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Executive summary 

 

Curcumin (CUR) is poorly water-soluble, which when combined with poor 

permeability and rapid metabolism, renders an extremely low oral bioavailability. The 

thesis sets out to support the hypothesis that a simple, safe and cost efficient CUR 

nanoformulation prepared with Pluronic F127 as an excipient would be stable on 

storage and in a myriad of biological media to retain the biological activities of CUR, 

and to improve the bioavailability of CUR. 

 NanoCUR with size of 23.43 ± 0.18 nm and ability to encapsulate CUR at 95.15 

± 1.97% was successfully prepared by a thin dry film hydration (TDF) technique, and 

the dispersion was stable to lyophilisation followed by reconstitution in a range of 

aqueous media. The lyophilized product was stable to storage at room temperature and 4 

°C for 12 months.  

Micelle carriers must be able to resist a rapid and premature dissociation upon 

dilution and exposure to the harsh and changing condition of the gastrointestinal tract 

(GIT). CUR-loaded Pluronic F127 nanoformulation (NanoCUR) was stable in the 

changing environmental pH of the GIT, with preserved size, morphology and CUR 

content in simulated gastric fluid (pH 1.2) and simulated intestinal fluid (pH 6.8) after 

72 h.  

The stability and characterization of nanoformulations play a significant role in 

determining the efficacy and performance in biological studies. However, there is no 

precedent work examining the long term stability and characterization of a CUR 

formulation at different concentrations or in various biological media. When dispersed 

in Eagle’s Minimum Essential Medium (EMEM) containing 10% Fetal Bovine Serum 
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(FBS), NanoCUR showed a significantly smaller particle size than in water at 

concentrations of 2 to 120 µM. Dynamic light scattering (DLS) measurement suggested 

that both FBS, as well as the NanoCUR particles contribute to the size registered by 

DLS. The stability of NanoCUR was preserved with no apparent particle aggregates 

observed in EMEM supplemented with 10% FBS for 72 h. 

The morphology of NanoCUR was preserved when incubated in PBS containing 

4% bovine serum albumin (BSA) for 72 h, while in isolated rat plasma; the size of 

NanoCUR grew larger following incubation for 8 h, with no sign of aggregation. The 

blank plasma revealed the presence of particles, with size 121.56 ± 13.40 nm measured 

by DLS, believed to be plasma proteins. Hence, it is suggested that plasma protein 

interacted with the surface of NanoCUR causing the particles growth in NanoCUR.  

The ability of NanoCUR in suppressing proliferation of cancer cells was 

evaluated in human colon Caco-2 and liver HepG2 cells.  NanoCUR, showed a delayed 

biological response towards the cells, due to the slow release of CUR, but the effect was 

increased when the interaction with the cells was prolonged for 48 to 72 h, compared to 

CUR solution in 0.5% DMSO (sCUR).  

A major mechanism through which molecules may influence the metabolism 

and bioavailability of active drugs is by affecting the cytochrome P450 enzymes (CYPs) 

located in the liver and intestinal microsomes. NanoCUR was shown to inhibit all 

recombinant CYPs with a more potent inhibition towards CYP3A4 compared to sCUR. 

Pluronic F127 micelles (Bm) was a functional excipient as it inhibited CYP3A4 and 

CYP2C9 activities. Investigation by qPCR did not show any modulation by NanoCUR 

on the expression of CYP3A4 and CYP2D6. Conversely, while NanoCUR, like sCUR, 

was an inhibitor of the metabolic functions of these three enzymes, NanoCUR up-
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regulated the cellular CYP2C9 mRNA levels in the HepG2 cells. These surprising 

results might be attributed to the Pluronic F127 micelles, for the Bm test sample was 

also observed to up-regulate the cellular mRNA levels of CYP2C9 at 5 µM and 15 

µMbut NanoCUR, as well as Bm, increased the expression of CYP2C9 in HepG2 cells. 

The discrepancies between NanoCUR effects on the enzyme function and mRNA 

expression level could also be attributed to the different systems used, with the enzyme 

activity of CYP2C9 studied using recombinant human enzyme, while the CYP2C9 

mRNA expression was studied in HepG2 cells. 

The bioavailability of NanoCUR was evaluated in Sprague Dawley rat models. 

The study of absolute bioavailability was however, not realized as the plasma level of 

CUR administered orally at 60 mg/kg fell below the detection level following 0.75 h of 

administration. Intravenous (IV) administration of 10 mg/kg NanoCUR showed a 2.24-

fold increase in the total AUC compared to sCUR. 

 In summary, Pluronic F127 was compatible with CUR and the NanoCUR 

produced was stable. However, NanoCUR exhibited a lower biological response than 

sCUR. Future studies should focus on improving the NanoCUR for the betterment of 

the in vitro and in vivo performance as it can be developed as an anti-cancer adjuvant, 

owing to its ability to modulate CYPs, especially CYP3A4. In addition, the collective 

data suggest the characterization of NanoCUR varied in different media, especially 

those supplemented with serum, thus providing a better understanding of 

nanoformulation characterization. This study provides a platform to improve the 

prediction of bio-nano interaction in the future. 
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NanoCUR. Cell nuclei was stained blue (DAPI) and cell-associated 

CUR appeared green (CUR). Merged images of cells exposed to 
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sCUR and NanoCUR showed CUR to be internalized by the cells. 

Cell images were taken at 5 μm below the cell surface. Scale bar: 

50 μm. Internalization of sCUR into the cell nuclei is indicated by 

the arrows. 
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Figure 4.10: Viability of HepG2 cells after exposure to different 

concentrations of sCUR, NanoCUR and Bm for (A) 48 and (B) 72 

h. The effects of the positive control (0.1% SDS) and negative 

control (0.1% Dextran) on cell viability were also shown. Cell 

viability was expressed as a percent of viable cells present in 

cultures exposed only to the culture medium. Data are shown as 

mean ± SD (n = 8). 
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Figure 4.11: Inhibition of human recombinant CYP enzymes by test 

samples: sCUR (), NanoCUR () and Bm (). Data are 

expressed as a percent based on cells exposed to blank vehicles 

(mean ± SD, n = 3). Positive controls: () 10 µM NPV (CYP1A2), 

30 µM SPZ (CYP2C9), 10 µM QDN (CYP2D6) and 10 µM KCZ 

(CYP3A4).  Data represents mean ± SD (n = 3).  164 

Figure 4.12: Loading of a) total RNA with A260/280 ratios in the 1.9 to 

2.0 range (1.5 µg of RNA) on 1% denaturing agarose gel and b) the 

PCR product of GAPDH on 2% agarose gel. The functionality of 

cDNA synthesized was evaluated through the expression of the 

housekeeping gene, GAPDH. RT-PCR was conducted with 

ThermoScript™ RT-PCR System plus Platinum® Taq DNA 

Polymerase kit from Invitrogen. The lanes represent HepG2 cells 

replicates treated with a) 15 µM of sCUR; b) 15 µM NanoCUR; c) 

15 µM Bm and non-treated cells in d) culture medium and e) 

culture medium supplemented with 0.5% DMSO.  
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Figure 4.13: The effects of sCUR (), NanoCUR () and Bm () on the 

mRNA expression of a) CYP2C9, b) CYP2D6 and c) CYP23A4 in 
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the HepG2 cells. HepG2 cells were seeded at 5 × 105 cells per flask 

with 5 mL of supplemented culture medium. The medium was 

supplemented with 0.5% of DMSO and 0 to 15 μM of CUR, 

NanoCUR or Bm on Day 2 post-seeding. Positive control cells () 

were exposed to inhibitors specific for each enzyme: 10 µM of 

KCZ (CYP3A4), 5 µM of QDN (CYP2D6) and 30 µM of SPZ 

(CYP2C9) prepared in 0.5% DMSO. The expression of the 

CYP2C9, CYP2D6 and CYP3A4 genes were analysed by probe 

based qPCR assay using the SensiFAST™ Probe No-ROX Kit 

(Bioline). Data are presented as relative mRNA expression 

normalized to reference gene (n = 4-6). * denotes significant 

difference to negative control (cells exposed to culture medium). 
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Figure 5.1: TEM micrographs of (A) lyophilized NanoCUR reconstituted 

in water to a CUR concentration of 15 mg/mL, (B) the reconstituted 

NanoCUR after dilution with SIF, pH 6.8, to a final CUR 

concentration of 1.7 mg/mL and (C) after dilution with SGF, pH 

1.2 to a final CUR concentration of 3.4 mg/mL, followed by 

incubation for 8 h at 37 °C. Scale bar represents 100 nm. 
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Figure 5.2: TEM micrographs of (A) blank rat plasma (B) reconstituted 

NanoCUR after dilution with blank rat plasma to a final CUR 

concentration of 0.32 mg/mL, followed by incubation for 8 h at 37 

°C. Scale bar represents 100 nm. 
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Figure 5.3: Stability of CUR in NanoCUR and sCUR in rat plasma. 

NanoCUR dispersion was diluted in blank plasma isolated from the 

male Sprague Dawley rats to a final CUR concentration of 0.32 

mg/mL, and incubated for 8 h at 37 °C to simulate IV 

administration. sCUR at the same concentration (solvent: 1% v/v 

Tween 80) served as control. CUR content at specified time 

intervals (CUR was extracted according to method in Section 

5.3.4.3) was analysed by HPLC. Data represent mean ± SD, with n 

 

 

 

 

 



 
 

  xxvi 
 

= 3. 187 

Figure 5.4: Representative HPLC chromatograms of (A) blank plasma 

sample and (B) blank plasma spiked with 200 ng/mL CUR (Rt = 

4.06 min). Mobile phase consisted of 50% acetonitrile and 50% of 

acetic acid solution (5% v/v). The detection wavelength was 420 

nm. 
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Figure 5.5: Linear calibration graph of peak area as a function of CUR 

concentration. CUR standard solutions were assayed by HPLC 

using a mobile phase of 50% acetonitrile and 50% acetic acid (5% 

v/v) and flow rate of 1 mL/min, at ambient temperature. Data points 

represent mean ± SD (n ≥ 7). 
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Figure 5.6: Time course of the plasma CUR concentrations of rats 

assigned to the sCUR and NanoCUR treatment groups. Rats (n = 6) 

were administered (A) intravenously with one dose of sCUR or 

NanoCUR at the equivalent CUR dose of 10 mg/kg and (B) 

perorally once with sCUR or NanoCUR at the equivalent CUR 

dose of 60 mg/kg. Data points represent mean ± SD.  
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1.1 Curcumin 

1.1.1 Introduction  

 

CUR is the major component of turmeric, which is derived from the rhizome of 

the Curcuma longa plant (Vogel and Pelletier, 1815). The Curcuma genus belongs to 

the Magnoliophyta division, Liliopsyda class, Zingiberidae subclass, Zingiberales order 

and Zingiberaceae family (Strimpakos and Sharma, 2008). Curcuma longa is a 

perennial plant that reaches ~100 cm in height (Figure 1.1) and is widely found growing 

naturally in the Indian subcontinent and tropical countries, particularly those in 

Southeast Asia (Strimpakos and Sharma, 2008). Known as ukon in Japan and haldi in 

India (Basnet and Skalko-Basnet, 2011), turmeric contains three principal 

curcuminoids: CUR, demethoxyCUR (DMC) and bis-DMC (Anand et al., 2007). 

Turmeric has been used for many centuries as a spice, natural dye and dietary 

supplement, as well as a component of Ayurvedic and traditional Chinese medicine 

(Sharma et al., 2005). This natural yellow coloured phenolic compound was first 

extracted in an impure form by Vogel and Pelletier in 1815, followed by preparation of 

the purified and crystalline form of the compound by Daube in 1870, and Ivanov and 

Gajevsky almost three decades later (Feller, 1988). The chemical structure of CUR was 

first determined by Milobedeska et al. in 1910 and synthesised by Lampe and 

Milobedeska in 1913. 
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1.1.2 Chemical structure and physical properties  

 

CUR is a hydrophobic natural compound. It is composed of two phenolic rings, 

each substituted with the methoxy functionality in the ortho position (Figure 1.2). The 

two phenolic rings are joined via a heptadiene linker in the para position that also 

contains α, β-diketonic functionality on Carbons 3 and 5. Chemically known as [(E, E)-

1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5 dione], CUR has a molecular 

weight (MW) of 368.38 Da, melting point of 179 to 183 °C, and the chemical formula 

C21H20O6. It exhibits keto-enol tautomerism depending on several factors, such as 

solvent characteristics, temperature and chemical substitution on the CUR molecule 

(Khopde et al., 2000). Under normal physiological conditions, the phenolate and bis-

keto forms of CUR co-exist in equilibrium. Under acidic conditions, the keto form 

predominates, resulting in proton donation. Under alkaline conditions, the enolate form 

predominates by deprotonation of a hydroxyl group from the phenolic chain, resulting 

in the release of H+ ion (Jovanovic et al., 1999). The maximum absorption of CUR 

(λmax) in methanol was observed at 430 nm and in acetone at 420 nm (Aggarwal et al., 

2003). 
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Figure 1.1: Curcuma longa plant showing the rhizome that contains CUR 

 

1.1.3 Safety profile 

 

CUR has been classified as “Generally Recognized as Safe” (GRAS) by the US 

Food and Drug Administration (FDA) and other health authorities, such as the Natural 

Health Products Directorate of Canada and the Expert Joint Committee of the Food and 

Agriculture Organization/World Health Organization (FAO/WHO) on food additives 

(JECFA). The JECFA considers an acceptable daily intake of CUR to be 0.1 to 3.0 

mg/kg body weight (NCI, 1996). In a Nepalese study, no adverse effects were 

associated with the consumption of turmeric at up to 1.5 g/person/day, which is the 

equivalent of 50 mg/day of CUR (Eigner and Scholz, 1999). In an Indian study, no 

toxicity was observed despite an average intake of turmeric at 2.0 to 2.5 g/day, which is 

the equivalent of 60 to 100 mg of CUR (Chainani-Wu, 2003).  
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Figure 1.2: Chemical structure of CUR, a major constituent of turmeric 

 

Clinical studies involving higher CUR doses have also shown that CUR is safe 

and has minimal toxicity following administration to healthy volunteers and cancer 

patients. A single oral administration of 500 to 12,000 mg CUR was well tolerated in 

healthy volunteers (Lao et al., 2006). In a clinical trial of elderly (50 years or older) 

ethnic Chinese living in Hong Kong with progressive memory and cognitive function 

decline, no side effects were observed after six months of consumption of CUR at doses 

of up to 4000 mg/day (Baum et al., 2007). In a series of studies involving cancer 

patients, CUR was found to be well tolerated at doses of 3600 mg/day to 8000 mg/day 

for prolonged periods of up to 18 months (Cheng et al., 2001; Dhillon et al., 2008; 

Sharma et al., 2004). The only significant adverse events possibly related to CUR 

consumption in these studies were patient reports of gastrointestinal complaints, largely 

nausea and diarrhoea. No abnormality was found in the liver function tests conducted 

throughout the trial periods.  

