the catechol functional group of both quercetin 

glucuronides or (ii) hydrolysis of the glucuronide by endogenous β-glucuronidase 

followed by sulfation to quercetin-3’-sulfate”. In contrast, quercetin-4’-

glucuronide, which is another glucuronidated quercetin in human small intestine, 

(Boersma et al., 2002) was not metabolized. It is not a major product of the small 

intestine absorption process. Spencer et al. studied the bioactivity of in vivo 

quercetin metabolites and found that 3’-O-methyl quercetin and 4’-O-methyl 

quercetin had a diminished capacity to protect fibroblasts from peroxides-induced 

cell damage, whereas quercetin-7-glucuronide is completely inactive (Spencer, 

Kuhnle, Williams, & Rice-Evans, 2003). From these studies we can conclude that 

the beneficial effects of quercetin are limited through oral administration in vivo, 

because the low absorption and high metabolism rate of quercetin. 

The American Cancer Society describes while quercetin "has been 

promoted as being effective against a wide variety of diseases, including cancer," 

and "some early lab results appear promising, as of yet there is no reliable clinical 

evidence that quercetin can prevent or treat cancer in humans." Within the range of 

amounts consumed in a healthy diet, quercetin “is unlikely to cause any major 

problems or benefits.” (American Cancer Society, Nov. 2008). These indicates the 

clinical use of quercetin still exist problems. 
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The application of nanotechnology in drug delivery is aiming at discovering 

novel approaches to enhance target specificity, therapeutic efficacy and safety of 

existing or new therapeutic agents. Nanotechnology involves the control of matter, 

generally in the range of 100 nm or smaller (L. Zhang, et al., 2008). Studies have 

shown that nanocarriers smaller than 100 nm are extravasated effectively into 

tissues (Peer et al., 2007; L. Zhang, et al., 2008) and cleared much slower than 

large carriers by the reticulo-endothelial system in the liver and spleen (Nishiyama, 

2007). 

Conventional means for drug delivery usually face some obstacles such as 

low solubility, limited bioavailability, poor biodistribution, unfavorable 

pharmacokinetics, lacking of target specificity and unintentionally side effects. To 

solve these problems, we need to understand the compound size, stability, 

solubility, its non-specific associations with other molecules, biological barriers, 

and its biological targets in humans (Sadrieh & Tyner, 2010; Sinha, et al., 2006; L. 

Zhang, et al., 2008). Therefore, the main areas that the nanotechnology potentially 

needs to be applied into drug delivery could be summarized as:  

 Developing systems that can improve the solubility and bioavailability 

of hydrophobic drugs 

 Developing stabilizing agents that could be stable in both human body 

and unrefrigerated environment 

 Developing delivery systems for controlled release 

2.4 Nanotechnology in therapeutic delivery 
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 Designing delivery vehicles that can improve the circulation half-life of 

drug 

 Overcoming the biobarriers 

 Increasing target specificity of drugs or other compounds 

 Reducing toxicity of drugs or other compounds 

The number of potential nanotechnology-based therapeutic products on the 

market has progressively increased in the past two decades. More than 150 

companies are developing nanoscale therapeutics and 24 nanotechnology-based 

therapeutic products have been used worldwide. Liposomal drugs and polymer-

drug conjugates are two dominant products among all these products (Wagner, 

Dullaart, Bock, & Zweck, 2006). Besides liposomes and polymeric conjugates, the 

most common nanoparticles include polymeric  nanoparticles, micelles, 

nanostructured lipid carriers, nanoshells, dendrimers, engineered viral 

nanoparticles, albumin-based nanoparticles, polysaccharide-based nanoparticles, 

metallic nanoparticles and ceramic nanoparticles (Farokhzad & Langer, 2006). 

These nanoparticles have therapeutic potential for almost every branch of 

medicine. The liposomes and nanostructured lipid carriers are biocompatible and 

biodegradable. They can be used as carriers for improving the solubility, stability, 

bioavailability of quercetin, and enhancing its target delivery to breast cancer cells. 
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Liposomes are vesicles composed of one or multiple lipid bilayer(s). 

Hydrophilic molecules can be carried in the aqueous core of liposomes, while the 

hydrophobic molecules can be incorporated in the lipid membrane. Thus, 

liposomes can carry both hydrophobic and hydrophilic compounds (Kumar, 

Gulbake, & Jain, 2012; Torchilin, 2005). Liposomes can be classified according to 

their lamellarity, size and preparation methods (Immordino, Dosio, & Cattel, 

2006).  
Liposomes have their unique advantages that make them to be widely used 

drug carriers for many years(Maurer, Fenske, & Cullis, 2001). Liposomes can 

efficiently encapsulate both hydrophobic and hydrophilic compounds, prevent the 

encapsulated drug from undesired exterior environment, and form a desired size 

and surface charge by changing formulations. The circulation time of liposomes 

can be prolonged by coating them with inert and biocompatible polymers such as 

polyethylene glycol (PEG). The target specificity of liposomes can be improved 

by adding specific ligands on their surface. The target ligands will enhance the 

target specificity of liposomes to desired sites (Torchilin, 2005). 

Although liposomes are metastable systems, their pharmaceutical use 

maybe limited by the leakage of the content, the low level of encapsulation 

efficiency and loading capacity, and poor controlled release (Schaffazick, 

Pohlmann, de Cordova, Creczynski-Pasa, & Guterres, 2005).. Moreover, 

researchers also found the following problems in the application of liposomes: 

sensitive drugs were not protected well in liposomes; small liposomes can easily 

2.5 Liposomes 
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aggregate to form large liposomes; hydrolysis of lipid with formation of oxidation 

products,  and stability problems during storage (Schaffazick, et al., 2005). 

 

2.6 Solid lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC) 

Solid lipid nanoparticles (SLN) are made up from lipids that are solid at 

room temperature. SLN enhance the stability of encapsulated compounds even 

after a long period of storage, protect unstable compounds from chemical 

degradation, and can be processed up to large scale production (Muller, Mader, & 

Gohla, 2000). However, the loading capacity is limited due to the formation of a 

perfect lipid crystal matrix. Meanwhile, drug expulsion during storage can occur 

(Fricker et al., 2010).  

The nanostructured lipid carriers (NLC) are presented as an updated 

generation of lipid nanoparticles, which are developed from solid lipid 

nanoparticles (SLN)(Saupe, Wissing, Lenk, Schmidt, & Muller, 2005). They 

consist of solid lipid matrices with spatially incompatible liquid lipids, resulting in 

a structure with more imperfections in crystal core to accommodate the drug, and 

thus a higher compound loading capacity. NLC system combines many 

advantages of SLN, such as controlled compound release, biocompatibility and the 

possibility of production in a large industrial scale. It also exhibits superior 

advantages over other nanocarriers including nanoemulsions, polymeric 

nanoparticles, liposomes and so on.  NLC minimize or avoid some potential 

problems associated with SLN, such as compound leakage during storage and 
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limited loading capacity. NLC have unique advantages such as enhanced drug 

loading capacity, prevention of drug expulsion, more flexibility for modulation of 

drug release and high compatibility for various routes of administration. Therefore, 

NLC are  promising carriers to deliver anti-cancer compounds to tumors through 

increasing the compound loading capacity, prolonging their shelf-life and 

circulation time, increasing their stability, increasing their exposure time and 

concentrations in tumors, decreasing their toxic effects, and subsequently 

increasing the therapeutic effect of antitumor drugs (Iqbal et al., 2012; X. X. 

Zhang, et al., 2008). Based on the advantages, NLC have been explored to more 

extent in pharmaceutical science. 

 

2.7 Targeted delivery of therapeutic agents to cancer cells 

The ideal cancer therapy is to deliver drugs to cancer cells while avoiding 

damage to other cells. Targeted delivery presents a challenging obstacle for all 

dosage forms of anti-cancer compounds. The concept of “enhanced permeability 

and retention (EPR) in the solid tumor” (Maeda, Wu, Sawa, Matsumura, & Hori, 

2000) and the “microenvironment in the tumor” (R. Li et al., 2011) plays a vital 

role to enhance the cellular uptake of drugs and nanoparticles. Tumor development 

and progression depend on angiogenesis. Nanoparticles can pass the leaky 

neovasculature and target to tumorigenic areas through its enhanced permeability 

and retention effects. Nanoencapsulated drugs have already been successfully 

targeted to brain (Kabanov & Batrakova, 2004), mucosa (Pinto Reis, Neufeld, 
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Ribeiro, & Veiga, 2006), lung (Pinto Reis, et al., 2006), skin (Rancan et al., 2012) 

and cancer.  

Polyethylene glycol (PEG) has been widely used to enhance the 

pharmacokinetics in many nanoparticle formulations (Davis, 2002). It is a highly 

hydrated flexible polymer chain that “ reduces plasma protein adsorption and 

biofouling of nanoparticles while reducing renal clearance of relatively smaller 

drug molecules” in order to prolong the circulation half-life of the drug (Davis, 

2002). PEG has the ability to passively accumulate in tumor tissue via EPR effect. 