Given its safety profile, CUR has attracted interest as a potential therapeutic 

agent. A large number of in vitro, in vivo, and clinical studies have been undertaken 

with the view of developing CUR into a clinical formulation. 
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1.1.4 Pharmacological properties 

1.1.4.1 Pre-clinical studies 

 

A large number of pre-clinical studies have reported on the therapeutic potential 

of CUR, a summary of which is presented in Figure 1.3. This includes a range of cell-

based models that assessed the antioxidant, anti-inflammatory, anti-proliferative, pro-

apoptotic, anti-bacterial and anticancer activities of CUR. Such activities have been 

linked to the ability of CUR to modulate the function and cellular expression of 

enzymes and receptors, numerous signalling molecules, such as the transcription and 

growth factors, inflammatory mediators, protein kinases, invasive and angiogenic 

proteins and chemokines (Gupta et al., 2012; Gupta et al., 2013; Kim et al., 2012). The 

CUR molecule, with its unique combination of unsaturated di-ketone moieties and 

carbonyl, phenoly and hydroxyl groups, has the capability for direct and indirect 

interactions with numerous signalling molecules (Gupta et al., 2011a; Gupta et al., 

2011b). CUR can down-regulate the nuclear factor Kappa B (NF-ĸB) to cause cell cycle 

arrest, apoptosis and suppression of proliferation (Guo et al., 2013; Manikandan et al., 

2011; Wang et al., 2009), as well as block the activation of signal transducer and 

activator of transcription 3 (STAT3) signals involved in the development and 

progression of cancer in myeloma cells (Bharti et al., 2003; Bharti et al., 2004; 

Mackenzie et al., 2008). There is strong evidence that CUR can also suppress 

angiogenesis, thus preventing the regeneration of new blood vessels needed for the 

development of inflammation and survival of tumour cells (Perry et al., 2010; Yang et 

al., 2012). 
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CUR inhibited cellular proliferation in the human ovarian cancer cell lines and 

in athymic mice (Lin et al., 2007). In rats, CUR has been shown to reduce the 

occurrence of esophageal carcinogenesis at the initiation stage by 27% and the post-

initiation stages by 33% (Ushida et al., 2000). In Min-/-mice, CUR was found to 

suppress tumour formation by 63% (Mahmoud et al., 2000), while in Min/+ mice, CUR 

treatment for 15 weeks reduced the adenoma multiplicity by 60% (Perkins et al., 2002). 

CUR has been reported to diminish the effects of induced carcinogenesis in 

several animal models, such as in rats and mice exhibiting the N-methyl-N-nitrosourea 

and sodium chloride (NaCl)-induced gastric cancer and stomach tumours by decreasing 

the phospho-inhibitor kappaB (IĸB) and 8-hydroxy-2`-deoxyguanosine (Sintara et al., 

2012). In mice treated with 2, 20-dihydroxy-di-n-propylnitrosamine, CUR was reported 

to improve the function of lipid peroxidation and antioxidant liver enzymes, such as 

glutathione, protecting the mice against induced hepatic adenomas (Huang et al., 

2008a). In 7,12-dimethylbenzanthracene (DMBA) and diethylstilboestrol-induced 

mammary tumour models, CUR administration also inhibited carcinogenesis by 

inhibiting the vascular endothelial growth factor (VEGF) and in vivo mammary DMBA-

DNA adduct formation (Carroll et al., 2010; Deshpande et al., 1998; Inano and Onoda, 

2002; Singletary et al., 1998). 

 

1.1.4.2 Clinical trials 

 

The wealth of in vitro and in vivo data regarding the therapeutic potential of 

CUR has provided a strong basis for the progression of CUR into clinical trials. Many 

of these trials focussed on anti-cancer treatments. Cheng et al. (2001) evaluated the 
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efficacy of CUR in 25 patients at high risk for pancreatic cancer or with premalignant 

(non-pancreatic) lesions. The premalignant lesions were shown to have improved 

histologically following oral treatment with CUR at doses of 500 to 8000 mg/day for 3 

months. In a Phase II clinical trial with subjects with advanced pancreatic cancer, the 

tumour size was reduced by 73% in patients treated orally with 8000 mg of CUR/day 

(Dhillon et al., 2008). Radiologically stable disease was demonstrated in advanced 

colorectal cancer patients after they had received 36 to 180 mg/day CUR orally for up to 

4 months (Sharma et al., 2001). In a follow up study, patients administered with an 

increased dose of CUR (450 to 3600 mg/day) orally for 4 months had more stable 

disease than those who were not treated with CUR, although no decrease in tumour 

markers were reported (Sharma et al., 2004).  

In a more recent clinical trial that assessed 126 patients with colorectal cancer, 

rapid apoptosis of the cancer cells was observed following daily oral administration of 

360 mg of CUR for 1 month (He et al., 2011). Suppression of TNF-α, an inflammatory 

factor secreted by cancer cells, was also observed. This suppression led to weight loss, 

and an increased expression of p53, which modulates both the mitochondrial-dependent 

and non-dependent apoptotic pathways. In another study intended to prevent colorectal 

neoplasia in smokers, treatment with 4000 mg/day of CUR orally for 30 days resulted in 

a 40% decrease in the number of aberrant cyp foci (Carroll et al., 2011).  

In addition, CUR has been reported to have favourable therapeutic efficacy in 

Alzheimer’s disease and cognitive impairment (Baum et al., 2008), diabetes mellitus 

(Chuengsamarn et al., 2012) and rheumatoid arthritis (Chandran and Goel, 2012). 
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Figure 1.3: Pharmacological properties of CUR established in pre-clinical in vitro and 

in vivo studies (adapted from Naksuriya et al. (2014)).  

 

1.1.5 Poor bioavailability 

 

Despite its promising and remarkable pharmacological profile, studies over the 

past three decades have shown CUR to have poor absorption (Wahlang et al., 2011; 

Wang et al., 1997) and low peroral bioavailability (Ireson et al., 2001; Ireson et al., 

2002; Pan et al., 1999; Ravindranath and Chandrasekhara, 1980; Shoba et al., 1998; 

Wahlström and Blennow, 1978), which hinder its application in clinical settings (Anand 

et al., 2007). In the following sections, the causative factors that contribute to the 

extremely low bioavailability of CUR, including its low chemical stability, poor water 
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solubility, unfavourable pharmacokinetics (PK) profile, and extensive metabolism in 

vivo, are discussed. 

 

1.1.5.1 Aqueous solubility and stability  

 

CUR is a lipophilic compound that is highly soluble in polar and non-polar 

organic solvents, such as ethanol, dimethyl sulfoxide (DMSO) and acetone. In water, 

however, CUR is poorly soluble; its aqueous solubility is reported to be as low as 0.6 

µg/mL (Kurien et al., 2007; Tønnesen, 2002; Wang et al., 1997), and it is often 

described as being practically insoluble in water at neutral and acidic conditions 

(Chignell et al., 1994).  

In alkaline aqueous solutions, CUR is soluble as a result of the ionization of the 

phenolic group. However, in buffer systems of neutral to basic pH, CUR is unstable and 

degrades rapidly (Tønnesen and Karlsen, 1985; Wang et al., 1997). At basic pH, the 

CUR phenolic group is deprotonated, and  the degradation products, trans-6-(4’-

hydroxy-3’-methoxyphenyl)-2,4-dioxo-5-hexanal (major product), ferulic acid, feruloyl 

methane and vanillin (minor product) have been detected (Lin et al., 2000; Tønnesen 

and Karlsen, 1985). One study has reported a residual CUR content of only 6% after 

CUR was incubated for 6 h in 0.01 M phosphate-buffered saline (PBS) at pH 7.4, 37 °C 

(Mohanty and Sahoo, 2010).  

Overall, the optimum therapeutic potential of CUR has yet to be realized due to 

its poor aqueous solubility and stability, and its rapid degradation under physiological 

conditions. CUR, however, is more stable under acidic conditions where it exists as the 

bis-keto form. The presence of a highly activated carbon atom in the heptadione linkage 
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between the methoxy phenol ring of the bis-keto form allows CUR to act as a potent 

proton donor. The slower rate of CUR degradation in acidic condition is attributed to 

the stability of the conjugated diene structures formed (Wang et al., 1997). 

 

1.1.5.2 Biodistribution  

 

In addition to being unstable under physiological conditions, CUR also 

undergoes rapid metabolism in vivo, which further aggravates its extremely low plasma 

concentrations. CUR, independent of the administration route, experiences rapid 

metabolism and elimination in vivo, with large quantities of the parent drug and its 

glucuronidated and sulfated metabolites excreted in the urine and faeces when it is 

administered orally. Administration of CUR intraperitoneally or intravenously results in 

the excretion of the glucuronide conjugates of tetrahydroCUR (THC) and 

hexahydroCUR (HHC) in the bile (Holder et al., 1978; Ravindranath and 

Chandrasekhara, 1981), suggesting that CUR may undergo transformation during 

absorption via the intestine (Ravindranath and Chandrasekhara, 1981). CUR undergoes 

sulfation and glucuronidation at various tissue sites once it is absorbed, the predominant 

site of metabolism being the liver (Garcea et al., 2004; Hoehle et al., 2006; Wahlström 

and Blennow, 1978). Plasma CUR was reported to be present mainly as glucuronide 

conjugates (99%), while other major metabolites present in vivo consist of CUR-

glucuronoside, dihydroCUR-glucuronoside, THC-glucuronoside and THC (Pan et al., 

1999). 

PK experiments involving peroral administration of CUR in rodent models have 

reported very low plasma levels of the parent drug, confirming that CUR was poorly 
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absorbed in the gastrointestinal tract (GIT). In the first reported study, by Wahlstrom 

and Blennow in 1978, CUR administered in Sprague Dawley rats at a single oral dose 

of 1000 mg/kg resulted in negligible plasma levels as measured by 

spectrophotofluorimetry, while 75% of the CUR dose was excreted in the faeces 

following 3 h of administration. This finding was corroborated by another study, where 

the administration of 400 mg/rat of peroral CUR resulted in undetectable CUR levels in 

the heart, with trace amounts of less than 5 µg/mL of CUR in the portal blood and 

kidney from 15 min to 24 h post-administration, and 40% of the dose eliminated 

unchanged in the faeces (Ravindranath and Chandrasekhara, 1980). However, 

measurable maximum serum CUR concentration (Cmax) of 1.35 μg/mL has been 

obtained at 0.83 h (Shoba et al., 1998) following the oral administration of CUR at a 

higher dose of 2000 mg/kg. Halving this dose in another study resulted in a 6-fold 

reduction, but still quantifiable, Cmax level of 0.22 μg/mL, although the plasma levels 

did dip below the detection limit at 6 h (Pan et al., 1999). Other laboratories using a 

peroral CUR dose of 1000 mg/kg have reported Cmax values ranging from 0.028 µg/mL 

(Tsai et al., 2012) to 0.5 µg/mL (Maiti et al., 2007). One study, using a comparatively 

low peroral CUR dose of 50 mg/kg, has also reported a measurable Cmax value of 4.07 

ng/mL.  

Comparatively higher, though still variable, plasma CUR concentrations were 

observed with intravenous (IV) administration of CUR. For instance, IV injection of 10 

mg/kg of CUR in rats resulted in a total AUC value of 7.2 min µg/mL whereas a 50-fold 

higher peroral CUR dose resulted in a total AUC value of only 3.6 min µg/mL (Yang et 

al., 2007). Similarly, Tsai et al. (2011) recorded a total AUC value of 30.5 min µg/mL 
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with an IV CUR dose of 10 mg/kg, compared to a value of only 6.44 min µg/mL after 

oral administration of a 1000 mg/kg dose. 