Additionally, one of the reasons that cause chemotherapy failure is the lower pH in 

some tumor areas create a pH gradient that inhibit the drug permeation (Potineni, 

Lynn, Langer, & Amiji, 2003). Poly (ethylene oxide)-modified poly (beta-amino 

ester) (PbAE-PEO) nanoparticle is a pH sensitive nanoparticle. Shenoy et al. 

intravenously injected paclitaxel encapsulated PbAE-PEO nanoparticles into tail 

veins of mice, and PbAE-PEO nanoparticles increased paclitaxel concentrations in 

tumor by 5.2 fold compared to the aqueous paclitaxel solution at only 1 hour post-

administration (Shenoy, Little, Langer, & Amiji, 2005). Therefore, PbAE-PEO 

can be considered as an ideal carrier to overcome the pH gradient barrier in tumors. 

In addition, PLGA-PbAE with ceramide incorporating paclitaxel increased 

accumulation of paclitaxel within the tumor (van Vlerken, Duan, Little, Seiden, & 

Amiji, 2008). 

Antibody-directed enzyme prodrug therapy (ADEPT) is another way to 

delivery nanoencapsulated drugs to cancer cells. First, the monoclonal antibody 

conjugated with an enzyme is given to humans (with the enzyme attached) by 
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intravenous injection. This antibody has a high binding affinity to cancer cells.  A 

few hours later, the antibody-enzyme complex targets and binds to cancer cells. 

Then, a pro-drug, an inactive anti-cancer drug, is given to humans via intravenous 

injection. When the pro-drug contacts with the enzyme bound on cancer cells, pro-

drug is activated by the enzyme to yield the active anti-cancer drug. The anti-

cancer drug is then able to destroy the cancer cells. Since the antibody does not 

bind to normal cells, the drug will not damage the normal cells (Bagshawe, 2006; 

Osipovitch et al., 2012; A. M. Wu & Senter, 2005). 

Adding specific target ligands to drugs or the surface of nanoparticles is 

another approach to enhance target specificity of anti-cancer drugs to cancer cells. 

Folate receptors are over-expressed in breast, ovary, endometrium, kidney, lung, 

head and neck, brain and myeloid cancer cells. Some studies have conjugated 

folate on the surface of nanoparticles to increase the target specificity of 

encapsulated anti-cancer drugs to tumor cells (Kukowska-Latallo et al., 2005). 

 

2.8 Quercetin nanoparticles 

The low level of circulating concentrations, aqueous solubility, stability, 

bioavailability and target specificity of quercetin in the body results in its 

inefficiency in breast cancer prevention and treatment (Russo, 2007). Hence, there 

is a critical need to use biocompatible and biodegradable nanoparticles to increase 

quercetin solubility, stability, cellular bioavailability, and target specificity. The 

following nanoparticles have been used as quercetin carriers: metallic micelles 
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(Egorova & Revina, 2000), poly-D,L-lactide (PLA) nanoparticles (Kumari, Yadav, 

Pakade, Singh, & Yadav, 2010), protein nanoparticles (Fang et al., 2011), 

Lecithin-chitosan nanoparticles (Tan, Liu, Guo, & Zhai, 2011), solid lipid 

nanoparticles (Dhawan, Kapil, & Singh, 2011; H. Li et al., 2009) and 

nanostructured lipid carriers (Chen-yu et al., 2012). Hou Li et al. showed a 

sustained release profile of quercetin solid lipid nanoparticles with an improved 

relative bioavailability in rats (H. Li, et al., 2009). Chen-yu et al. have developed 

quercetin-loaded nanostructured lipid carriers (NLC) (Chen-yu, et al., 2012). Their 

research focused on the topical application of quercetin on skin diseases on mice. 

They demonstrated that quercetin-loaded NLC promoted the permeation of 

quercetin through skin, increased the amount of quercetin retention in epidermis 

and dermis, and enhanced the effect of anti-oxidation and anti-inflammation 

exerted in those areas. They have confirmed that quercetin-loaded NLC could 

weaken the barrier function of stratum corneum and facilitate drug permeation in 

skin. They also provided supplementary evidences that NLC exhibited a  

prolonged release effect with great potentials in dermal delivery (Chen-yu, et al., 

2012). 

Although numerous research studies use quercetin nanoparticles, few of 

them targets to breast cancer (Wong & Chiu, 2010). Quercetin can inhibit breast 

cancer cell proliferation and induce their apoptosis by the regulation of various 

intracellular signaling transduction pathways in vitro. However, its low solubility 

in physiological solution, rapid metabolism, low cellular uptake rate, and no target 

effect prevent these benefits from being achievable in humans. There is a critical 
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need for engineered quercetin carriers to enhance its solubility, stability, cellular 

bioavailability, and target specificity, with the goal of inhibiting carcinogenesis of 

breast cancer. 
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CHAPTER 3  

MATERIALS AND METHODS 

3.1 Nanoliposome preparation 

Soy lecithin (Avanti Polar Lipids, Alabaster, AL) and free cholesterol 

(Sigma, St. Louis, MO) with molar ratio of 4:1 were dissolved in chloroform. The 

mixture was dried using a nitrogen evaporator and then using a freeze-dry system 

for more than 24 hours. We made nanoliposomes in 1x phosphate buffered saline 

(1xPBS) solution using a sonication method. Both void nanoliposomes (V.LIPO) 

and quercetin encapsulated nanoliposomes (Q-LIPO) were coated with 0.2 % (w/v) 

of chitosan (Sigma, St. Louis, MO) using a magnetic stirrer for 1 hour at 4 °C to 

form V.CSLIPO and Q-CSLIPO, respectively. All steps during sonication and 

coating were performed under nitrogen to prevent quercetin and lipid from 

oxidation and degradation.  

 

3.2 Q-NLC preparation 

 Q-NLC were prepared from a lipid mixture composed of quercetin, lipids 

(solid triglyceride (fat) and small amounts of liquid triglyceride (oil)), vitamin E 

acetate, surfactant and co-surfactant (phospholipids and ethoxylated stearic and 

oleic acid ester), and PEG for prolonged circulation, and an aqueous mixture 

composed of NaCl and deionized water. A novel phase inversion-based process 

was used in preparing Q-NLC. All steps in the preparation of Q-NLC were 

performed under nitrogen to prevent quercetin degradation.  
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3.3 Measurement of nanoparticle characteristics 

The size and morphology of Q-NLC were measured by using 200Kv Hitachi H-

8100 analytical transmission electron microscope (TEM). The size, size 

distribution, and zeta potential were measured by using Brookhaven BI-MAS and 

ZetaPALS analyzer, respectively. Quercetin was detected by using a high 

performance liquid chromatography (HPLC) system (Waters Breeze HPLC system) 

with a C18 reverse-phase column and a UV detector. The mobile phase was 

composed of 20% water, 20% acetonitrile and 60% methanol, and the flow rate 

was 1.1 mL/minute. Quercetin was detected at 262 nm (X. Gao, Zhang, Wang, 

Sun, & Li, 2011) 

.  

 

3.4 Encapsulation efficiency and loading capacity 

The prepared nanoparticles passed through 0.22 µm filters to eliminate 

insoluble compounds. The native quercetin was separated from nanoencapsulated 

quercetin using an ultrafiltration method (Millipore Amicon Ultra-15). 

Nanoencapsulated quercetin was re-suspended in 1xPBS (X. Gao, et al., 2011). In 

order to calculate the compound loading capacity, the concentration of 

encapsulated quercetin was measured by HPLC, and then 2 mL of nanoparticles 

were frozen at -80°C overnight. The frozen nanoparticles were completely dried 

by a freeze-dry system for more than 24 hours; the total dry mass was weighed. 
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The encapsulation efficiency (EE) and loading capacity (LC) of quercetin 

in the nanoparticles were calculated according to the following equations: 

 

EE=  ×100% 

LC=  ×100% 

In the above equation,  shows the weight of quercetin 

encapsulated in Q-NLC,  is the weight of quercetin in Q-NLC, and 

 presents the weight of Q-NLC. 

 

3.5 In vitro quercetin release  

Quercetin release studies from Q-NLC and native quercetin were performed in the 

dissolution medium composed of 1xPBS (pH 7.4) and methanol (80:20, v/v) using 

a dialysis method (X. Gao, et al., 2011; T. H. Wu et al., 2008). Native quercetin 

and Q-NLC containing 1.5 mg of quercetin were dissolved in 2 mL of 1xPBS, 

placed in the dialysis bags with MWCO 6,000-8,000. The dialysis bags were 

dipped in a conical flask containing 50 mL of dissolution medium (37C) stirred at 

200 rpm/min. Aliquots of 0.5 mL of sample of dissolution medium were removed 

from the conical flask hourly for 8 hours. An equivalent volume of prewarmed 

dissolution medium was added into the conical flask after removal at each time. 



                                                               Texas Tech University, Ming Sun, October 2012 
 

27 
 

The removed samples from each time point were injected into a HPLC system to 

quantify released quercetin concentrations. 

 

3.6 Measurement of the stability of nanoencapsulated and native quercetin 

The stability of 200 µM of Q-NLC and native quercetin dissolved in 1X 

PBS containing 20% methanol was measured at pH 7.2 at 4°C and 37°C. Total 

and nanoencapsulated quercetin was measured using a HPLC system with a C18 

reverse-phase column and a UV detector. Particle size, Zeta potential, 

polydispersity, and nanoencapsulated quercetin concentrations of Q-NLC, Q-

CSNLC were measured weekly for two months at 4ºC, and every 12 hours for 2 

days at 37ºC.  