Clinical studies, likewise, show peroral CUR to yield low plasma levels in 

human subjects, and this may be attributed to its poor bioavailability and rapid 

metabolism (Shoba et al., 1998). CUR undergoes extensive reduction, most likely 

through alcohol dehydrogenase, followed by conjugation in the GIT (Anand et al., 

2007; Hoehle et al., 2007; Ireson et al., 2001; Pan et al., 1999). In healthy human 

subjects who had taken a single 10 g oral dose of CUR, there was no detectable CUR in 

the plasma, whereas the plasma level of CUR-glucuronide and CUR-sulfate  of 2.04 ± 

0.31 µg/mL and 1.06 ± 0.40 µg/mL, respectively were measured (Vareed et al., 2008). 

Measurable plasma levels of CUR (4.3 ng/mL), together with CUR-glucuronide (5.8 

ng/mL) and CUR-sulfate (3.3 ng/mL), were reported following the repeated 

administration of CUR at 3600 mg/day for 3 months in subjects with advanced 

colorectal cancer (Sharma et al., 2004). However, in another study involving the 

administration of higher CUR doses (8000 mg/day for 8 weeks) to patients with 

advanced pancreatic cancer, very little free CUR was found in the plasma samples 

(Dhillon et al., 2008);  rather, any circulating CUR was detected as the glucuronide and 

sulfate conjugates. Hoehle et al. (2007) showed a substantial contribution of the GIT to 

the glucuronidation of peroral CUR in humans, which may have important implications 

for its PK fate. CUR and its metabolites are schematically shown in Figure 1.4. 

In contrast to the extensive array of PK and bioavailability studies of CUR in 

animal models, fewer PK data are available for CUR from clinical studies. In an early 

study by Shoba et al. in 1998, the administration of 2000 mg of CUR powder in healthy 

volunteers yielded a low plasma CUR concentration of 10 ng/mL at 1 h post-
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administration. However, a dose escalation study of CUR at 500 to 12,000 mg did not 

result in any detectable plasma CUR in all the healthy human subjects (Lao et al., 

2006). The plasma concentration of CUR administered continuously could be dependent 

on the dose and trial duration. In a study that employed the administration of peroral 

CUR at 3600 mg for 7 days in subjects with colorectal carcinoma, the mean plasma 

CUR concentration was above the detection limit (LOD 0.3 nmol/L), but was too low 

for quantification (LOQ 3 nmol/L)  by a HPLC assay (Garcea et al., 2005). Prolonged 

administration of an almost similar CUR dose, 4000 mg daily for 6 months, resulted in a 

Cmax value of 490 nmol/L (Baum et al., 2007). Doubling the dose of CUR to 8000 

mg/day for a shorter trial period of 3 months in subjects with pre-invasive malignant or 

high-risk premalignant conditions led to a 3.57-fold increase in Cmax to 1.75 µmol/L 

(Cheng et al., 2001). 

 The extremely low intestinal bioavailability of CUR was congruent with in vitro 

data (Dempe et al., 2013; Wahlang et al., 2011) utilizing the Caco-2 cell monolayer as 

an intestinal cell model to evaluate the absorption of CUR. Apparent permeability 

coefficient (Papp) values, which measure the transport of a compound across the cell 

monolayer, have been found to be well-correlated with intestinal absorption in vivo 

(Press and Di Grandi, 2008; Yee, 1997). The mean Papp value for CUR transport in the 

apical-to-basolateral (AB) direction was a low value of 2.9 x 10-6 cm s-1. The poor 

absorption was not related to efflux transport, as the Papp value for CUR transport in the 

BA direction was comparable (2.5 x 10-6 cm s-1), thus ruling out the involvement of 

efflux transporters such as the P-glycoprotein (P-gp). Dempe et al. (2008) reported an 

even lower BA Papp value of < 0.1 x 10-6 cm s-1, with accompanying CUR reduction 
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to hexahydroCUR (HHC) and octahydro-CUR. This strongly suggests that the chemical 

instability of CUR contributed significantly to its poor absorption in the Caco-2 model. 

 

1.1.6 CUR nanoformulations 

 

Poor water solubility, combined with poor permeability and rapid metabolism in 

GIT, as well as low bioavailability have cast doubt on the potential clinical application 

of CUR. A common approach to resolve the poor bioavailability of CUR is the 

application of nanotechnology to overcome its aqueous solubility and improve stability. 

The term “nanotechnology” refers to the development and engineering of materials 

down to the nanometre scale (Sahoo et al., 2007). Since most biological processes occur 

at the nanoscale, nanotechnology is viewed as a promising tool to develop improved 

preventive, diagnostic and therapeutic agents (Zhang et al., 2008b). In the last decade, 

significant effort has been expended to develop nanoparticles for drug delivery. The 

colloidal polymeric systems offer a novel platform to deliver small therapeutic 

molecules as well as biomolecules, such as proteins and peptides, through either 

localized or targeted delivery to the tissue of interest (Agrawal et al., 2014; Naksuriya et 

al., 2014). These systems in general can be used to improve oral bioavailability, to 

sustain drug effect in target tissues, to solubilize drugs for intravascular delivery, and to 

improve the stability of therapeutic agents against enzymatic degradation (Agrawal et 

al., 2014). The submicron size of nanoparticles offers numerous advantages, including 

relatively higher intracellular uptake compared to microparticles. Cellular uptake of 

nanoparticles with diameter of 100 nm has been shown to be 2.5- and 6-fold greater 

than the uptake of 1-μm and 10-μm microparticles, respectively, in the Caco-2 cells 
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(Desai et al., 1997). Currently, a wide variety of nanotechnology-based CUR 

formulations have been reported, but only some systems have been evaluated in vivo. 

 

Figure 1.4: CUR metabolites identified in rodents and humans (Anand et al., 2007). 

 

1.1.6.1 Liposomes 

 

Liposomes are colloidal vesicular structures composed of self-assembled lipid 

bilayers generated when phospholipids are hydrated in an aqueous media (Li et al., 

2012). Different classes of drug molecules can be encapsulated into liposomes, with 

hydrophobic drugs typically inserted into the lipid bilayers and hydrophilic drugs loaded 

within the aqueous interior (Malam et al., 2009). Different types of liposomes have been 

developed for CUR delivery in recent years. Karewicz et al. (2013) prepared CUR-
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loaded liposomes composed of egg yolk phosphatidyl choline, dihexyl phosphate, and 

cholesterol, and coated with the cationic lipid/polymer conjugate N-dodecyl chitosan-N-

[(2-hydroxy-3-trimethylamine) propyl] chloride. These liposomes showed increased 

cytotoxicity towards the B16F10 cancer cell line compared to CUR solubilized in 

DMSO (Karewicz et al., 2013). In another study, a cationic liposome prepared with 

polyethylene glycol (PEG)-polyethylenimine complex was used for CUR delivery with 

greater cytotoxicity against murine and human cancer cell lines (Lin et al., 2012).  

Cationic liposomes have been reported to specifically target angiogenic endothelial cells 

and chronic inflammation sites, making them more promising than conventional 

liposomes (anionic and neutral liposomes) (Thurston et al., 1998). An in vivo study on 

A-Mel-3 amelanotic hamster melanoma tumour models revealed a strong accumulation 

of cationic liposomes within the tumour, while the neutral and anionic liposomes were 

extravasated unspecifically into the parenchyma, hence resulting in a preferential uptake 

of the cationic liposomes (Krasnici et al., 2003). 

Liposomal CUR was also shown to increase the bioavailability of CUR (Li et 

al., 2012; Takahashi et al., 2009) and to inhibit tumour growth in mice bearing the 

B16F10 melanoma cells, CT26 colorectal adenocarcinoma cells (Lin et al., 2012) and a 

murine LL/2 lung carcinoma (Shi et al., 2012). Dhule et al. (2012) reported that the 

intratumoural injection of CUR-loaded ɣ-cyclodextrin liposomal nanoformulation 

administered every 48 h for 2 weeks effectively induced apoptosis in an osteosarcoma 

xenograft model in mice. However the efficacy of this formulation was not compared 

with that of free CUR. 

The formulation of CUR-loaded liposomes was however plagued by poor 

physical  and chemical instability which has historically hindered the development of 
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liposomes in clinical applications (Ariën et al., 1993; Parmentier et al., 2011). This 

instability may aggravate due to the bilayer defects induced by chemical degradation 

(lipid oxidation and hydrolysis), as well as physical factors such as repeated heating and 

freezing (Ingvarsson et al., 2011). Liposomes which composed mainly of phospholipids 

and cholesterol were also reported to disintegrate in the GIT due to the combined effects 

of the gastric acid, intestinal bile salts and pancreatic lipase (Hu et al., 2013; Park et al., 

2011). This may then reduce the number of intact liposomes reaching the intestinal 

mucosa (Parmentier et al., 2011) for cellular uptake. Prolonged storage of liposomes, 

even after lyophilisation, is difficult to achieve (Guan et al., 2015; Stark et al., 2010), as 

the lyophilisation-induced shrinkage of the lipid bilayers can disrupt the liposomal 

structure  (Wessman et al., 2010). 

Li et al. (2012) observed a 40% increase in the particle size of silica coated 

liposomal CUR prepared with soybean phosphatidylcholine and sodium deoxycholate 

after a month of storage at room temperature, with storage at 4 °C resulting in a smaller, 

though significant, 19.89% change in the liposomal size. Another study has found the 

residual CUR content in a liposomal formulation to decrease to 60% after only 4 h 

incubation in PBS, pH 7.4 at 37 °C (Lu et al., 2012). A comparative study by Chen et al. 

(2009) confirmed the poor capacity of liposomes to protect the encapsulated CUR from 

degradation in human whole blood, human plasma, and RPMI-1640 culture medium 

supplemented with 10% fetal bovine serum (FBS). In another study, a CUR liposomal 

formulation was observed to increase significantly in mean diameter and polydispersity 

(3.75-fold) after incubation for 90 min in Tris buffer (pH 2) and sodium taurocholate 10 

mM solution (Parmentier et al., 2011). 
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1.1.6.2 Polymeric nanoparticles 

 

Polymeric nanoparticles were introduced as a drug delivery platform when the 

developmental work on liposomes was plagued by issues such as poor stability, low 

drug encapsulation efficiency and rapid leakage of water-soluble drugs in the presence 

of blood components. Different polymers, particularly biodegradable ones, have been 

used for the preparation of CUR-loaded nanoparticles. PLGA (poly(D,L-lactic-co-

glycolic) acid) is widely applied due to its biocompatibility and biodegradability 

(Semete et al., 2010). Improved CUR bioavailability was reported when it was 

administered loaded in PLGA nanoparticles prepared with either polyvinyl alcohol 

(PVA) or PEG as stabilizer (Shaikh et al., 2009). Other studies have also employed 

PLGA to enhance the bioavailability of CUR (Tsai et al., 2011; Xie et al., 2011). In the 

study by Tsai et al. (2011), the loading of CUR into PLGA nanoparticles was found to 

reduce the faecal elimination of peroral CUR, administered at 1000 mg/kg, from 85% to 

45%.  

PLGA-PEG copolymeric nanoparticles containing CUR were reported to 

improve the bioavailability of peroral CUR administered at 50 mg/kg by 55.4-fold 

(Khalil et al., 2013). Duan et al. (2010) prepared CUR-encapsulated poly(butyl) 

cyanoacrylate nanoparticles coated with chitosan which not only increased the AUC of 

CUR but further demonstrated a better efficacy in inhibiting hepatocarcinoma cell 

growth in murine xenograft models. Zou et al. (2013) prepared polymeric nanoparticles 

composed of N-isopropyl acrylamide (NIPAAm), vinylpyrrolidone, and acrylic acid for 

CUR loading. The IV administration of this nanoformulation at 10 mg/kg resulted in a 

~1750-fold greater C0 of CUR compared to CUR administered as a solution in a 
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DMSO/PBS (1:1) vehicle. The increase in plasma CUR concentration when this 

nanoformulation was administered was attributed to a higher circulation of the 

encapsulated CUR that was not subjected to hepatic metabolism (~ 8% of the IV dose 

was recovered in plasma) compared to the solvent-solubilized CUR (~ 0.01%) (Zou et 

al., 2013).  