 

3.7 Cell culture and treatment 

Human estrogen receptor-positive MCF-7 breast cancer cell line, human 

estrogen receptor-negative MDA-MB-231 breast cancer cell line, and non-

tumorigenic MCF-10A breast epithelial cell line were purchased from the 

American Type Culture Collection (ATCC, Manassas, VA). MCF-7 cells were 

cultured in Eagle’s minimum essential cell culture medium supplemented with 

10% fetal bovine serum,  bovine insulin (0.01 mg/ mL), penicillin (100 units/mL), 

and streptomycin (0.1 mg/mL) MDA-MB-231cells were cultured in Leibovitz's L-

15 Medium with fetal bovine serum to a final concentration of 10%, at 37°C, 95% 

humidity, and an atmosphere of 100% air. MCF-10A cells were cultured in 
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(MEBM) medium along with the additives can be obtained from Lonza/Clonetics 

Corporation as a kit: MEGM without using the GA-1000 (gentamycin-

amphotericin B mix) provided with kit and 100 ng/ml cholera toxin, at 37°C, 95% 

humidity, and an atmosphere of 5% CO2 (Product Information Sheet for ATCC® 

HTB-22™ & Product Information Sheet for ATCC HTB-26™). Cells were treated 

with 1xPhosphate buffered saline (1xPBS) (treatment 1), native quercetin 

(treatment 2), Q-LIPO (treatment 3), V.LIPO (treatment 4), Q-CSLIPO (treatment 

5), V.CSLIPO (treatment 6), Q-NLC (treatment 7), V.NLC (treatment 8), Q-

CSNLC (treatment 9), V.CSNLC (treatment 10) dissolved in 1xPBS for 24 and 48 

hours at 37ºC for 24 or 48 hours. Five quercetin concentrations (1 µM, 5 µM, 10 

µM, 20 µM, and 50 µM) were tested among all Q-NLC and quercetin treatments, 

and 10 µM was tested on Q-LIPO and Q-CSLIPO. Since native quercetin was 

dissolved in dimethylsulfoxide (DMSO), DMSO was added into other treatments 

at the same concentrations. The DMSO concentration was equal and less than 

0.1% in all treatments.  

 

3.8 Cell viability 

The viability of cells were determined by 3-(4, 5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay. Briefly, cells were seeded in 96-well 

tissue culture plates in a concentration of 5,000 cells per well.  After 24 hours, all 

cells were attached on the plates, and treatments were added into each well. After 

treating cells for 24 or 48 hours, cells were incubated with MTT reagent (5 mg/mL 
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in 1xPBS) for 4 hours at 37°C followed by incubating with MTT solubilization 

solution for 1 hour in the dark. The absorbance in each well was measured at 562 

nm and 690 nm on the BioTek ELx800™ absorbance microplate reader (BioTek, 

Winooski, VT). The background absorbance (690 nm) was subtracted from the 

562 nm measurements MTT assay kit (Sigma Catalog No. M5655). Five quercetin 

concentrations (1 µM, 5 µM, 10 µM, 20 µM and 50 µM) were tested among all 

treatments to observe dose-dependent changes in cell viability. Cell proliferation 

activity was expressed as the percentage of MTT counts of treated cells relative to 

those in 1xPBS (% of control). The IC50 was the concentration that caused 50% 

inhibition of cell viabilities and was calculated by the Logit method (Armutlu, 

Ozdemir, Uney-Yuksektepe, Kavakli, & Turkay, 2008). 

 

3.9 Cellular uptake of NLC and quercetin content 

Cellular localization of 7-Nitro-2-1, 3-benzoxadiazol-4-yl (NBD)-labeled 

NLC was measured by using a fluorescence microscopy. Cellular quercetin uptake 

concentrations were measured using a HPLC system. Resveratrol was used as an 

internal standard. Cells were seeded in a concentration of 50,000 cells /well in 6 

well tissue culture plates. After treating them for 4 hours, cells were collected in 

0.6 M acetic acid (0.1 volume); 30 µL of internal standard containing 25 µM 

resveratrol (internal standard) was added. After mixing, 4 volume of acetone was 

added, followed by sonication  for 2 minutes and centrifugation at 5,500 x g,  4ºC 

for 20 min. Supernatant volume was accurately measured and collected and stored 
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at -20ºC. Before analysis, acetone was dried under nitrogen at room temperature 

by using a nitrogen evaporator. Acetonitrile (30 µL) was added to precipitate the 

residual proteins; after centrifugation, clear supernatant samples were directly 

injected into the HPLC system for measuring quercetin and internal standard 

concentrations. The protein residual was transferred, combined, and dried in fume 

hood. The dried cellular protein was digested by 0.5 N NaOH overnight. 

Cellular protein concentrations were measured by using bicinchoninic acid (BCA) 
protein assay. Cellular quercetin content was expressed as µg quercetin/µg protein 
(Biasutto, Marotta, Garbisa, Zoratti, & Paradisi, 2010; Smith, Kavuru, Wojtas, 
Zaworotko, & Shytle, 2011). 

 

3.10 Detection of apoptosis 

We also detected apoptosis using an Annexin V-FLUOS Staining Kit (BD 

Biosciences). cells per well were seed in 24 well plates and incubated for 

overnight to let cell attach on the plates, 20 µM of native and nanoencapsulated 

quercetin were added and incubated with cells for 6 and 24 hours, 1xPBS was 

used as a control treatment. After treating cells with 1xPBS, void nanoparticles 

and quercetin encapsulated nanoparticles, medium was removed and cells were 

washed twice with ice cold 1xPBS and once with Annexin binding buffer. Cells 

were stained with fluorescein isothiocyanate (FITC)-labeled Annexin V (Annexin 

V-FITC) dilution (5 µg/mL) and incubated for 5 minutes at room temperature. 

Thereafter, 10 ug/mL propidium iodide (PI) solution was added to the cells, 
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followed by an additional 10 minutes incubation period. After washing cells once 

with Annexin binding buffer, cells were observed under a fluorescence 

microscope (BD Pharmingen™ Technical Data Sheet-Annexin V-FITC 

Fluorescence Microscopy Kit) (L. L. Gao et al., 2011; Schutte, Nuydens, Geerts, 

& Ramaekers, 1998; Shoieb, Elgayyar, Dudrick, Bell, & Tithof, 2003). 

 

3.11 Statistical Analysis  

Data analysis was conducted using SigmaStat 3.5 and Statistical Package for the 

Social Sciences (SPSS), diagrams are presented in Origin Lab 8.5, and vectograms 

were modified by using Adobe Illustrator. For differences between conditions and 

species, two-way Analysis of Variance (ANOVA) is the most powerful procedure. 

Since we have small sample size, for post-hoc analysis, Holm-Sidak test is more 

suitable over the more conservative Tukey-test in order to avoid Type II error 

(Schloegl et al., 2009). One-way ANOVA followed by Holm-Sidak’s Post Hoc 

test was performed to compare the mean cell viability of different nanoparticles. 

Two-way ANOVA followed by Holm-Sidak’s Post Hoc test was performed to 

compare the cell viability among different treatments on different doses and 

different time points, and stability of Q-NLC and quercetin at different time points. 

Student’s t test was also done for the cellular uptake measurements. Differences 

were considered statistically significant at P< 0.05. Data in figures and tables are 

expressed as means ± standard deviation (S.D.). 
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CHAPTER 4  

RESULTS 

4.1 Nanoparticles screening  

4.1.1 Nanoparticle characteristics 

The following nanoparticles have been successfully synthesized by Dr. Shu 

Wang: LIPO, V. LIPO, CSLIPO, V. CSLIPO, NLC, V. NLC, CSNLC, and V. 

CSNLC. The aqueous solubility of quercetin was highly improved by 

nanoencapsulation. The mean particle size of these nanoparticles was summarized 

as below (Table 1). Uniformity of particle size distribution is generally determined 

based on the polydispersity index. The zeta potential of nanoparticles and chitosan 

coated nanoparticles were around -8.3±2.1mV and 11.9±1.8mV, respectively. Q-

NLC and V.NLC shown the smallest size, which is an advanced nanoparticle that 

could reach this size. The smaller size of nanoparticle could be easier to be 

uptaken by cells (Albanese, Tang, & Chan, 2012). 
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Table 4.1: The mean particle size, polydispersity and zeta potential of 

different nanoparticles. 

Nanoparticle 
Particle size 

(nm) 
Polydispersity 

Zeta potential 

(mV) 

Q-LIPO 54.6±0.3 0.147±0.007 –7.14±2.92 

V.LIPO 53.9±0.5 0.252±0.004 –10.95±3.38 

Q-CSLIPO 70.8±0.4 0.224±0.007 11.02±1.33 

V.CSLIPO 81.3±0.9 0.223±0.015 14.59±1.75 

Q-NLC 32.2±0.2 0.085±0.003 –6.13±3.07 

V.NLC 27.2±0.3 0.089±0.003 –8.81±1.91 

Q-CSNLC 47.3±0.3 0.195±0.003 10.78±2.33 

V.CSNLC 38.0±0.2 0.282±0.002 11.22±1.21 

 

4.1.2 Screening all nanoparticles based on cell viability assay 

The effects of different nanoparticles on cell viability were measured by a 

MTT assay. Cell viability was measured after incubating both MCF-7 and MDA-

MB-231 cells with different nanoparticles at the quercetin concentration of 10 µM 

for 48 hours. (Fig.4.1). Q-NLC decreased the cell viability most on both MCF-7 

and MDA-MB-231 cells compared to other nanoparticles. Compared to the 1xPBS, 

Q-NLC significantly reduced the viability of MCF-7 and MDA-MB-231 cells to 

65.2% and 72.7%, respectively. Q-CSNLC reduced the viability of MCF-7 and 

MDA-MB-231 cells to 70.2% and 76.8%, respectively. The void nanoparticles did 

not significantly reduce the cell viability. Q-LIPO lowered cell viability to 82.2% 

and 80.1% on MCF-7 and MDA-MB-231 cell lines respectively, also Q-CSLIPO 

lowered cell viability  to 80.0% and 77.6% on MCF-7 and MDA-MB-231 cell 
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lines, respectively. Thus statistically Q-CSNLC, Q-LIPO and Q-CSLIPO did not 

considered as significant as Q-NLC. 

 

Fig.4.1: Viability of MCF-7 cells and MDA-MB-231 cells after treating 10 µM of 

1xPBS, quercetin, Q-NLC, Q-CSNLC,Q-LIPO, Q-CSLIPO and V.LIPO, 

VCSLIPO, V.NLC , V.CSNLC for 48 hours. Six independent experiments 

were completed for each measurement. Values are means ± S.D. One-way 

ANOVA followed by Holm-Sidak all pairwised test was performed for 

comparison of different treatments groups. ***, p＜0.001 as compared to 

1xPBS, ###, p＜0.001 as compared to quercetin.



                                                               Texas Tech University, Ming Sun, October 2012 
 

35 
 

 

4.2 Q-NLC characterization 

Nanoencapsulation dramatically improved aqueous solubility of quercetin. 

Q-NLC containing 20 mg of quercetin was completely dissolved in 10 mL of 

1xPBS. But the same amount of native quercetin was not dissolved in 10 mL of 

1xPBS (Fig. 4.2A).  Q-NLC was spherical in shape (Fig. 4.2B). The mean particle 

size was around 30 nm in diameter measured using both TEM and a Brookhaven 

BI-MAS particle size analyzer. The dispersity index was 0.085.  The zeta potential 

of Q-NLC was -6.13 mV measured using a Brookhaven ZetaPALS analyzer. 

Quercetin can be detected using a HPLC system. Quercetin encapsulation 

efficiency in NLC was about 90%, and its loading capacity was 

11%.

 

Fig.4.2: A.Q-NLC, V. NLC and native quercetinin in 1 X PBS; B. transmission 

electron microscope (TEM) image of Q-NLC stained by 2% of uranyl acetate. 
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After incubating Q-NLC at 37ºC for 48 hours, particle size, polydispersity 

and zeta potential are present in Table 4.2, quercetin degradation is presented in 

Fig.4.3. 

The size, polydispersity and zeta potential of Q-NLC were all increased 

after a 48-hour incubation period. The size was almost increased by 50.8%. Native 

quercetin at 0.2 mM of concentration was almost all degraded while Q-NLC at the 

same initial concentration degraded 60% after 24 hours at 37ºC. Q-NLC had 

higher stability than native compound (quercetin). 

Table 4.2: Size, polydispersity, and Zeta potential of Q-NLC at 37ºC for 48 

hours.   

Q-NLC 
Time (h) 

0 24 48 

Particle size (nm) 32.2 ± 0.2 47.6 ± 1.0 50.9 ± 8.7 

Polydispersity 0.10 ± 0.04 0.25 ± 0.02 0.26 ± 0.06 

Zeta potential (mV) -13.5± 2.9 -12.5± 2.4 -8.38 ± 2.5 
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Fig.4.3: Stability of Q-NLC and quercetin. 0.2 mM of native quercetin and 

equivalent amounts of quercetin in Q-NLC were incubated at 37ºC for 48 

hours in a mixture containing 1xPBS (pH 7.4) and methanol (80:20, v/v). 

Three independent studies were performed. Three independent experiments 

were completed for each measurement. Values are means ± S.D. Two-way 

ANOVA followed by Holm-Sidak test was used for multiple comparison 

groups and multiples time points. *, p ＜0.05. 
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Quercetin release data at 37ºC were shown in Fig.4.4. Same amount of 

quercetin and Q-NLC were loaded in the dialysis bag, with the assumed same 

concentration after release into the medium. The release of native quercetin from 

release medium (1xPBS (pH 7.4) and methanol (80:20, v/v)) through the dialysis 

bag was fast, with almost 100% released within 6 hours. In contrast, only 32% of 

quercetin was released from Q-NLC within 6 hours. After 6 hours, the native 

quercetin started degradation while the Q-NLC continuously released quercetin. 

 

Fig.4.4: In vitro release of quercetin at 37°C for 48 hours. 

Notes: Quercetin, Q-NLC containing 0.5 mg/mL of quercetin dissolved in 1xPBS 

(pH 7.4). 
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4.3 Cell viability  

4.3.1 Time dependent study  

We measured the viability of MCF 7 and MDA-MB-231 cell lines at 

treatment concentration of 10 µM for 24 and 48 hours. Compared to native 

quercetin, Q-NLC decreased MCF 7 cell viability to 83.8 % and 65.2 % at 24 and 

48 hours, respectively. Q-NLC decreased MDA-MB-231 cell viability to 81.1 % 

and 72.7 % at 24 and 48 hours, respectively. V.NLC was added into cells by 

following the same procedures and adding the same concentrations as Q-NLC to 

investigate the effect of void nanoparticles on cell viability. V.NLC did not 

showing any effects on decreasing cell viability. Fig.4.5 shown compare to the 24-

hour incubation, 48-hour incubation with Q-NLC decreased 17.4 % and 8.4 % of 

the viability of MCF-7 and MDA-MB-231 cells, respectively. Native quercetin 

treatment showed decreased cell viability on MCF-7 cells but not on MDA-MB-

231 cells after 48 hours. 
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Fig.4.5: Viability of MCF-7 cells and MDA-MB-231 cells after treating native  

quercetin, Q-NLC, and V.NLC containing 10 µM of quercetin for 24 or 48 

hours. Three independent experiments were completed for each 

measurement. Value were Means ± S.D. Paired student’s t-test was 

performed for comparison of two different time points, *, p<0.05; **, p<0.01.
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4.3.2 Dose dependent study and IC50  

MCF-7 cells and MDA-MB-231 cells were treated with the following five 

concentrations of quercetin, Q-NLC and V.NLC for 48 hours: 1 µM, 5 µM, 10 µM, 

20 µM, and 50 µM. Q-NLC demonstrated a dose dependent inhibitory effect on 

the viability of both MCF-7 cells and MDA-MB-231 cells. As Q-NLC 

concentrations increased, the viability of both MCF-7 and MDA-MB-231 cells 

was proportionally decreased. After treating cells with 10, 20, and 50 µM of Q-

NLC for 48 hours, the viability of MCF-7 cells was decreased to 66.2%, 38.6%, 

and 13.7%, respectively, and the viability of MDA-MB-231 cells was decreased to 

59.7%, 48.2%, and 13.4%, respectively (Fig.4.6). However, 50 µM of native 

quercetin and V. NLC decreased the viability of MCF-7 cells by 17.6 % and 

10.6%, respectively, and decreased the viability of MDA-MB-231 cells by 19.9 % 

and 21.9 %, respectively. There was no significant difference between native 

quercetin and V. NLC. IC50 was calculated for Q-NLC on both cell lines. The IC50 

of Q-NLC on MCF-7 and MDA-MB-231cells were 15.8 µM and 14.05 µM, 

respectively. Native quercetin at 50 µM only decreased the cell viability by about 

15%. Therefore, the IC50 of native quercetin was more than 50 µM.  
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Fig.4.6: A. Viability of MCF7 cells after treating different concentrations of 

quercetin, Q-NLC, and V.NLC for 48 hours; B. viability of MDA-MB-231 

cells after treating different concentrations of quercetin, Q-NLC, and V.NLC 

for 48 hours. Three independent experiments were conducted for this assay. 

Values are means ± S.D. Two-way ANOVA followed by Holm-Sidak test was 

performed for multiple comparisons. *, p＜0.05 as compared to V. NLC; #, p

＜0.05 as compared to quercetin.
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4.4 Cellular uptake of quercetin upon Q-NLC 

To investigate whether decreased cell viability was correlated with 

increased cellular uptake of quercetin. We incubated MCF-7 and MDA-MB-231 

cells with NBD-labeled NLC for 1, 2, and 4 hours at 37ºC and for 4 hours at 4ºC . 

NBD uptake was increased in a time-dependent manner on both MCF-7 and 

MDA-MB-231 cells. The uptake of NBD-labeled NLC was significantly lowered 

at 4ºC  compared to 37ºC (Fig.4.7). We further treated MCF-7 cells and MDA-

MB-231 cells with both Q-NLC and native quercetin at 10 µM, 20 µM, and 50 

µM for 4 hours at 37ºC and 50µM for 4 hours at 4ºC .  At 37ºC , compared to 50 

µM of native quercetin, Q-NLC containing the same amount of quercetin 

increased the cellular quercetin content 3.9 times and 9.3 times at MCF-7 and 

MDA-MB-231 cells, respectively. As Q-NLC concentrations increased, the 

cellular quercetin content was proportionally increased in both MCF-7 and MDA-

MB-231 cells at 37ºC. However, native quercetin did not significantly increase the 

cellular quercetin content compare to Q-NLC at 37ºC (Fig.4.8). The cellular 

quercetin content in MCF-7 and MDA-MB-231 cells was extremely low at 4ºC  

after treating cells with both native quercetin and Q-NLC. We also measured 

cellular quercetin content in MCF-10A cells. Q-NLC did not increase quercetin 

content in MCF-10A cells (Figure 4.9). In fact, Q-NLC resulted in significantly 

lower quercetin content in MCF-10A cells compared to native quercetin at 37ºC . 
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Compared to native quercetin, Q-NLC significantly increased quercetin content in 

MCF-7 and MDA-MB-231 cells, but not in MCF-10A cells (Figure 4.10). 