Storage stability of a nanoformulation is an important aspect that must be 

addressed to further develop the formulation for the clinical setting. CUR-loaded PLGA 

nanoparticles with 2% PVA and 2% sucrose as stabilizers were reported to show a 

significant increase in particle size, from 158 nm to 194 nm, and a decrease in CUR 

encapsulation efficiency from 45.9% to 21.3% when stored for 28 days at room 

temperature (Tsai et al., 2011). Lyophilisation may be beneficial to improve the shelf 

life of nanoparticle formulations (Abdelwahed et al., 2006a, 2006 ; Abdelwahed et al., 

2006b; Dadparvar et al., 2014; Khayata et al., 2012). The lyophilisation process is, 

however, rather complex, involving multiple steps of sample freezing, sample drying by 

ice sublimation, followed by unfrozen water desorption to produce a final dry product 

for long term storage (Vauthier and Bouchemal, 2009). A cryoprotectant is often 

required to maintain the physical stability of the nanoparticle formulation. Nevertheless, 

the addition of 5% sucrose as cryoprotectant did not stabilize the CUR-loaded PLGA 

nanoparticles prepared with cetyl trimethyl ammonium bromide as surfactant from a 

significant increase in size from 264 nm to 325 nm following lyophilisation (Shaikh et 

al., 2009).  
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1.1.6.3 Polymeric micelles  

 

Amphiphilic block copolymers can spontaneously form micelles with a size 

ranging between 20 and 80 nm in aqueous solutions. The hydrophobic core of the 

micelles can accommodate hydrophobic drugs, which account for the extensive 

applications of polymeric micelles as a tool for the solubilisation and targeted delivery 

of drugs. The hydrophilic segments of the micelles act as a shell that serves as a 

stabilizing interface and once properly selected, can aid the micelles in avoiding rapid 

uptake by the reticuloendothelial system (RES) and promote prolonged circulation in 

the body (Adams et al., 2003). 

The concept of using nanoscopic micelles for drug delivery is appealing for a 

number of biological and practical reasons. Drug formulations based on solubilisation in 

polymeric micelles has immense potential for the development of parenteral and oral 

formulations of therapeutic molecules with poor aqueous solubility (Allen et al., 1999). 

Due to their small particle size (20 to 80 nm) (Wang et al., 2014), these systems 

exhibited improved properties in comparison to liposomes and polymeric nanoparticles. 

Polymeric micelles exhibit improved drug targeting to disease site, longer systemic 

circulation (Jhaveri and Torchilin, 2014; Torchilin, 2001, 2007), and facilitated 

absorption through the enterocytes via endocytosis (Nam et al., 2013). Furthermore, 

polymeric micelles are typically large enough to avoid excretion through the kidneys, 

but small enough to bypass filtration in the spleen. The micellar size can be further 

tuned to facilitate a more discriminative biodistribution, thereby ensuring the micellar 

carriers do not extravasate through normal vessel wall to induce toxic drug effects on 

healthy organs (Matsumura, 2008). 
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Encapsulation of hydrophobic compounds by polymeric micelles can render the 

compound dispersible in aqueous solutions to form a stable and homogenous liquid 

formulation appropriate for IV administration (Basak and Bandyopadhyay, 2013; Croy 

and Kwon, 2006; Gong et al., 2012). Micellar nanoformulations can prolong the 

circulation time in vivo and enhance the cellular uptake of a hydrophobic compound 

(Feng et al., 2012; Gong et al., 2013). Moreover, polymeric micelles can passively 

target tumours by the enhanced permeability and retention (EPR) effect (Fang et al., 

2011). The EPR effect is due to an increased leakiness of the tumour capillaries as a 

result of defective architecture and shape of the endothelial cells. This effect exploits the 

increase in the leakiness of the vasculature immediately surrounding the tumour, and a 

poorly developed tumour lymphatic system that inhibits macromolecules from exiting 

the tumour. Circulating particles with diameters around 100 nm, which are usually 

excluded from normal tissues by the tight endothelial cells of healthy capillary walls, 

are able to exit through the leaky capillaries into the tumour. The tumour is then better 

able to retain the particles as a result of its  poorly developed lymphatic system (Maeda 

and Matsumura, 2011). 

Several polymeric micelle formulations loaded with anti-cancer drugs are 

currently undergoing clinical trials. These formulations, which include NK911 

(doxorubicin, DOX) (Matsumura et al., 2004), Genexol-PM (paclitaxel, PTX) (Kim et 

al., 2011; Kim et al., 2004; Lee et al., 2012a; Lee et al., 2008; Lim et al., 2010), 

SP1049C (DOX) (Danson et al., 2004; Valle et al., 2011), NK105 (PTX) (Hamaguchi et 

al., 2007; Kato et al., 2012) and NC-6004 Nanoplatin (Cisplatin) (Plummer et al., 2011), 

are administered by IV injection. Based on their advantages and successful applications, 
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the polymeric micellar formulation is believed to be a promising delivery platform for 

both the peroral and parental administrations of anti-cancer agents. 

Like many other nanoformulations, polymeric micelles have limitations and 

disadvantages, the most common being the low drug loading and encapsulation 

efficiencies (Tian and Mao, 2012). One effective strategy to overcome this limitation is 

by selecting copolymers with good compatibility with the encapsulated drugs. The anti-

cancer drug cisplatin was encapsulated into the hydrophobic core of nanomicelles 

prepared from cholanic acid-modified chitosan with a drug loading up to 11.4% (Kim et 

al., 2008), while the amphiphilic derivatives of N-octyl-O-chitosan enhanced the 

encapsulation efficiency of PTX to 97.26% (Zhang et al., 2008a). The stability of 

polymeric micelles is largely dependent on the thermodynamic stability, which is 

defined by the critical micellar concentration (CMC) values (Kabanov et al., 2002a; 

Kadam et al., 2011; Kozlov et al., 2000). Polymeric micelles with markedly lower CMC 

values are generally more stable than micelles formed at higher CMC (Gaucher et al., 

2005).  

Another challenge for polymeric micelles as a platform for oral drug delivery is 

its poor stability under physiological GIT condition, the harsh pH variations, and the 

presence of bile salt and digestive enzymes could contribute to micelle disintegration 

and dissociation leading to premature release of the encapsulated drug (Torchilin, 

2001). Nevertheless, the stability and integrity of polymeric micelles after oral 

administration have been demonstrated. In vivo imaging has shown micelle-

encapsulated PTX to be more highly accumulated following oral administration in a 

tumour-bearing animal model (Yao et al., 2011), suggesting the ability of the polymeric 
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micelles to be absorbed across the intestinal membrane without compromising its 

integrity.  

 

1.1.7 Polymeric micelles of CUR 

 

Polymeric micellar delivery systems have in recent times been widely explored 

for CUR. NIPAAm, N-vinyl-2-pyrrolidone, PEG, monoacrylate and N,N,-methylene bis 

acrylamide were copolymerized in situ to prepare cross-linked micelles with a size of 50 

nm (Bisht et al., 2010). Parental administration of this formulation significantly 

inhibited the primary tumour growth in both subcutaneous and orthotropic xenograft 

models of human pancreatic cancer in athymic mice (Bisht et al., 2010). The 

formulation also decreased H2O2 levels as well as caspase 3 and caspase 7 activities in 

the brain, accompanied by increased glutathione concentrations (Ray et al., 2011), 

inhibited carbon tetrachloride-induced liver injury and  significantly lower mammary 

tumour incidence compared with control rats (Chun et al., 2012).  

CUR-loaded poly (ethylene oxide)-b-poly (caprolactone) (PEO-PCL) 

amphiphilic block copolymer micelles demonstrated comparatively better solubilisation 

and controlled release of CUR in comparison with unencapsulated CUR (Ma et al., 

2008). This formulation demonstrated a 1.89-fold increase in the systemic availability 

of CUR following IV administration at 5 mg/kg, in comparison to a simple CUR 

solution administered at a higher dose of 10 mg/kg (Ma et al., 2007). CUR loaded 

PLGA-PEG-PLGA micelles (26.29 nm) exhibited decreased CUR uptake by the liver 

and spleen, while enhancing CUR distribution to the lung and brain (Song et al., 2011). 
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CUR-loaded stearic acid-g-chitosan oligosaccharide micelles also showed improved 

toxicity towards cancerous colorectal cells upon 48 h of exposure (Wang et al., 2012a).  

Two studies have employed the mono-methyl PEG-PCL (mPEG-PCL) 

copolymeric micelles for CUR loading (Gong et al., 2013; Liu et al., 2013). The 

micellar system was efficient in inhibiting tumour growth in mice, and in limiting CUR 

distribution and retention to the plasma and tumour tissues. In a study by Yu et al. 

(2014), CUR-loaded methoxy PEG-poly (lactide)-poly (b-amino ester) (mPEG-PLA-

PAE) micelles were observed to accumulate in the tumour tissue and to have a longer 

circulation half-life in mice than CUR-loaded mPEG-PLA micelles. Consequently, the 

mPEG-PLA-PAE micellar system also exhibited enhanced capacity to inhibit cancer 

growth, by 65.6% in the mouse model. 

 

1.1.7.1 Selection of polymer for micellar formulation of CUR 

 

Selection of polymer for the development of drug delivery micelles is based on 

the characteristics of both the hydrophilic and the hydrophobic monomer units of the 

polymer. A common hydrophilic unit of a polymer micelle is PEG, as it is 

biocompatible, highly hydrated, water soluble and confers efficient steric protection 

against opsonisation in vivo (Sutton et al., 2007a; Sutton et al., 2007b; Torchilin, 2007). 

However, concern should be given to the repeated administration of PEG-coated 

nanoformulations as studies have reported the formation of anti-PEG IgM upon first 

administration that could then give rise to immune system reactions and rapid clearance 

upon subsequent administrations (Ishihara et al., 2009; Koide et al., 2008; Lu et al., 

2007). This accelerated blood clearance (ABC) phenomenon depends on the size, 
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surface charge, density, and MW of the PEG (Ishida et al., 2008; Ishida and Kiwada, 

2008; Ishida et al., 2007; Koide et al., 2012), but little is known about its actual 

mechanism (Abu Lila et al., 2013a; Abu Lila et al., 2013b; Shiraishi et al., 2013; 

Shiraishi and Yokoyama, 2013). The ABC phenomenon has provided the impetus to 

develop alternative surface modifying strategies to mitigate the immune responses and 

to further improve the therapeutic efficiency of nanoformulations.  

The choice of hydrophobic unit for a polymeric micelle is based on 

considerations for a high drug loading capacity and a lack of incompatibility with the 

drug. A wider range of polymers have been used, including polyesters, polyethers, and 

polyamino acids (Gaucher et al., 2005; Sutton et al., 2007a) the common ones being 

polypropylene oxide (PPO), poly(D, L-lactic acid) (PDLLA), PCL, poly(L-aspartate) 

(PLA) and poloxamers (Gong et al., 2012; Torchilin, 2001). PCL is relatively inert, and 

several reports have demonstrated the efficacy of the PEG-PCL block copolymer as a 

carrier for CUR (Feng et al., 2012; Gong et al., 2013; Guo et al., 2011; Ma et al., 2007; 

Mohanty et al., 2010). However, the highly crystalline and hydrophobic PCL structure 

has very poor water solubility, and it degrades very slowly (> 40 days) (Kweon et al., 

2003) in physiological conditions (Kim et al., 2006; Li et al., 2000; Wang et al., 2012b), 

putting a limit on the development of amphiphilic PCL block copolymers, and the 

lyophilisation and reconstitution of any resultant micellar formulations (Letchford et al., 

2008; Richter et al., 2010 ; Richter et al., 2010). Song et al. (2014) reported difficulty 

reconstituting the PEG-PCL after it had been lyophilized without any cryoprotectant, 

and heating was often required when dispersing the lyophilized mPEG-PCL in water.  

Similarly, Richter et al. (2010) found that both the empty and sagopilone-loaded PEG-

PCL micelles were poorly reconstituted in water following lyophilisation. In another 
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study that utilized mPEG-PLA for CUR solubilisation, precipitation was observed upon 

storage for 24 h at room temperature (Yu et al., 2014). 

 

1.2 Pluronic block copolymer  

1.2.1 Structure and synthesis 

 

Pluronic block copolymer, or more generally known as Pluronic or poloxamer, 

has been in use for a long time in the fields of experimental medicine and 

pharmaceutical sciences. The copolymer consists of two monomeric units, namely PPO 

and PEO arranged in a basic A-B-A. This results in a family of amphiphilic polymers 

commonly expressed as PEOx-PPOy-PEOx, where the number of hydrophobic PPO (x) 

and hydrophilic PEO (y) units can be altered to render polymers of different molecular 

size and distinct hydrophilic-lipophilic balance (HLB) (Kabanov et al., 2003a). The 

chemical structure of the Pluronic is depicted in Figure 1.5.  

 

 

Figure 1.5: Chemical structure of the Pluronic block copolymers containing the 

hydrophilic ethylene oxide (EO) and hydrophobic propylene oxide (PO) units in A-B-A 

block arrangement.  
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The synthesis of Pluronic block copolymers occurs by addition of PO and EO 

monomer units, sequentially in the presence of sodium or potassium hydroxide as 

catalyst (Kabanov et al., 2002a, b). Synthesis of Pluronics is initiated by polymerizing 

the PO block, which is followed by the growth of the EO chains. A relatively low 

polydispersity index (PDI) is generally produced from the anionic polymerization. 

Highly purified block copolymers (Anderson et al., 2001) are produced by 

chromatographic fractionation after synthesis, as it reduced the presence of admixtures. 

These reactions also allow the control of the chain length growth, giving copolymers 

with different molecular masses and HLB. Pluronics are commercially available from 

BASF (Alakhov and Kabanov, 1998) (Table 1.1) at molecular masses of 1000 to over 

10,000 Da and they can be hydrophobic (HLB, 1 to 7) or hydrophilic (HLB, 24 to 27) 

depending on the ratio of PO and EO. 

 

1.2.2 Micelle formation 

 

Amphiphilic block copolymers have the ability to self-assemble in aqueous 

environment to form polymeric micelles, a process driven by the differential affinity of 

water for the hydrophilic and hydrophobic blocks of the copolymer. The resultant 

micelle consists of a hydrophilic corona extending into the aqueous environment, and a 

hydrophobic core formed by the clustering of hydrophobic blocks away from the 

aqueous environment (Tyrrell et al., 2010). The process is favoured by a gain in entropy 

of the solvent molecules as the hydrophobic components of the copolymer withdraw 

from the aqueous environment (Dufresne et al., 2004 ). Thermodynamic forces (Bai and 

Lodge, 2009, 2010; Choi et al., 2010; Zhang et al., 1996) as well as some degree of 
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kinetic control have shown to drive the self-assembly process, producing self-assembled 

structures of specific size and morphology. The shape of the Pluronic micelles 

(spherical, rod-like, or lamellar) depends on the length of the EO and PO units, 

concentration of the block copolymers and temperature (Nagarajan, 1999), with 

spherical micelles generally formed when the hydrophilic block is longer than the 

hydrophobic block (Gaucher et al., 2005). 

In order to self-assemble into micelles, a block copolymer must be present in 

solution at concentrations above the CMC. The CMC is the copolymer concentration at 

a given temperature at which the micelle formation is significant enough to modify a 

measurable parameter (Kozlov et al., 2000). The number of micelles will increase as the 

polymer concentration elevates beyond the CMC value, while the equilibrium 

concentration of the unimers (non-associated copolymer molecules) usually remains 

constant (Kabanov et al., 2002a). The value of the CMC is strongly impacted by the 

properties of the hydrophobic block, with lower CMC values observed for copolymers 

possessing more hydrophobic blocks, or with lower HLB (Kwon, 2003). Increase in the 

length of hydrophobic PO block elevates the hydrophobicity of the Pluronic molecule, 

hence favors the segregation of the PO chains into the micellar core (Nagarajan, 1999) 

and lowers the CMC (Alexandridis et al., 1994). In contrast, an increase in the 

hydrophilic EO segment had a smaller influence on the Pluronic CMC (Alexandridis et 

al., 1994; Kabanov and Alakhov, 2002). When the HLB is kept constant, an increase in 

the copolymer MW was found to decrease the CMC (Croy and Kwon, 2006). 
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Table 1.1: Physiochemical characteristics of commercial Pluronic block copolymers.  

 

Copolymer 

 

MWA 

Average no  

of EO unit, x B 

Average no.  

of PO unit, y B 

 

HLB C 

 

CMC 

(M)D 

L35 1900 21.59 16.38 19 5.3 X 10-3 

L43 1850 12.61 22.33 12 2.2 X 10-3 

L44 2200 20.00 22.76 16 3.6 X 10-3 

L61 2000 4.55 31.03 3 1.1 X 10-4 

L62 2500 11.36 34.48 7 4.0 X 10-4 

L64 2900 26.36 30.00 15 4.8 X 10-4 

F68 8400 152.73 28.97 29 4.8 X 10-4 

L81 2750 6.25 42.67 2 2.3 X 10-5 

P84 4200 38.18 43.45 14 7.1 X 10-5 

P85 4600 52.27 39.66 16 6.5 X 10-5 

F87 7700 122.50 39.83 24 9.1 X 10-5 

F88 11400 207.27 39.31 28 2.5 X 10-4 

L92 3650 16.59 50.34 6 8.8 X 10-5 

F98 13000 236.36 44.83 28 7.7 X 10-5 

L101 3800 8.64 58.97 1 2.1 X 10-6 

P103 4950 33.75 59.74 9 6.1 X 10-6 

P104 5900 53.64 61.03 13 3.4 X 10-6 

P105 6500 73.86 56.03 15 6.2 X 10-6 

F108 14600 265.46 50.34 27 2.2 X 10-5 

L121 4400 10.00 68.28 1 1.0 X 10-6 

P123 5750 39.20 69.40 8 4.4 X 10-6 

F127 12600 200.45 65.17 22 2.8 X 10-6 

A: The average MWs provided by the manufacturer (BASF, Wyandotte, MI), B: The 

average numbers of EO and PO units were calculated using the average MWs and C: 

HLB values of the copolymers; the cloud points were determined by the manufacturer. 

D: CMC values were determined previously using pyrene probe (Kozlov et al., 2000). 
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CMC can be determined by measuring the inflexion in the surface tension, dye 

solubilisation, light scattering or fluorescence as a function of the Pluronic 

concentration in solution. Fluorescence probing technique which generally utilizes 

pyrene as probes is highly sensitive (Kozlov et al., 2000). The CMC in this technique is 

determined by an increase in the fluorescence intensity of pyrene upon partitioning into 

the forming micelle cores of Pluronics (Croy and Kwon, 2006). Pluronic copolymers 

used for the preparation of drug delivery system typically have a CMC that ranging 

from 1 x 10-6 to 10-3 M at 37  C (Kabanov et al., 2002a). CMC plays a significant role 

in the stability of the micellar delivery system against dilution both in vitro and in vivo 

(Alakhov and Kabanov, 1998; Batrakova et al., 2004; Batrakova et al., 1999; Kabanov 

et al., 1995 ). It also determines the maximum achievable concentration of Pluronic 

unimers to which cells will be exposed, thus defining the biological response modifying 

effects of Pluronic unimers at the cellular level (Batrakova et al., 1999). 

In addition, the micellization of the Pluronics depends highly  on the processing 

temperature (Kabanov et al., 2002a). An increase in temperature will contribute to a 

significant decrease in CMC, thus the micellization process can also be defined by a 

critical micellar temperature (CMT). The CMT is the temperature at which micelles is 

formed when concentration is held constant (Croy and Kwon, 2006). Typical CMT 

values for the Pluronics range from approximately 20 to 40 oC, which is close to the 

body temperature (Wanka et al., 1994). Both the EO and PO blocks are hydrated and 

relatively soluble in water below room temperature, but as the temperature increases, 

the PO block becomes dehydrated, which decreases its solubility and drives micelle 

formation (Kabanov et al., 2002a).   
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1.2.3 Safety profile 

 

The advancement of a pharmaceutical formulation depends highly on 

recognizing any potential toxicity issues and establishing its safety profiles. Pluronics 

are used clinically as an excipient in IV (Pluronic F68), oral, ophthalmic and topical 

medicinal formulations (Rowe et al., 2003). However, Pluronics may exert toxicity 

following administration depending on the molecular weights and hydrophobicity.  In a 

study by Kier et al. (1995), the acute toxicity of Pluronic upon both oral and IV 

administrations was found to lessen with an increase in the MW of Pluronic 

copolymers. In another study, the severity of lesion produced following intramuscular 

administration of Pluronics was dependent on the hydrophobicity of the copolymers 

(Johnston and Miller, 1985). Hydrophilic Pluronics have lesser tendency to interact with 

cells, and are excreted out by kidney following administration (Kwon, 2003). The 

hydrophilic Pluronics, Pluronic F68 and F127 have low toxicity profiles, are approved 

by the FDA for inclusion into both peroral and topical dosage forms and have an IV  

LD50 of more than 5000 mg/kg (Croy and Kwon, 2006). Pluronics are also widely 

explored in the formulation of novel dosage forms, as exemplified by SPC1049C 

(Alakhov et al., 1999; Batrakova et al., 1996; Venne et al., 1996). The latter comprises 

of a mixture of Pluronic-L61 and F127, and is developed as a platform for the delivery 

of DOX to treat resistant tumours. It was shown to cause acute toxicity in rats when 

administered intravenously at a high dose of ~ 1000 to 1300 mg/kg, which was 40 times 

greater than the doses planned for clinical trials (Alakhov et al., 1999). A follow up 

study in dogs did not show any significant adverse effects following administration of 

70 mg/kg/day of the Pluronic formulation for 14 days (Alakhov et al., 1999). A 
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Poloxamer gel (Pluronic-F127/F68) loaded with diclofenac administered into the rectum 

of Sprague Dawley rats at 1.5 g/kg  dose was found not to irritate or damage the rectal 

tissue (Park et al., 2003). On the basis of its safety profile, Pluronic-based formulations 

hold great promise in drug formulation. 

 

1.2.4 Solubilisation of hydrophobic compounds 

 

The solubilisation of poorly water-soluble compounds by block copolymer 

micelles has opened many opportunities to realise their therapeutic formulation. The 

PPO core of a Pluronic block copolymer micelle can provide a hydrophobic 

environment for solubilisation or encapsulation of a compound with poor aqueous 

solubility. The incorporation of the hydrophobic compound can be materialized as 

either physical or chemical entrapment (Croy and Kwon, 2006). Physical entrapment is 

dependent on several factors, with core compatibility being the most important driving 

factor for selective partition of the compound into the micellar core (Nagarajan, 1999). 

Chemical entrapment involves the conjugation of the compound to the core, and is 

finely tuned to ensure it does not impede the release of the compound or inactivates the 

compound (Jones and Leroux, 1999; Yokoyama et al., 1998a).  

There are several methods to solubilize and encapsulate hydrophobic compounds 

into a micellar core. These include direct dissolution, solvent evaporation (Ma et al., 

2007; Wei et al., 2009; Yu et al., 2014), thin dry film hydration (TDF) (Saxena and 

Hussain, 2013; Wei et al., 2009; Zhang et al., 2011; Zhang et al., 1996) and solvent 

dialysis methods (Allen et al., 1999; Mohanty et al., 2010; Yokoyama et al., 1998b). 

Direct dissolution is the simplest method, but it is only possible for highly soluble block 
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copolymers that form micelles spontaneously upon addition into water (Croy and 

Kwon, 2006). TDF method is particularly effective for block copolymers with high 

MWs (Croy and Kwon, 2006). This method involves the dissolution of Pluronic and 

hydrophobic compound in volatile solvents, followed by the evaporation of the solvents 

to produce a thin film, which then forms a micellar formulation when re-dispersed in 

aqueous media (Zhang et al., 1996). 

 

1.3 Pluronic F127 

 

The Pluronic of interest in this project is the Pluronic F127. Pluronic F127 is a 

white solid with an average MW of 12,600 Da. This block copolymer consists of 

hydrophobic PO blocks with an average MW of 4000 flanked by hydrophilic EO blocks 

which make up 70% of the total MW of the Pluronic F127 (Schmolka, 1994). Pluronic 

F127 has HLB of 22 (Attwood et al., 2007) and CMC of 2.8 x 10-6 M, as determined by 

the pyrene fluorescence method (Kozlov et al., 2000).  

Pluronic F127 was reported to be the least toxic of all commercially available 

copolymers  (Gilbert et al., 1998), and has been approved by the FDA for use as an 

excipient in oral, ophthalmic and topical medicinal formulations (Rowe et al., 2003). 

The oral toxicity of Pluronic F127 was reported to be greater than 15,000 mg/kg, while 

the acute dermal toxicity was found to be greater than 2000 mg/kg in rats (Schmolka, 

1994). 

However, the chronic intraperitoneal administration of Pluronic F127 at 0.5 g/kg 

twice weekly for 1 month has been demonstrated to interfere with lipid metabolism and 

to induce hyperglyceridemia and hypercholesterolemia (Korolenko et al., 2013). This 
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effect appeared to be dependent on the strength of solution administered; while repeated 

doses of 0.5 to 1.0 g/kg administered as 10 to 30% w/w solution intraperitoneally 

produced a hyperlipidemic effect (Johnston, 2009, 2010; Korolenko et al., 2012b),  

solutions administered at lower strengths and doses did not (Dumortier et al., 2006). 

Moreover, the intraperitoneal administration of Pluronic F127 for 4 days at a dose of 1.0 

kg/g also did not change the morbidity or mortality of the treated mice (Johnston et al., 

1993). In addition, although Pluronic F127 has a significant effect on lipid metabolism, 

the effect was reversible (Korolenko et al., 2012a; Wasan et al., 2003) by drugs such as 

atorvastatin (Johnston et al., 2000; Korolenko et al., 2012a). Pluronic F127 also did not 

interfere with the renal elimination of protein (Pec et al., 1992).  