 

 

Fig.4.7. A. Representative fluorescence images of NBD-labeled NLC uptake by 

MCF7 and B. by MDA-MB-231. Cells were incubated with NBD-labeled 

NLC for 1 h, 2 h and 4 h at 37°C and 4h at 4°C. Cell nuclei were stained blue 

by DAPI (λ of excitation is 358 nm, λ of emission is 461 nm) and overlaid with 
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green fluorescent images of NBD-labeled NLC (λ of excitation is 460 nm, λ of 

emission is = 535 nm). Scale bar in the images is 1µm. 

 

Fig.4.8: A. Quercetin content in MCF-7 cells after treating them with different 

concentrations of quercetin and Q-NLC at 37°C; B. quercetin content in 

MDA-MB-231 cells after treating them with different concentrations of 

quercetin and Q-NLC at 37°C; C. quercetin content in MCF-7cells after 

treating them with 50 µM of quercetin and Q-NLC at 37°C and 4°C; D. 

quercetin content in MDA-MB-231 cells after treating them with 50 µM of 

quercetin and Q-NLC at 37°C and 4°C. Three independent experiments were 

completed for each measurement. Value are expressed as means ± S.D. 

Paired student’s t-test was performed for comparison of quercetin and Q-
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NLC uptake at different concentrations, and cellular uptake at different 

temperature. *, p<0.05, **, p<0.01, ***, p<0.001.  

 

Fig.4.9: Quercetin content in MCF-10 cells after treating them with different 

concentrations of quercetin and Q-NLC for 4 hours at 37ºC. Three 

independent experiments were performed. Paired student’s t-test was 

performed for comparison of quercetin and Q-NLC uptake at different 

concentrations. Values are expressed as means ± S.D. ***, p<0.001. 
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4.5 Apoptosis assay upon Q-NLC treatment 

Cell apoptosis happens with the loss of plasma membrane asymmetry, 

which is characterized by the phosphatidylserine (PS) translocation from inner to 

outer membrane. We used Annexin V assay combined with propidium iodide (PI) 

to detect the apoptotic (V+/PI+) cells (green fluorescence) and necrotic (V+/PI+) 

cells (red fluorescence). MCF-7 cells and MDA-MB-231 cells were treated with 

1X PBS, native quercetin, Q-NLC, and V. NLC dissolved in 1xPBS for 6 hours. 

Native quercetin and Q-NLC concentration was 20 µM. Q-NLC significantly 

increased the number of early apoptotic cells compared to V.NLC, native 

quercetin and 1xPBS. The stained cells were seen under a fluorescence 

microscope. (Fig.4.10 and Fig.4.11) After 6 hours treatment at the concentration of 

20 µM, Q-NLC treatment group had higher intensity of green fluorescence on both 

cell lines than quercetin treatment group. In addition, red fluorescence could be 

found in both cell lines in the Q-NLC treatment group.  

 



                                                               Texas Tech University, Ming Sun, October 2012 
 

48 
 

 

Fig.4.10: Fluorescence images of apoptotic cells after treating them with 20 µM of 

Q-NLC, quercetin, V.NLC, 1xPBS treated in MCF-7 cells, Annexin V / 

propidium iodide (PI) stained MCF-7 cells. (A) Bright field of cells; (B) green 

fluorescence images; (C) red fluorescence images. Scale bar in the images is 

1µm. 
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Fig.4.11: Fluorescence images of apoptotic cells after treating them with 20 µM of 

Q-NLC, quercetin, V.NLC, 1xPBS treated in MDA-MB-231 cells Annexin V / 

propidium iodide (PI) stained MDA-MB-231 cells. (A) Bright field of cells; (B) 

green fluorescence images; (C) red fluorescence images. Scale bar in the 

images is 1µm. 
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CHAPTER 5  

DISCUSSION 

Flavonoids have antiviral, anti-allergic, antiplatelet coagulation, anti-

inflammatory, antitumor and antioxidant activities (Nijveldt, et al., 2001). 

Quercetin, a common dietary flavonoid, has gained increased research attention in 

cancer prevention and treatment. (Bakay, et al., 1968; Formica & Regelson, 1995; 

Hertog, Hollman, et al., 1993). However, the low level of circulating 

concentrations, aqueous solubility, stability, bioavailability and target specificity 

of quercetin in the body results in its inefficiency in breast cancer prevention and 

treatment (Russo, 2007). Hence, there is a critical need to use biocompatible and 

biodegradable nanoparticles to increase the solubility, stability, cellular 

bioavailability, and target specificity of quercetin.  

Although many research studies used quercetin nanoparticles, few of them 

targets to breast cancer. Our study has successfully synthesized several types of 

quercetin encapsulated nanoparticles: Q-LIPO, Q-CSLIPO, and Q-NLC, Q-

CSNLC, all of them have improved the aqueous solubility and stability of 

quercetin. Q-NLC had the best anti-cancer effects among all those nanoparticles. 

Q-NLC were prepared from a lipid mixture composed of quercetin, lipids (solid 

triglyceride (fat) and small amounts of liquid triglyceride (oil)), surfactant and 

cosurfactant (phospholipids and ethoxylated stearic and oleic acid ester), and PEG 

for prolonged circulation, and an aqueous mixture composed of NaCl and 
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deionized water. A novel phase inversion-based process was used in preparing Q-

NLC. From characterization of all nanoparticles under the same condition, Q-NLC 

had the smallest size with an average diameter of 32.2±0.2 nm. Therefore, Q-NLC 

could be more easily taken up by cancer cells or penetrated into tumor tissues. Q-

NLC significantly improved the stability of quercetin, because the lipid matrix 

could effectively prevent quercetin from oxidation and degradation, and possibly 

protect the organic groups on quercetin molecule. 

Good nanoparticles should have two basically advantages: high loading 

capacity and drug release in a controlled manner in order to provide sustained 

delivery (Duan et al., 2010). Our Q-NLC had 11% of loading capacity, with an 

encapsulation efficiency of 90.2%.  Release of quercetin from Q-NLC and from 

native quercetin in dissolution medium was measured for 48 hours. The native 

quercetin showed a faster release from the dialysis bag with almost 100% released 

after 6 hours. In addition, native quercetin couldn’t reach the desired amount as we 

assumed all the quercetin that first been put into the dialysis bag would be 

immediately released. The decreased quercetin concentrations in release medium 

indicate degradation of native quercetin during the release process. However, Q-

NLC showed a sustained release manner with just 32% released after 6 hours. 

Within 48 hours, quercetin concentrations released in the beaker were gradually 

increased, which indicates sustained release. In addition, Q-NLC showed less 

degradation compared to native quercetin. Other nanoformulations of quercetin 

have shown the similar release pattern (X. Gao, et al., 2011; T. H. Wu, et al., 
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2008). Overall, Q-NLC increased the stability and aqueous solubility of quercetin, 

and improved quercetin release. 

Q-NLC decreased breast cancer cell viability most among all nanoparticles 

containing the same concentration of quercetin, which indicates Q-NLC possess 

the best anti-cancer effect. Meanwhile, the anti-proliferative effect of V.NLC was 

similar to 1 X PBS. Therefore, the void nanocarriers are safe and will not decrease 

breast cancer cell viability. Furthermore, we investigated whether the anti-

proliferative effect of Q-NLC was time- or dose- dependent. 

The viability of MCF-7 and MDA-MB-231 cells was decreased as 

incubation time and Q-NLC concentrations increased. Q-NLC significantly 

decreased the viability of breast cancer cells compared to native quercetin, which 

highly related to the increased cellular quercetin content and the increased stability 

of quercetin in Q-NLC. Meanwhile the V.NLC didn’t change the viability of 

breast cancer cells compared to 1xPBS. That indicates that the void nanocarriers 

are safe to use. 

Native quercetin didn’t significantly lower the viability of breast cancer 

cells, which were correlated with its low level of solubility, stability and cellular 

bioavailability. Although quercetin is a promising flavonoid for cancer prevention 

and treatment, poor bioavailability and absorption largely restrained its anticancer 

activity. Like many flavonoids, the highly hydrophobic nature of quercetin 

decreased its uptake by many cells (Hsu, Weng, Lin, & Chien, 2007; Kunwar, 

Barik, Pandey, & Priyadarsini, 2006). The enhanced anti-proliferation effect by Q-
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NLC can be attributed to their elevated cellular uptake compared to native 

quercetin.  Q-NLC significantly increased the quercetin content in breast cancer 

cells compared to native quercetin. From the fluorescence microscope images, the 

cellular uptake of NLC was increased as the incubation time increased.  The 

quantitative analysis demonstrated that the cellular quercetin content was 

significantly increased by Q-NLC compared to native quercetin in a dose 

dependent manner. Q-NLC didn’t increase quercetin content in breast cancer cells  

at 4ºC .That indicates that Q-NLC is taken up by cells via energy dependent 

endocytosis (Lu et al., 2007). Q-NLC didn’t increase quercetin content in MCF-

10A cells.  Q-NLC has high target specificity to cancer cells. Telomerase 

activation is a critical step for multistep carcinogenesis which is observed in 

almost 90% of human cancers but not in normal tissues(Kyo & Inoue, 2002). The 

increased cellular uptake of quercetin by Q-NLC is higher in cancer cells than the 

normal cells possibly because the activated telomerase. 