 

1.3.1 Novel drug delivery systems formulated using F127 

 

Pluronic F127 has been used widely to increase drug solubility and stability in 

order to improve drug bioavailability and biodistribution. The poorly water-soluble 

phytoestrogen, genistein, was found to have increased oral bioavailability when 

administered as entrapped cargo within Pluronic F127 micelles to rat (Kwon et al., 

2007). Mixed micelles of Pluronic F127 and Pluronic L61 (8:1 w/w) were found to 

increase the aqueous solubility of DOX, and to render greater efficacy of DOX towards 

MCF-7/ADR human breast carcinoma and CHRC5 Chinese hamster ovary cells (Venne 

et al., 1996), as well as increased AUC and superior antitumor activity in vivo animal 

models of MCF/ADR human breast carcinoma and murine tumour (Alakhov et al., 

1999). This formulation, known as SP1049C, was subsequently found to exhibit 

significantly higher anti-tumour activity despite having a similar maximum toxicity 
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dose of 70 mg/m2 compared to the control DOX-hydrochloride in a phase I clinical 

study (Danson et al., 2004). The formulation was later demonstrated high level of DOX 

activity in patients with advanced adenocarcinoma of the esophagus in a Phase II human 

trial (Armstrong et al., 2006). IC50 of PTX against the A549, a human lung 

adenocarcinoma cell line, was lowered from 1.68 µg/mL (value for free PTX) to 0.10 

µg/mL when administered as loaded drug in the Pluronic 123/ Pluronic F127  mixed 

micelles (Wei et al., 2009). A follow up in vivo study involving the IV administration of 

6 mg/kg of PTX micellar formulation to Sprague Dawley rats showed a 3-fold 

prolongation of the mean residence time of PTX and a 2.2-fold increase in the AUC, 

while treatment with 10 mg/kg of the formulation over 28 days (every 4 days for three 

times) to A549 xenograft mice showed a 31.8% reduction of the tumour volume (Zhang 

et al., 2010b). Aside from being a solubilizer of anti-cancer agents, Pluronic F127 is 

also employed as a stabilizer of pharmaceutical nanoparticle dispersions (Shaikh et al., 

2009). Pluronic F127 with EO units averaging 200.45 has the capacity to exert steric 

stabilizing effects that minimise particle agglomeration and add to the stability of the 

formulation.  

Pluronic F127 also possesses thermo-reversible gel characteristic, which has 

further drawn attention to its potential as a drug carrier for administration via the oral, 

topical, intranasal, vaginal, rectal, ocular and parenteral routes. A moderately 

concentrated solution of F127 (≥ 20% w/w) forms a free-flowing solution at or below 

normal ambient temperature and is able to form a gel at body temperature, as the 

micelles form partially ordered cubic phases as the micellar cores dehydrate (Escobar-

Chávez et al., 2006). For localized cancer therapy, intratumoural or peritumoural 

injection of this gel will lead to the formation of a ‘depot’ at the site of administration 
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that slowly and continuously releases the drug to the tumour and surrounding tissue 

(Escobar-Chávez et al., 2006). Using a topical or injectable gel for physical targeting 

has additional advantages over passive or other actively targeted therapies in that it can 

deliver a drug throughout the tumour regardless of vascular status, thus providing 

accurate dosing without systemic toxicity (Nie et al., 2011). 

As a result of the thermal responsiveness of Pluronic F127 nanocapsules in size 

and wall-permeability, it is able to encapsulate small molecules for temperature-

controlled release and intracellular delivery into the cytosol of both cancerous (MCF-7) 

and non-cancerous (C3H10T1/2) mammalian cells (Zhang et al., 2010a). Pluronic F127 

hydrogels were also reported to successfully load PTX for anti-cancer therapy (Nie et 

al., 2011), ornidazole for periodontal diseases (Dabhi et al., 2010) and miconazole for 

oral candidiasis treatment (Ribeiro et al., 2010 ).  

 

1.4 Challenges in the development of pharmaceutical nanoformulations 

 

In the last 3 decades, there has been extensive research focusing on the 

development of nanotechnology-based drug delivery systems using a wide variety of 

carriers fabricated from both organic and inorganic materials. Despite their promising 

potential, the translational rate of these formulations into clinical settings is relatively 

slow, with only some having been successfully commercialized. A factor that is 

believed to contribute to the slow development of nanoformulations is the difficulties 

related to the stability, toxicity and manufacturing of such novel formulations, with 

particular challenges in providing adequate quality assurance and reproducibility 
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between batches of complex and delicate formulations (Duncan and Gaspar, 2011; 

Wicki et al., 2015).  

 

1.4.1 Characterization and stability 

 

Although nanotechnology has been widely applied over recent years in the 

delivery of CUR, there have been limited studies on its characterization and stability 

within biological systems. A complete and accurate characterization of these 

nanoformulations at pre-clinical stages is important to provide an understanding of how 

nanoparticle properties influence their biological effects, and to ensure clinical 

outcomes are reproducible. Physicochemical properties, namely size and size 

distribution, morphological features, solubility, state of dispersion, surface chemistry, 

agglomeration status and chemical composition are some example of the characteristics 

that need to be closely monitored (Banerjee et al., 2002; Duceppe and Tabrizian, 2009; 

Gan et al., 2005; Mistry et al., 2009; Zhang et al., 2012). While such nanoparticle 

characteristics are routinely reported, most of the studies did not characterize the 

nanoformulations under conditions that reflect the complex physiological environment. 

This is despite studies indicating that the physiochemical properties of a 

nanoformulation are highly dependent on the environments they are exposed to (Hall et 

al., 2007), and such properties have a direct bearing on the biodistribution, safety and 

efficacy of the nanoformulation in a biological system (Furumoto et al., 2004; Ogawara 

et al., 2004). The size distribution of nanoformulations, for example, differed at 

different pH and ionic strengths when dispersed, which in turn differed from the size 

distribution of the nanoformulations in the dry state (Deguchi et al., 2007; Murdock et 
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al., 2008). As the evidence accumulates, there is a growing awareness of the importance 

of characterising the properties of the nanomaterials in bio-relevant or pharmaceutical 

media. One of the earliest studies highlighted the aggregation of PLA nanoparticles, 

which increased in size from 158 ± 1.4 nm to 500.6 ± 12.7 nm, upon incubation in 

simulated gastric fluids, SGF (pH 1.2) for 4 h at 10 mg/mL (Tobío et al., 2000). 

When nanoparticles are exposed to different environments for in vitro and in 

vivo biological studies, many are likely to undergo changes in size distribution and 

surface chemistry. The ionic strength of the physiological buffers or chemical reactions 

with molecules derived from the cell culture media may possibly cause aggregation of 

the nanoparticles. Nanoparticles were reported to have different aggregation 

characteristics in media supplemented with serum. Analysis by dynamic light scattering 

(DLS) has shown that, 0.5 mg/mL of bovine serum albumin (BSA) was effective in 

reducing the agglomeration of 50 mg/mL TiO2 nanoparticle in the cell culture media 

such as Bronchial Epithelial Growth Medium and Dulbecco’s Modified Eagle’s 

Medium (Ji et al., 2010). Conversely, both TEM imaging and DLS analysis showed 

non-FBS-treated TiO2 nanoparticles exist as a mixture of sub-mm and mm-sized 

aggregates in cell culture media. Yallapu et al. (2011) have observed a decreased of 

overall particle size aggregation of different CUR nanoformulation (PLGA, cellulose, 

cyclodextrin, dendrimer and nanogel) upon exposure to 100 µg of human serum 

albumin (HSA) for 2 h.  

Changes in nanoparticle properties consequently will be affecting their 

biological responses and biodistribution. In another study, reduction of the aggregate 

size distribution of TiO2 nanoparticles from serum protein adsorption has an effect on 

the interactions of the nanoparticles with A549 and H1299, with a higher cellular uptake 
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was observed after 24 h of exposure (Tedja et al., 2012). In this regard, it is important to 

understand the nano-bio interactions and the relationships between the nanomaterial 

properties/ structure and activity which will provide a conceptual basis for the rational 

design and safe use of nanoformulation.  

 

1.5 Drug metabolism 

 

Drug metabolism refers to a modification of a pharmaceutical compound 

biochemically mediated by specialized enzymatic systems. This biochemical process 

often involves the conversion of a drug to a more hydrophilic compound in order for it 

to be readily excreted by the body. Drug metabolism occurs in three stages, with Phase I 

involving the modification of the compound by addition of reactive or polar groups. The 

modified compound then undergoes phase II metabolism, which involves conjugation, 

either through sulfation or glucuronidation by transferase enzymes. The conjugated 

compound may be further metabolized in a phase III reaction process before finally 

being excreted in the kidneys (Commandeur et al., 1995). The phase I metabolism 

process includes reduction, hydrolysis and oxidation reactions, with the most common 

being oxidation reactions that are catalysed by the cytochrome P450 (CYP) family of 

enzymes (Chan et al., 2004). 

CYP enzymes constitute a family of heme-containing enzymes capable of 

catalysing the oxidative biotransformation of most lipophilic xenobiotics, including 

steroids, fatty acids, cholesterol, drugs, carcinogens, pollutants, pesticides and herbal 

components (Scott and Halpert, 2005),  and are therefore of particular relevance for 

clinical pharmacology (Guengerich, 2008; Nelson et al., 2004; Zanger et al., 2008). In 
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humans, 57 putatively functional genes are encoded (Nelson et al., 2004), but only 

about a dozen enzymes that belongs to the 1, 2 and 3 CYP-families are responsible for 

the metabolism of the majority of drugs and other xenobiotics (Zanger and Schwab, 

2013). 

The CYP1 family comprises of 3 functional genes in two subfamilies, which are 

the CYP1A1 and CYP1A2. CYP1A2 is expressed constitutively in liver at a higher 

level only in humans, with estimated average abundance of ~ 18 to 25 pmol per mg of 

microsomal protein (Kawakami et al., 2011; Ohtsuki et al., 2012). CYP1A2 represents 

~4 to 16% of the total hepatic CYP pool, and plays a significant role in the metabolism 

of several clinically important drugs (Gunes and Dahl, 2008; Zhou et al., 2009), such as 

analgesics and antipyretics (acetaminophen, phenacetin, lidocaine), antipsychotics 

(olanzapine, clozapine), antidepressants (duloxetine) (Lobo et al., 2008) and 

cardiovascular drugs (propranolol, guanabenz, triamterene) (Granfors et al., 2004). 

CYP1A2 can also activate some drugs, such as the anti-androgen, flutamide (Kang et 

al., 2008), and benzo[a]pyrene and other procarcinogens, to yield reactive and 

carcinogenic metabolites.  

The CYP2 family consists of the two important CYP2C and CYP2D 

subfamilies. CYP2C is expressed both in the liver and in extra hepatic tissues, such as 

intestine and cardiovascular tissues. CYP2C is a major CYP enzyme in the intestine, 

together with CYP3A, and accounts for ~18% of the total intestinal CYP expression 

(Paine et al., 2006; Thelen and Dressman, 2009). Of this, the CYP2C9 is prominent in 

metabolising weakly acidic drugs including warfarin, phenytoin, valproic acid, and most 

non-steroidal anti-inflammatory drugs (Lee et al., 2002). On the other hand, the CYP2D 

subfamily, of which CYP2D6 is well-known, is a relatively minor group of enzymes in 
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the liver. Nevertheless, CYP2D6 is found to metabolize a large number of drugs, 

amounting to 15 to 25% of clinically used drugs, such as propafenone, β-blockers 

(bufuralol, metroprolol), as well as the anti-cancer drug, tamoxifen, and many others 

(Stingl et al., 2012; Zanger et al., 2008).  

The CYP3 family, in particular the CYP3A subfamily, are major Phase I enzymes 

responsible for the metabolism of clinically used drugs (Bu, 2006; Liu et al., 2007; 

Zanger et al., 2008). CYP3A4 is the most abundantly expressed member of the CYP3A 

subfamily found in intestinal enterocytes, with levels uncorrelated to those of liver, and 

it participates in the metabolism of about 50% of the clinically useful drugs 

(Guengerich, 2005). CYP3A4 contributes significantly to the first-pass metabolism, and 

hence, the poor bioavailability, of many orally administered drugs.  

 

1.5.1 Effects of CUR on drug metabolism 

 

The effects of CUR on drug metabolic enzymes have been examined in recent 

years after  CUR was observed to be a potent inhibitor of CYP enzymes (Oetari et al., 

1996). CUR consumption (1% turmeric diet) for 15 days inhibited CYP1A1/2 and 

CYP2B1 activity in rats and mice (Thapliyal et al., 2001; Thapliyal and Maru, 2001). 

Our laboratory has shown that the peroral administration of 60 mg/kg/day of CUR over 

4 days resulted in the down-regulation of intestinal CYP3A expression level in the 

Sprague Dawley rats, which in turn increased the plasma concentration of midazolam 

(MDZ), a marker substrate of CYP3A metabolism (Zhang et al., 2007). Other studies 

have since confirmed that CUR-mediation of CYP expression and activity in the GIT 
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and liver could modulate the peroral bioavailability of co-administered drugs (Ganta et 

al., 2010; Zhang and Lim, 2008). 

 Co-administered CUR was also effective in enhancing the apoptotic effects of 

PTX to increase its  cytotoxicity in wild type, SKOV3 and resistant, SKOV3(TR) 

human ovarian cancer cells (Ganta and Amiji, 2009). In the mouse model, the peroral 

administration of CUR (50 mg/kg daily for 3 days) was shown to increase by 1.8-fold 

the systemic availability of co-administered PTX and to prolong the survival time of the 

tumor-bearing mice by 19 days compared to PTX administered alone. This was 

concomitant with a reduction in   the CYP3A2  expression in the intestine, suggesting 

that the increased bioavailability and efficacy of PTX was related to a suppression of 

CUR-mediated CYP3A2 activity(Ganta et al., 2010). 