Interestingly, MCF-7 and MDA-MB-231 cells had different dose dependent 

cell viability curves. Q-NLC ranging between 5 and 20 µM proportionally 

decreased the viability of MCF-7 cells, but the viability of MDA-MB-231 cells 

remained a plateau trend within this concentration range. This indicates that Q-

NLC may lower the viability of MCF-7 and MDA-MB-231 cells via different 

mechanisms, which need to be further studied. 

Q-NLC increased apoptosis and necrosis of breast cancer cells by increased 

solubility, bioavailability and cellular uptake. Quercetin induces apoptosis of 
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breast cancer cells through several signaling pathways. Chien S.Y. et al. found that 

quercetin induced human breast cancer MDA-MB-231 cell death through 

mitochondrial- and caspase-3-dependent pathways. Quercetin promoted activation 

of caspase-3, -8 and -9 in MDA-MB-231 cells, increased abundance of the pro-

apoptotic protein Bax, and decreased anti-apoptotic protein Bcl-2 levels. Their 

research also found that quercetin promoted apoptosis-inducing factor (AIF) 

release from mitochondria and stimulated its translocation to the nucleus (Chien et 

al., 2009). Choi J.A. et al. demonstrated that quercetin induced growth inhibition 

in MCF-7 cells through inhibiting cell cycle arrest and inducing apoptosis (Choi et 

al., 2001). However, the underlying mechanisms of anti-cancer effects of Q-NLC 

need to be further investigated.  
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CHAPTER 6  

LIMITATIONS 

Although numerous research studies have investigated the underlying 

mechanisms of anti-cancer effects of quercetin on breast cancers, native quercetin 

and nanoencapsulated quercetin may not share the same mechanisms on inhibiting 

carcinogenesis. 

The evidence from in vitro study will not be enough to demonstrate that Q-

Q-NLC can prevent or treat breast cancer in humans. Many factors could interfere 

an in vivo study, such genetic factor, hormones, metabolism, and so on.  Q-NLC 

showed uptake specificity by breast cancer cells, but this does not mean that Q-

NLC can target to tumor site spontaneously in vivo. Certain targeting strategies 

need to be discovered in the future study.  



                                                               Texas Tech University, Ming Sun, October 2012 
 

56 
 

 CHAPTER 7  

CONCLUSION 

  Q-NLC has increased the aqueous solubility and stability of quercetin, 

improved sustained quercetin release, elevated quercetin content in MCF-7 and 

MDA-MB-231cells, which correlated with decreased the viability and increased 

apoptosis of those cells. Q-NLC will be a potential strategy to preventive and treat 

breast cancer. 
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APPENDIX A  

PROTOCOLS 

A.1 Nanoparticle preparation  

Chemicals: 

 Quercetin (Sigma-Aaldrich Chemical Co. catalog NO.Q4951-10G) 

 Free cholesterol (Sigma-Aaldrich Chemical Co. catalog NO.C8503-100G) 

 Chitosan medium molecular weight (Sigma-Aaldrich Chemical Co. catalog 

NO.448877-50G) 

  Triglyceride tridecanoate (Sigma-Aaldrich Chemical Co. catalog 

NO.T7517-5G) 

  Triglyceride tripalmitate (Sigma-Aaldrich Chemical Co. catalog 

NO.T8127-100G) 

 Soy lecithin (Avanti Polar Lipids catalog NO.206775).  

 Chloroform (HPLC grade) 

Glassware: 

 10ml flat bottom glass tube 

 Glass tips 

Equipment: 

 Microbalance  

 Nitrogen evaporator 

 Vacuum freeze-dry system (Labconco) 
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 Dry-heat stirring plate 

 Digital Sonifier (Brason) 

 Procedure: 

A.1.1 Liposome 

1. Soy lecithin and free cholesterol are weighed with molar ratio of 4:1 in a 

flat bottom glass tube, certain amount quercetin is added 

2. Dissolve the mixture in chloroform and dried under a nitrogen evaporator 

and followed by vacuum freeze drying for more than 24hour to remove the 

residue chloroform. 

3. 7ml of deionized water is added to resuspend  the mixture.  

4. The suspension is sonicated under the nitrogen for 2 hours, liposome 

formed (LIPO). 

5. Dilute liposome with 10X PBS in 1X PBS. 

6. Coat liposome with 0.2 % (w/v) of chitosan using a magnetic stirrer for 1 

hour at 4 °C to form chitosan coated liposomes (CSLIPO). 

7. Void liposome (VLIPO) and void chitosan coated liposomes (VCSLIPO) 

are made with the same procedure except adding quercetin. 

A.1.2 NLC 

Q-NLC and VNLC was prepared by Dr. Shu Wang, composed of soy lecithin, 

triglycerides (TG), and solutol. 
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A.2 Measurement of characteristics of the nanoperticles 

Chemicals: 

 Deionized water 

 1xPBS 

 Methanol (HPLC grade) 

 Acetonitrle (HPLC grade) 

Glassware: 

 Beakers 

 50ml conical flask 

 HPLC vial  

Equipments: 

 200Kv Hitachi H-8100 analytical transmission electron microscope (TEM) 

 Brookhaven BI-MAS and ZetaPALS analyzer 

 high-performance liquid chromatography (Waters Corporation,  Milford, 

MA) 

 Vacuum freeze-dry system (Labconco) 

 Dry-heat stirring plate 

 Stirring bars 

 C18 reverse-phase column (Agilent) 

 0.22µm filter (Millipore Catalog NO. SLGV013SL) 

 dialysis bag with MWCO 6,000-8,000 (Fisher Sci) 
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 Sephadex G-25 prepacked disposable-10 desalting columns (GE healthcare, 

NJ,USA) 

 Carbon coated TEM grid 

Reagents preparation: 

Dissolution medium composed of 1xPBS (pH 7.4) and methanol (80:20, v/v). 

Procedures: 

Transmission electron microscope (TEM) 

1. Dilute the concentrated nanoparticles 1:100 in nanopure water.  

2. 20µl of diluted nanoparticles is placed on a carbon coated TEM grid, 

allowed to sit for 2 minutes before being wiped off with filter paper.  

3. This is followed by a 20µl drop of 2% aqueous uranyl acetate for 1 minute 

after which it is wiped off. 

4. The grids were observed and imaged in an Hitachi H8100 TEM at 75KV. 

(DSC) 

A.2.1 Particle size, zeta potential and HPLC Analysis 

1. The sample is diluted 100 times in deionized water. 

2. The size, size distribution, and zeta potential are measured using 

brookhaven BI-MAS and ZetaPALS analyzer, respectively. 

3. Samples are mixing with mobile phase with a ratio of 10:90 in a HPLC vial.  

4. quercetin was detected using a high-performance liquid chromatography 

(HPLC) system (Waters Corporation,  Milford, MA) with a C18 reverse-

phase column and a UV detector. The mobile phase was composed of 
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20% water, 20% acetonitrile and 60% methanol, and the flow rate was 1.1 

mL/minute. quercetin was detected at 262 nm. 

A.2.2 Encapsulation efficiency and loading capacity 

1. Pass the prepared nanoparticles through 0.22µm filter to remove the 

insoluble component. 

2. Separate the nanoparticles from the soluble component using a Sephadex 

G-25 prepacked disposable-10 desalting columns for measurement of 

encapsulation efficiency.  

3. Measure the concentration of encapsulated quercetin by HPLC. 

4. 2 mL of nanoparticles is frozen at -80°C.  

5. The frozen nanoparticles were completely dried by a freeze-dry system for 

more than 24 hours; the total dry mass was weighed. 

The encapsulation efficiency (EE) and loading capacity (LC) of quercetin in 

the nanoparticles were calculated according to the following equations: 

 

EE=  ×100% 

LC=  ×100% 
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In the above equation,  shows the weight of quercetin 

encapsulated in Q-NLC,  is the weight of quercetin in Q-NLC, and 

 presents the weight of Q-NLC. 

A.2.3 In-vitro quercetin release   

quercetin release studies from Q-NLC and native quercetin were performed in 

the using a dialysis bag with MWCO 6,000-8,000 (Fisher Sci).  

1. Place Q-NLC suspension in 1xPBS equivalent to 1.5 mg of quercetin in the 

dialysis bags and dip in a conical flask containing 50 mL of dissolution 

medium (37C) stir at 200 rpm/min.  

2. Withdraw a sample of dissolution medium (0.5 mL) periodically at every 

hour and immediately replace with the same volume of fresh dissolution 

medium for 8 hours.  

3. Inject the sample of each time point into HPLC to quantify the quercetin 

concentration. 
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A.3 Cell culture 

Product Information Sheet for ATCC® HTB-22™Product Information Sheet for 

ATCC HTB-26™ 

Chemicals and reagents:  

 ATCC-formulated Eagle's Minimum Essential Medium, Catalog NO. 30-

2003  

 ATCC-formulated Leibovitz's L-15 Medium, Catalog NO. 30-2008 

 Bovine insulin (SIGMA Catalog NO. I0516)  

 Fetal bovine serum (ATCC Catalog NO. 30-2020)  

 Trypsin-0.53 mM EDTA in Hank’ BSS (w/o Ca++, Mg++) (ATCC Catalog 

NO. 30-2101)   

 Antibiotic (streptomycin/Penicillin mixture) (Hyclone Catalog NO. 