CYP inhibition may also confer a degree of protection against cancer 

development (Duvoix et al., 2005) as CYP enzymes play a vital role in the 

biotransformation of drugs, carcinogens and toxins. CUR has demonstrated its anti-

carcinogenic effects in several animal models (Limtrakul et al., 1997; Rao et al., 1995) 

by promoting the detoxification of carcinogens and/or suppression of carcinogen 

activation through CYP modulations. An example is the benzo(a)pyrene  induced 

carcinogenesis models studied in vitro (Rinaldi et al., 2002) and in vivo (Garg et al., 

2008; Sehgal et al., 2013), with CUR having been found to reduce the levels of 

carcinogenic benzo(a)pyrene-derived DNA adducts formation by suppressing 

CYP1A1/CYP1A2 activity and expression (Garg et al., 2008; Liu et al., 2015; Sehgal et 

al., 2013) .    
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1.5.2 Biological interaction: effects of excipients on drug metabolism 

 

Many excipients are generally considered as "inert", but can display very useful 

activities, making them essential constituents of the formulation. In addition, these 

excipients may have significant effect on the absorption, distribution, metabolism and 

excretion of drugs. A previous study by Ren et al. (2008) has demonstrated that 

common pharmaceutical excipients can inhibit CYP activity in vitro and in vivo. A 

major mechanism through which excipients may influence the metabolism and 

bioavailability of active drugs is by affecting the CYP enzymes located in liver and 

intestinal microsomes, key regulators of drug metabolism. Substances that enhance or 

inhibit CYP activity can alter metabolism of drugs, and thus decrease the drug efficacy 

or increase its bioavailability. Pluronics are deemed as “functional excipient” (Kabanov 

et al., 2003b) and have been observed in earlier studies to inhibit the CYP3A4-mediated 

formation of midazolam (MDZ) metabolite, 1′-hydroxymidazolam (Huang et al., 2008b; 

Ren et al., 2009; Ren et al., 2008). A decrease in both metabolic efficiency and protein 

expression of CYP3A1/2 and CYP2C11 were observed in the liver of Pluronic F127-

induced hyperlipidaemia rats (intraperitoneal administration of 1g/kg of Pluronic F127), 

which in turn affects the biodistribution of amiodarone (Shayeganpour et al., 2008). In 

another study by Lee et al. (2012b), the Pluronic F127-induced hyperlipidaemia rats 

showed a significantly greater AUC of oral carbamazepine compared to untreated rats, 

as a result of lower clearance due to decreased hepatic CYP3A1/2 protein expression. 

Furthermore, Pluronics are also found to sensitize multidrug resistant (MDR) 

cancer cells, such as the human epidermal carcinoma KBv (Chen et al., 2013) and 

human breast cancer MCF-7/ADR (Hong et al., 2013) cells, by improving the 
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intracellular transport of hydrophobic anti-cancer agents into the cells. Pluronic 

incorporates into the cell membrane, causing changes in the membrane viscosity and 

inducing reduction in the ATP level, which in turn inhibits the function of the P-gp 

efflux transporter (Batrakova et al., 2001a; Batrakova et al., 2006; Batrakova et al., 

2010; Batrakova et al., 2001b; Dahmani et al., 2012; Guan et al., 2011; Huang et al., 

2008b; Li et al., 2013; Ma et al., 2011; Wei et al., 2013), MDR protein transporters 

(Batrakova et al., 2003) and breast cancer resistance protein (BRCP) (Wang et al., 2007; 

Yamagata et al., 2007a, b).  These studies suggest that Pluronics may have the potential 

to improve the PK of orally administered drugs that are substrates of CYP3A4 and/or P-

gp (Chan et al., 2004; Zhang and Benet, 2001). Enhancement of the AUC of oral PTX 

in Pluronic mixed micelles (Dahmani et al., 2012) could be explained by the 

combination of the inhibitory effects of Pluronic on intestinal P- gp efflux and CYP, 

which may reduce the metabolic elimination of PTX in the gut and liver. In summary, 

Pluronics-based formulations of therapeutic agents may open up novel and promising 

strategies which can potentially improve anti-cancer therapy as well as treatment of 

other diseases. 

 

1.6 Statement of purpose 

 

The encapsulation of CUR in nanoscale carriers has the potential to resolve the low 

peroral bioavailability of CUR and the instability of CUR in physiological milieu. 

Applying nanotechnology to the development of drug delivery systems can, however, 

contribute to high production cost (Wang et al., 2014) especially when it involves the 

synthesis, purification, identification and characterization of multifunctional 
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nanoformulations. The synthesis can be tortuous and expensive if it involves a 

complicated series of chemical reactions that requires special chemicals, instruments 

and optimal conditions (Cheng et al., 2012; Desai, 2012). This thesis aimed to develop 

CUR micellar nanoformulations to advance the potential of CUR for clinical 

applications. Several CUR micellar nanoformulations have been reported in the 

literature. Often, these were prepared using polymer, copolymers and other excipients 

that acted as surfactant or cryoprotectant. Fabrication of these copolymers often 

involved complex chemical synthesis, which in turn would limit the yield, increase 

production cost, and make it very difficult to scale up the production and maintain the 

consistency between batches of the nanoformulation produced. Furthermore, the process 

of synthesizing these copolymers generally employed organic solvents or other 

excipients, and it being subjected to harsh synthesis condition which could compromise 

its biocompatibility (Birnbaum et al., 2000; Niwa et al., 1993; Zambaux et al., 1998). 

One copolymer of interest is PLA-PEG, which was formulated by a double emulsion 

technique using sodium cholate, a water-soluble, ionic detergent which has an IC50 of 

3.49 ± 1.45 mM against primary human nasal epithelial cells (Tobío et al., 2000). This 

project endeavoured to synthesize a simple and cost efficient, yet stable CUR 

nanoformulation by using only one excipient, which was Pluronic F127. Pluronic F127 

was selected as the carrier for the CUR nanoformulation owing to its established 

compatibility with several hydrophobic compounds and its safety profile. In addition, 

the pharmaceutical grade Pluronic F127 is commercially available at reasonable cost, 

which facilitated the fabrication of the CUR nanoformulation and ensured between 

batch consistencies. There are also a variety of established protocols for the preparation 

of drug-loaded Pluronic nanoformulations that can be adapted for the preparation of the 
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CUR-loaded Pluronic F127 micelles. It was anticipated that the hydrophobic core 

comprising the PPO block of Pluronic F127 can act as an alternative solubilisation site 

for CUR loading in an aqueous media, while the hydrophilic PEO contributes to the 

micellar shell that can exert steric stabilization and protect the CUR cargo from 

degradation. The hypothesis of this project was that Pluronic F127 could be used to 

produce a stable nanoformulation capable of solubilizing CUR and protecting it from 

degradation under physiologically relevant conditions, which in turn would improve the 

biological properties and bioavailability of CUR.  

The stability of the CUR-loaded Pluronic F127 nanoformulation during storage 

and when administered to different physiological milieu encountered in vivo was an 

important consideration. The influence of biological components on the responses of 

nanoformulations suggests that the physical properties of nanoformulation should be 

separately assessed at the relevant biological interfaces. Currently, there is scarcity of 

information on the characterization of CUR nanoformulation in situ, despite the pivotal 

role such information can play in the optimization of the nanoformulation. Hence, the 

present study also focused on the characterization of the CUR-Pluronic F127 

nanoformulation in biologically relevant media that were employed in the in vitro cell 

culture experiments, and in the compendial evaluation of pharmaceutical dosage forms.   

 It was also important that the CUR incorporated into the Pluronic F127 micellar 

structures should not lose its pharmacological action. Thus, the cytotoxic and anti-

cytoproliferative activities of the micellar CUR was compared to a control CUR 

solution using the human colon and liver cancer cell models. One of the means by 

which CUR exerted its anti-cancer activity was by modulation of the CYPs enzymes. 

The Pluronics F127 may also not be an inert carrier, as the Pluronics have been shown 
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to modulate drug transporters in vitro and in vivo. In this project, the effects of micellar 

CUR on the function of CYP enzymes were evaluated by using the specific human 

recombinant enzyme system. In addition, the effects of the micellar CUR on the cellular 

expression of CYP enzymes were evaluated in vitro by using the HepG2 liver cells.  

Studies with the following specific objectives were performed: 

1. To evaluate and establish the capacity of Pluronic F127 to yield a stable 

nanoformulation for solubilizing and encapsulating CUR in aqueous media. The 

optimized formulation, abbreviated as NanoCUR, was determined by the 

physiochemical characterization of the formulations prepared, in terms of the 

mean particle size, size distribution, zeta potential, and morphology, as well as 

the drug loading efficiency, drug crystallinity, and drug release profile.  

2. To evaluate the steric stabilization effect of the Pluronic F127 micellar structures 

towards the loaded CUR at physiologically relevant conditions. These 

experiments also screened the storage stability of NanoCUR under various 

specified conditions. 

3. To evaluate the anti-cancer efficacy of the NanoCUR formulation in two cellular 

models, the Caco-2 human colon cancer cells and the HepG2 human liver cancer 

cells.  

4. To evaluate the effects of the NanoCUR formulation on the functions of CYP 

isozymes using recombinant human CYPs, and on the expressions of these 

enzymes in the HepG2 human liver cells. 

5. To evaluate the absolute bioavailability of the NanoCUR when administered 

perorally in the rat model. 
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2.1 Introduction 

 

Micellar CUR formulations have been developed using a variety of amphiphilic 

compounds, including the PLGA-PEG-PLGA triblock copolymer (Song et al., 2011), 

surfactant mixtures of Pluronic F68-Pluronic P123 (Zhao et al., 2012) and Pluronic 

F127-TPGS (Saxena and Hussain, 2013), as well as diblock copolymers of mePEG-

PCL (Wang et al., 2013), PEO-PCL (Ma et al., 2008) and PEG-PLA (Song et al., 2013). 

These formulations typically employed more than one carrier materials, many of which 

have to be synthesized in situ via a complex series of chemical reactions.  

The aim of this study was to develop a simple and cost-efficient 

nanoformulation of CUR based on polymeric micelles using only one excipient, 

Pluronic F127. Compared to other low MW surfactants, the amphiphilic Pluronic F127 

copolymer is preferred for its biocompatibility, greater thermodynamic stability and its 

ability to form micelles with higher loading capacity for poorly water-soluble drugs 

(Nishiyama and Kataoka, 2006). The long PEO chains in Pluronic F127 can also 

strengthen hydrophobic interactions to facilitate micellar assembly in aqueous media at 

lower CMC. Moreover, the Pluronic block copolymers have been shown to be potent 

biological response modifiers capable of sensitizing MDR cancer cells and enhancing 

drug transport across cellular barriers in the intestinal epithelium and brain endothelium 

(Batrakova et al., 2010; Hong et al., 2013; Kabanov et al., 2003). 

This chapter describes the production, characterization and evaluation of a 

formulation of CUR-loaded Pluronic F127 nanoformulation (NanoCUR) synthesized by 

a TDF method. This method, which can be readily scaled up for industrial manufacture, 

was first introduced by Zhang et al. (1996) for the solubilisation of PTX (Zhang et al., 
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1997; Zhang et al., 1996). It has been subsequently adapted for the production of a 

number of other polymeric micellar formulations (Dou et al., 2014; Song et al., 2014; 

Wang et al., 2008; Wang et al., 2007; Wei et al., 2009). Following preparation, the 

NanoCUR dispersions were characterized for size, size distribution, zeta potential, 

surface morphology, and CUR encapsulation and loading efficiencies. Polymeric 

micelles intended for drug delivery applications should retain their integrity until the 

encapsulated drug is released at the intended site, yet micellar stability is seldom 

evaluated in the literature. Micellar stability can be adversely affected following IV 

administration, which exposes the micelles to near sink conditions, while peroral 

administration will expose the micelles to the harsh GIT conditions. For these reasons, 

the thermodynamic stability of the micelles was studied under various simulated 

conditions of use. In addition, the stability of the CUR-loaded Pluronic F127 

formulation to manufacturing manipulations, such as lyophilisation, reconstitution of 

the lyophilized formulation with water, and storage as a dry lyophilized powder were 

evaluated.  

 

2.1.1 Preparation of nanoformulation: Thin Dry Film Hydration (TDF) method  

 

The TDF method has been applied to the production of other drug-loaded 

micelles as it provides an efficient method to prepare transparent dispersions of 

hydrophobic drugs for injections. Wang et al. (2007) used this method to develop PTX-

loaded mixed micelles of Pluronic P105 and Pluronic L101. PTX was dissolved in the 

molten Pluronics at temperatures above 50 °C, and the solidified Pluronic containing 

drug film was hydrated with water at 70 °C to give a transparent micellar dispersion in 
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which PTX was spontaneously incorporated into the hydrophobic core of the assembled 

Pluronic copolymers. Wei et al. (2013) used a similar method to load PTX into the 

mixed micelles of Pluronic P123 and Pluronic F127. Campothecin-loaded Pluronic 

P105/TPGS mixed micelles have also been successfully synthesized by this method 

(Gao et al., 2008).   

The production of nanoformulations by a TDF method was first introduced by 

Zhang et al. (1996) to solubilise PTX within the micelles of the PDLLA-MePEG 

copolymer. When a physical mix of the PTX powder in the copolymer melt did not 

produce a one-phase system following reconstitution in water, the authors attempted the 

solution casting method, where the drug and copolymer were first dissolved in a 

solvent. The solvent was then evaporated at 50 °C, which in turn produced a clear 

dispersion of the PTX/copolymer matrix upon reconstitution in aqueous vehicles by 

agitation using vortex.  