SV30010) 

 Hank’s balanced salt solution (ATCC Catalog NO. 30-2213)  

 Trypan blue (SIGMA Catalog NO. T8154)  

 70% ethanol  

Glassware  

  0.5ml and 2ml centrifuge tubes  

 75 or 25  flasks with vented caps ( MCF-7 cell line) and capped 
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caps (MDA-MB-231 cell line) 

 15 ml Centrifuge tubes  

 Pipettes  

 Waste containers  

 Test tube rack  

Equipment 

 Cell culture Hood  

 Incubator (37℃ and 5% CO2 and 95% humidity)  

 Water bath  

 Centrifuge  

 Refrigerator  

 Inverted microscope  

 Counter 

  Hemacytometer  

 

Preparation of Reagents 

 Complete Growth Medium:  

MCF-7:  

 To make the complete growth medium, add the following components to 
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the base medium (ATCC-formulated Eagle's Minimum Essential Medium, 

Catalog No. 30-2003):  

0.01mg/ml bovine insulin  

fetal bovine serum to a final concentration of 10%  

streptomycin/Penicillin mixture to concentration of 1%  

 

MDA-MB-231: 

 To make the complete growth medium, add the following components to 

the base medium (ATCC-formulated Leibovitz's L-15 Medium, Catalog 

No. 30-2008): fetal bovine serum to a final concentration of 10%  

Procedure:  

A.3.1 Frozen cell handling: 

1. Thaw the vial by gentle agitation in a 37°C water bath. To reduce the 

possibility of contamination, keep the O-ring and cap out of the water. 

Thawing should be rapid (approximately 2 minutes).  

2. Remove the vial from the water bath as soon as the contents are thawed, and 

decontaminate by dipping in or spraying with 70% ethanol. All of the 

operations from this point on should be carried out under strict aseptic 

conditions.  

3. Transfer the vial contents to a centrifuge tube containing 9.0 ml complete 

culture medium and spin at approximately 200 x g for 5 minutes.  

4. Resuspend cell pellet with the complete medium and dispense into a new 

culture flask.  
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5. Incubate the culture at 37°C in a suitable incubator. (MDA-MB-231 cells 

without CO2)  

 

A.3.2 Subculturing Procedure: 

(Volumes used in this protocol are for 75 cm2 flask; proportionally reduce or 

increase amount of dissociation medium for culture vessels of other sizes.) 

1. Remove culture medium to a centrifuge tube.  

2. Briefly rinse the cell layer with 0.25% (w/v) Trypsin - 0.53 mM EDTA 

solution to remove all traces of serum, which contains trypsin inhibitor.  

3. Add 2.0 to 3.0 ml of Trypsin-EDTA solution to flask and observe cells under 

an inverted microscope until cell layer is dispersed (usually with 5 to 10 

minutes).  

4. Add 6.0 to 8.0 ml of complete growth medium and aspirate cells by gently 

pipetting.  

5. Transfer the cell suspension to the centrifuge tube with the medium and cells 

from Step 1 and spin at approximately 200 xg for 5 minutes. Discard the 

supernatnant.  

6. Resuspend the cell pellet in fresh growth medium. Add appropriate aliquots of 

cell suspension to new culture vessels. Maintain cultures at a cell 

concentration between 2x10(4) and 2 x 10(5) cells/cm2. Count cells by using 

hemacytometer and counter. Subcultivation Ratio: 1:3 to 1:6.  

7. Place culture vessels in incubators at 37°C.  
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Note: To avoid clumping do not agitate the cells by hitting or shaking the flask 

while waiting for the cells to detach. Cells that are difficult to detach may be 

placed at 37°C to facilitate dispersal.  

Medium Renewal: Two to three times weekly 

 

Calculation: 

For 50ml complete medium: 

 MCF-7: 

45ml of base medium by adding: 

50ml ×10% = 5ml FBS 

50ml ×0.01mg/ml= 0.5mg bovine insulin, which is 50µl of 10mg/ml 

bovine insulin stock solution in acidated deionized water(PH=3). 

Antibiotic (1% penicillin/streptomycin mixture): 50mL x 1% = 0.5 mL 

(500μL) 

 MDA-MB-231 

45ml of base medium by adding: 

50ml ×10% = 5ml FBS 

Cell counting: 
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Cell number =  × n (dilution factor) 

× (function according to the hemacytometer)
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A.4 Cell treatment 

Chemicals and reagents: 

 Acetonitrile (HPLC grade) 

 Methanol (HPLC grade) 

 Deionized water (HPLC grade) 

 Dulbecco's Modified Eagle's Medium (DMEM) (ATCC Catalog NO.30-

2002) 

 DMEM, Low Glucose, Pyruvate, no Glutamine, no Phenol Red medium 

(Life technology, Catalog NO.11054-001) 

 L-glutamine (Life technology, Catalog NO. 25030081) 

 Nanoparticles  

quercetin encapsulated nanoparticles (synthesized by Dr. Shu Wang)  

 Q-LIPO  

 Q-CSLIPO  

 Q-NLC  

 Q-CSNLC  

Void nanoparticles (synthesized Dr. Shu Wang)  

 V.LIPO  

 V.CSLIPO  

 V.NLC  

 V.CSNLC 
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 70% Ethanol  

 1xPBS  

Glassware：  

 Pipettes  

 Waste containers  

 Test tube rack  

 Sterile 6-well or 96-well flat-bottomed plates with lid  

 High performance liquid chromatography (HPLC) vials 

Equipment： 

 High performance liquid chromatography (UV detector) 

 Reverse phase C18 column (25×6mm) 

 Cell culture Hood  

 Incubator (37 ºC  and 5% CO2 and 95% humidity)  

 Water bath  

 Centrifuge  

 Refrigerator  

 Inverted microscope  

 Counter 

  Hemacytometer  
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Preparation of Reagents 

Seeding Medium:  

(There’s no particular phenol red free medium for MDA-MB-231 cells, in 

order to keep consistent, we use same phenol red free medium for both cell 

lines, DMEM phenol red free medium. In order to let cells adjust to the new 

medium, a mixture of cell culture medium is prepared.) 

 The base medium is by mixing DMEM medium with the original base 

medium with a ratio of 1:1, all the rest contents are adding as previously 

described. 

Phenol red free medium: 

 The base medium phenol red free DMEM by adding L-glutamine and the 

rest contents are adding as previously described. 

HPLC mobile phase: 

By mixing Acetonitrile: methanol: water with a volume ratio 20:60:20 

 

Procedure: 

 Trypsin the cells according to the previous subculture protocol for both cell 

lines. 

 Seed cells with a number of 5×  (5× ) in seeding medium volume of 

100µl (3ml) in 96-well (6-well) sterile flat-bottomed plates, incubate for 

24 hours or overnight to let the cells attach. 
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 Standard of quercetin is made in dimethyl sulfoxide (DMSO), diluted 2X 

for at least 5 points. 

 Diluting standard and samples with mobile phase by ratio 10: 90 in to 

HPLC vials. 

 Detecting the concentration of each treatment by using HPLC UV detector.  

 Dilute the treatments with 1xPBS. 

 The Void nanoparticles cannot be detected; the concentrating and diluting 

procedure are following the corresponding quercetin-nanoparticles in 

order to keep consistent. 

 Before treating the cells, seeding medium is replaced by phenol red free 

medium, diluted treatments is added accurately in order to reach desired 

concentration.  

 Note: quercetin is hydrophobic compound. Dissolve quercetin in DMSO, 

and the content of DMSO in medium is lower than 0.1% in order to avoid 

toxicity to the cell, the rest treatments all containing DMSO according to 

the quercetin treatments. We prefer adding only 1-2µl of treatments into 

the medium in order to avoid interferes by introducing PBS. 

 All treatments contained quercetin concentrations of 1µM, 5µM, 10µM, 

20µM, and 50µM. Treatments time are 24 hours and 48 hours. 
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A.5 Cell viability 

Chemicals and reagents: 

 Thiazolyl Blue Tetrazolium Bromide (SIGMA catalog No. M5655)  

 Triton X-100  

 HCl (0.1N) 

 Isopropanol (ACS grade) 

Glassware  

  

  

 -welled plates  

Equipments: 

 High performance liquid chromatography (UV detector) 

 Reverse phase C18 column (25×6mm) 

 Cell culture Hood  

 Incubator (37℃ and 5% CO2 and 95% humidity)  

 Water bath  

 Centrifuge  

 Refrigerator  
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 Inverted microscope  

 Counter 

  Hemacytometer  

 BioTek ELx800™ absorbance microplate reader (BioTek, Winooski, VT) 

      

Preparation of reagents: 

 The MTT reagent are made by dissolving Thiazolyl Blue Tetrazolium 

Bromide 5mg/ml in 1xPBS.  

 MTT solubilization Solution is made by 10% Triton X-100 plus 0.1 N HCl 

in anhydrous isopropanol.  

Reconstituted MTT solution is stable for at least 6 months when stored frozen 

(-0℃). Storage of reconstituted MTT solution at 2-8 ℃ for more than 2 weeks 

may cause decomposition and yield erroneous results. 

WARNING: MTT may be harmful if swallowed, inhaled or absorbed through 

skin. MTT may alter genetic material. MTT SOLVENT is flammable and 

corrosive. Handle carefully. 

 

Procedures: 

1. Seed cells and add treatments following previous protocols; each treatment 

should include a blank containing phenol red free complete medium 
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without cells. 

2. After incubate for certain period of time, add MTT reagent in an amount 

equal to 10% of the culture medium volume (10µl). 

3. Return cultures to incubator for 2-4 hours depending on cell type and 

maximum cell density. (An incubation period of 2 hours is generally 

adequate but may be lengthened for low cell densities or cells with lower 

metabolic activity.) Incubation times should be consistent when making 

comparisons.  

4. After the incubation period, remove cultures from incubator and dissolve 

the resulting formazan crystals by adding an amount of MTT 

Solubilization Solution equal to the original culture medium 

volume(110µl). 

5. Gentle mixing in a gyratory shaker will enhance dissolution. Occasionally, 

especially in dense cultures, pipetting up and down may be required to 

completely dissolve the MTT formazan crystals.  

6. Spectrophotometrically measure absorbance at a wavelength of 562 nm by 

using BioTek ELx800™ absorbance microplate reader (BioTek, Winooski, 

VT). Measure the background absorbance of 96-well plates at 690 nm and 

subtract from the 562 nm measurement.  

Trouble shooting: 

 Reconstituted MTT solution is stable for at least 6 months when stored 
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frozen (-0 ºC). Storage of reconstituted MTT solution at 2-8 ºC  for more 

than 2 weeks may cause decomposition and yield erroneous results. 

 Uneven evaporation of culture fluid in wells of multiwell plates may cause 

erroneous results. 

 High protein levels may form a precipitate when MTT Solubilization 

Solution is added. 

 Media and salt solutions with phenol red can be used but will contribute to 

higher background absorbance and can decrease sensitivity. 
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A.6 Cellular uptake 

Chemicals and reagents: 

 0.6 M Acetic acid (ACS grade) 

 25µM Resveratrol  

 Acetone (ACS grade) 

 Acetonitrile (HPLC grade) 

 Methanol (HPLC grade) 

 Water (HPLC grade) 

 0.5 N NaOH 

 bicinchoninic acid (BCA) protein kit (Thermo scientific Catalog NO. 23227) 

Glassware  

  

  

      Glass tips 

      10ml glass tubes with caps 

 -well plates  

Equipments: 

 High performance liquid chromatography (UV detector) 
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 Reverse phase C18 column (25×6mm) 

 Cell culture Hood  

 Incubator (37 ºC  and 5% CO2 and 95% humidity)  

 Water bath  

 Centrifuge  

 Vortex 

 Refrigerator and freezer 

 Digital Sonifier (Brason) 

 Nitrogen evaporator  

  BioTek ELx800™ absorbance microplate reader (BioTek, Winooski, VT) 

 Cell collection scraper 

Reagent preparation: 

 0.6 M of acetic acid: 

Prepared by diluting 1.735ml of acetic acid in 50ml of deionized water. 

 0.5 N of NaOH 

Prepared by dissolving 20 mg of NaOH in 1ml of water. 

 Albumin (Protein) standards: 

Standards are diluted by using 0.5 N of NaOH, dilute for 5 points using 2 

times dilution from 1mg/ml to 0.0625 mg/ml, make sure the samples are 
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in the standard range.  

 Preparation of the BCA Working Reagent (WR) 

1. Use the following formula to determine the total volume of WR 

required:  

(# standards + # unknowns) × (# replicates) × (volume of WR per 

sample) = total volume WR required  

Example: for the standard test-tube procedure with 3 unknowns and 2 

replicates of each sample:  

(9 standards + 3 unknowns) × (2 replicates) × (2mL) = 48mL WR 

required  

Note: 200 μl of WR reagent is required for each sample in the microplate 

procedure.  

2. Prepare WR by mixing 50 parts of BCA Reagent A with 1 part of 

BCA Reagent B (50:1, Reagent A:B). For the above example, 

combine 50mL of Reagent A with 1mL of Reagent B.  

Note: When Reagent B is first added to Reagent A, turbidity is observed 

that quickly disappears upon mixing to yield a clear, green WR. Prepare 

sufficient volume of WR based on the number of samples to be assayed. 

The WR is stable for several days when stored in a closed container at 

room temperature (RT). 

Procedures: 
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 Cells are seeded in a concentration of 5× cells/well in a 6-well cell 

culture plate, incubate overnight to let the cells attach. 

 Each treatment is adding according to the volume of the medium in order to 

reach the desired concentration, incubate for 4 hours at 4 ºC  and 37 ºC , 

respectively.  

quercetin extraction (Biasutto, et al., 2010; Zhao et al., 2011): 

1. After incubation, cells are collected in 0.6 M acetic acid (0.1 volume) in a 

10ml glass tube; 30 µL of internal standard containing 25 µM resveratrol 

(internal standard) is added. 

2. After mixing by vortex, 4 volume of acetone is added, followed by 

sonication  for 2 min and centrifugation at 5500 x g,  4ºC for 20 min. 

3. Supernatant is accurately measured and collected into a different glass tube 

and stored at -20ºC. 

4. Before analysis, dry the acetone under nitrogen at room temperature by 

using nitrogen evaporator. 

5. Acetonitrle (30 µl) is added to precipitated the residual proteins; after 

centrifugation, clear supernatant samples are mixing with the mobile 

phase and directly injected into the HPLC system for measuring quercetin 

and internal standard concentrations. 

6. The protein residual are transferred and combined  then dried in fume hood 

and digested by 100 µl to 150 µl of 0.5 N NaOH overnight. 

Protein measurement (Pierce® BCA Protein Assay Kit): 
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The protein concentration was measured by using bicinchoninic acid (BCA) 

protein assay (Microplate Procedure (Sample to WR ratio = 1:8)). 

1. Vortexing the tubes containing digested protein for 30 seconds. 

2. Measure the volume of each sample (sample may evaporate during 

digestion) in order to calculate the protein mass. 

3. Pipette 25μL of each standard and samples in replicate into a 96-well plate 

well.  

Note: If sample size is limited, 10μL of each unknown sample and standard 

can be used (sample to WR ratio = 1:20). However, the working range of the 

assay in this case will be limited to 125-2000μg/mL.  

4. Add 200μL of the WR to each well and mix plate thoroughly on a plate 

shaker for 30 seconds.  

5. Cover plate and incubate at 37°C for 30 minutes.  

6. Cool plate to RT. Measure the absorbance at or near 562nm on a plate 

reader.  

Notes:  

• Wavelengths from 540-590nm have been used successfully with this method.  

• Because plate readers use a shorter light path length than cuvette 

spectrophotometers, the Microplate Procedure requires a greater sample to 

WR ratio to obtain the same sensitivity as the standard Test Tube Procedure. 

If higher 562nm measurements are desired, increase the incubation time to 2 
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hours.  

• Increasing the incubation time or ratio of sample volume to WR increases 

the net 562nm measurement for each well and lowers both the minimum 

detection level of the reagent and the working range of the assay. As long as 

all standards and unknowns are treated identically, such modifications may be 

useful.  

7. Subtract the average 562nm absorbance measurement of the Blank standard 

replicates from the 562nm measurements of all other individual standard 

and unknown sample replicates.  

8. Prepare a standard curve by plotting the average Blank-corrected 562nm 

measurement for each BSA standard vs. its concentration in μg/mL. Use 

the standard curve to determine the protein concentration of each 

unknown sample.  

Calculation: 

The cellular uptake (CU) is calculated as following equitation: 

CU (mg/mg) =   

In the above equation, shows the concentration of quercetin,  

shows the concentration of the protein,  and represents the volume of the 

protein. 

 



                                                               Texas Tech University, Ming Sun, October 2012 
 

96 
 

 

A.7 Evaluation of Annexin V-FITC/PI-stained cells 

Technical Data Sheet Annexin V-FITC Fluorescence Microscopy Kit (L. L. Gao, 

et al., 2011; Schutte, et al., 1998; Shoieb, et al., 2003). 

Chemicals and reagents: 

 1xPBS 

 Annexin binding buffer (BD pharmingen, Catalog NO. 51-66121E) 

 fluorescein isothiocyanate(FITC)-labeled Annexin V (Annexin V-FITC) 

dilution (5 µg/mL) (BD pharmingen, Catalog NO. 51-8074KC) 

 10 ug/mL propidium iodide (PI) solution (BD pharmingen, Catalog NO.51-

66211E) 

Glassware  

  

  

 -welled plate with lid 

Equipments: 

 Cell culture Hood  

 Incubator (37 ºC  and 5% CO2 and 95% humidity)  

 Refrigerator  
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 Inverted fluorescence microscope 

Procedure: 

1. cells per well are seeded  in 24 well plates and incubated for 

overnight to let cell attach on the plates. 

2. quercetin, V.NLC and Q-NLC are added and incubated with cells for 6 and 

24 hours, 1xPBS is used as a control treatment.  

3. After incubation, remove the medium and wash cells twice with cold 

1xPBS and once with Annexin binding buffer. 

4. Cells are stained with fluorescein isothiocyanate(FITC)-labeled Annexin V 

(Annexin V-FITC) dilution (5 µg/mL) and incubate for 5 min at room 

temperature.  

5. Thereafter, 10 ug/mL propidium iodide (PI) solution is added to the cells, 

followed by an additional 10 min incubation period.  

6. After washing cells once with Annexin binding buffer, observe cells under 

a fluorescence microscope. 

 