 

2.1.1 Characterization of nanoformulation 

2.1.1.1 Particle size, size distribution and zeta potential  

 

The field of science which aims to standardize physical measurements at the 

nanometer scale is called nanometrology (Hassellöv et al., 2008). Even though 

nanometrology is a young field regarding definitions and terminology, many concepts 

are borrowed and adopted from the fields of particle size analysis (Barth and Flippen, 

1995) and physical chemistry. The metric ‘‘particle diameter’’ is probably the most 

commonly used descriptor of particle size, but a single diameter value is only enough to 

describe a perfectly monodispersed sample of spherical particles (Hassellöv et al., 
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2008). Most nanoparticle dispersions deviate from monodispersity to varying degrees, 

and the particle sizes are better described by a mean size and size distribution.  

In this study, the mean size, size distribution and zeta potential of the CUR-

loaded micelles were determined using DLS and laser Doppler velocimetry techniques, 

respectively. Light scattering is a very commonly used method to determine particle 

size at the nanoscale (Schurtenberger and Newman, 1993). In DLS, also called photon 

correlation spectroscopy or quasielastic light scattering, fluctuations in the scattered 

light that depend on particle diffusion is utilized. The fluctuations originate from the 

Brownian motion of the particles, and from the neighbouring particles that can have 

constructive or destructive interferences of the scattered light intensity in a certain 

direction (Hassellöv et al., 2008). When the Stokes-Einstein equation is applied, it 

allows the calculation of average particle diameters from the diffusion coefficient of the 

samples (Shoichi, 2005; Witt et al., 2003). DLS is a rapid, simple and non-destructive 

method (Ledin et al., 1994), and the instrument (Zetasizer Nano ZS, Malvern 

Instruments, Worcestershire, UK) was chosen to measure the mean size of the micellar 

dispersion samples.  

Data derived from DLS are based on intensity distribution or average, weighted 

according to the scattering intensity of each particle fraction. The intensity-based 

particle size distribution is transformed by the instrument software into volume or 

number distributions using the Mie theory, provided the refractive indices of the 

dispersing medium and particle material, as well as the particle shape and polydispersity 

of test samples are known (Finsy, 1994). When samples of broad size distribution are 

measured, the intensity distribution peak can be multi-modal. When multiple peaks are 

present, the Malvern instrument uses the Mie theory by default to convert the intensity 
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size distribution into unimodal number or volume distribution. The generation of 

unimodal distribution from multiple peaks leads to peak broadening, hence rendering 

the parameters to be non-absolute, and best used for comparative analyses (Malvern, 

2010). 

The Z-Average mean is a parameter also known as the cumulants mean, derived 

from cumulant analysis (Hajdú et al., 2012). It is the primary and most stable parameter 

produce by the DLS technique. The Z-Average mean is the best value to report when 

used in a quality control setting as it is defined in ISO 22412 as the ‘harmonic intensity 

averaged particle diameter’. The Z-average size will only be comparable with the size 

measured by other techniques if the sample is monomodal (i.e. only one peak), spherical 

or near-spherical in shape, monodisperse (i.e. very narrow width of distribution), and 

the sample is prepared in a suitable dispersant, as this parameter can be sensitive to the 

presence of a small proportion of aggregates. It should be noted that the Z-average is a 

hydrodynamic parameter and is therefore only applicable to particles in dispersion or 

molecules in solution. In the present study, we have utilized the Z-average to describe 

the mean particle size of the test samples.  

A second important data collected from the DLS experiments is the PDI, which 

measures the distribution and uniformity of the particle sizes. The maximum PDI value, 

arbitrarily set at 1.0, indicates a very broad size distribution with possibilities of test 

samples containing large particles or aggregates that could be slowly sedimenting 

(Malvern, 2004). Values greater 0.7 than this indicate that the sample has a very broad 

size distribution and is probably not suitable for the DLS technique (Malvern, 2011).  

The zeta potential, which is measured as the surface charge of the particles, was 

determined using the same instrument. Zeta potential measurements were based on the 
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laser Doppler velocimetry principles, where the velocity of a particle in an electric field 

is assessed and its zeta potential calculated by applying the Henry equation (Malvern, 

2004). In this project, the zeta potential of the NanoCUR dispersions was determined 

immediately upon preparation and purification using the same particle size analyzer 

(Zetasizer Nano ZS, Malvern Instruments, Version 4, Worcestershire, UK), which was 

equipped with an electrophoresis cell. Signals generated by the particles were received 

in the photomultiplier and translated into charge status.  

 

2.1.2.2 Particle morphology 

 

Particle morphology and size features are vital parameters as they could 

significantly affect the functionality of a designated nanostructure (Mammadov et al., 

2012). Several imaging techniques offer good avenues for nanostructure 

characterization, each with its own advantages and limitations. In this study, the 

transmission electron microscopy (TEM) technique was chosen as it provides high 

degrees of resolution and magnification, making it possible to visualize the detailed 

structures of the nanoformulation (Mammadov et al., 2012). TEM was preferred over 

the scanning electron microscopy (SEM), which has limited resolution at the nanoscale 

range and is only able to provide the surface morphology of a specimen. A third method 

is the atomic force microscopy (AFM), which allows for 3-dimensional imaging of both 

dry and wet specimens, unlike the TEM and SEM, which can only tolerate in vacuo 

conditions  (Clarke, 2002). However, image generation by the AFM is a relatively 

slower process requiring significant operator skill as it depends highly on the correct 



                                                                                                                                          Chapter 2 

 

 56 
 

application of the tip radius to avoid wrong sample size measurements (Mammadov et 

al., 2012).  

 

2.1.2.3 X-ray diffraction (XRD) analysis 

 

Spectroscopy is the study of interactions between matters and radiated energy. It 

refers to the measurement of radiation intensity as a function of wavelength and is often 

used in the analyses of the physical and analytical chemistry of atoms and molecules 

(Herrmann and Onkelinx, 1986). Characteristic spectra of atoms and molecules allow 

any information corresponding to these atoms and molecules to be detected, identified 

and quantified (Crouch et al., 2007). Crystallography employs the scattering of high 

energy radiation, such as x-rays and electrons, to examine the arrangement of atoms in 

proteins and solid crystals. Techniques for studying x-ray spectra include XRD (Crouch 

et al., 2007). 

XRD analysis, which measures atom spacings resulting from interferences 

between waves reflecting from different crystal planes (Hasselov et al., 2008), was 

conducted to evaluate the crystallography structure of the nanoparticulate formulation. 

 

2.1.3 In vitro drug release profiles  

 

In vitro drug release study was conducted using the dialysis method, where the 

formulation contained in a sealed dialysis bag was placed in a receptor compartment 

containing the release medium, heated to 37 °C and agitated (D'Souza and DeLuca, 

2005; Shameem et al., 1999). The dialysis method is convenient for drug sampling and 

http://en.wikipedia.org/wiki/Crystallography
http://en.wikipedia.org/wiki/X-ray_crystallography
http://en.wikipedia.org/wiki/Electron_crystallography
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replacement of the release media, as the nanoformulation is separated from the receptor 

medium by the dialysis membrane (Seidlitz et al., 2011). Even though the technique has 

been criticized for providing a poor in vitro-in vivo correlation (Washington, 1990), its 

advantage is that it can mimic the in vivo condition where the nanoparticles are 

immobilized by a stagnant layer upon administration (Nastruzzi et al., 1993). The 

following points were considered for the drug release experiments:   

1. Sink conditions: Sink conditions tend to exist upon in vivo administration, and 

were employed in this study for the determination of CUR release profiles.  Sink 

conditions ensured continual CUR dissolution and prevented the accumulation 

of degradation products over the course of the experiment (D'Souza and 

DeLuca, 2006). A good solvent together with total media replacement at each 

sampling time point were employed to maintain sink conditions. 

2. Media selection: The aqueous solubility of CUR was reported to be as low as 0.6 

µg/mL (Kurien et al., 2007; Tønnesen, 2002; Wang et al., 1997), and CUR is 

practically insoluble in water at neutral and acidic conditions (Chignell et al., 

1994). Thus, the medium used was an aqueous ethanolic solution, and was based 

on CUR solubility (1 mg/mL in ethanol) over the duration of the release study 

(Anand et al., 2010; Shaikh et al., 2009; Song et al., 2015; Tiyaboonchai et al., 

2007).  

3. Dialysis membrane molecular weight cut-offs (MWCO): While the aim of the 

dialysis membrane is to separate the nanoparticles from the release medium, a 

sufficiently high MWCO should be selected to ensure the membrane is not a 

limiting barrier for drug diffusion (D'Souza and DeLuca, 2006). Reports in the 

literature appeared to suggest an arbitrary determination of the dialysis 
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membrane MWCO for in vitro drug release experiments. The membrane 

MWCO refers to the smallest average molecular mass of a standard molecule 

that will not effectively diffuse across the membrane. Typically, the smallest 

size globular macromolecule (in Da) that is retained by greater than 90% upon 

extended dialysis (overnight) defines the nominal MWCO. Thus, a dialysis 

membrane with a MWCO of 10 kDa will generally retain proteins having a 

molecular mass of at least 10 kDa (Haney et al., 2013). Suppliers recommend 

selecting a MWCO that is half the size of the MW of the species to be retained 

and/or twice the size of the MW of the species intended to pass through. 

Previous studies on the release of CUR from a micellar structure have utilized 

dialysis membranes with MWCO in the range of 3.5 to 8 kDa (Ma et al., 2007; 

Wang et al., 2013), and the value of 8 kDa was applied for this study. 

 

2.1.4   Stability of nanoformulation 

2.1.4.1 Storage stability 

 

The major obstacle that limits the use of nanoformulation is storage instability, 

either physical instability (aggregation/particle fusion) and/or chemical instability (time-

dependent chemical reactivity of the formulation components). Storage instability is 

frequently noticed when aqueous nanoparticle dispersions are stored for extended 

periods (Abdelwahed et al., 2006; Belbella et al., 1996; Chacon et al., 1999). A 

prolonged shelf life is a favourable factor for bringing a nanoformulation forward into 

the clinical setting. The removal of water from a nanoformulation is often a necessity to 

improve its storage stability, and a common process that allows the conversion of 
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pharmaceutical dispersions into solids of sufficient stability for distribution and storage 

is freeze-drying, also known as lyophilisation (Pinto Reis et al., 2006). Freeze-dried 

nanoparticles should have certain desirable characteristics, including: (i) the 

preservation of the primary physical and chemical characteristics of the product (elegant 

appearance, short reconstitution time, an acceptable dispersion with low or unmodified 

particle size distribution, unchanged activity of encapsulated drug), (ii) an acceptable 

relative, resistant to moisture and (iii) long-term stability (Abdelwahed et al., 2006 ). 

 

2.1.4.2 Stability upon dilution 

 

The ability of micelles to withstand dilution is described in terms of their 

thermodynamic stability, which imposed important implication if the micellar 

formulation is intended for application as a medicine (Croy and Kwon, 2006). Micellar 

dispersions are prone to instability when diluted upon administration to in vivo and in 

vitro experimental models (Torchilin, 2001). Micelle carriers must be able to resist 

rapid and premature dissociation upon dilution and exposure to the harsh and changing 

conditions of the GIT (Lu and Park, 2013). 

 

2.2 Materials 

 

Pluronic F127 (MW 12600) was kindly supplied by BASF (Victoria, Australia). 

CUR (94% purity), PBS (0.138 M NaCl, 0.0027 M KCl; 0.0015 M KH2PO4; 0.0081 M 

HNa2PO4;), pH 7.4, N-[2-hydroxyethyl] piperazine-N´-[2-ethanesulfonic acid] 

(HEPES), Hank’s balanced salt solution (HBSS), BSA, sodium hydroxide (NaOH), 
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hydrochloric acid (HCl), Eagle’s Minimum Essential Medium (EMEM),  non-essential 

amino acids (NEAA), sodium pyruvate, 10,000 U/mL penicillin, 10 mg/mL 

streptomycin, and glutamine were purchased from Sigma Aldrich (New South Wales). 

FBS was from Gibco (Victoria, Australia). All other reagents were of analytical grade. 

Double deionized MilliQ water (Millipore Corporation, Massachusetts, USA) was used 

throughout. The following biologically relevant media were used in this study:  (1) PBS 

(pH 7.4); (2) HBSS-HEPES (HBSS buffered with 10 mM of HEPES, pH 7.4); (3) 

EMEM supplemented with 10% FBS, 100 U/mL penicillin, 100 µg/mL streptomycin, 2 

mM glutamine, 1 mM sodium pyruvate and 0.1 mM NEAA (pH 7.4); (4) SGF, pH 1.2 

and (5) simulated intestinal fluid (SIF, pH 6.8). SGF and SIF (without enzymes) were 

prepared accordingly to the methods of the British Pharmacopeia (BP) and the United 

States Pharmacopeia (USP), respectively.  

 

2.3 Methods 

2.3.1 Preparation of CUR nanoformulation (NanoCUR) 

  

For our study, CUR was first dissolved in methanol at a concentration of 1 

mg/mL and 10 mL of this solution was mixed with different amounts of Pluronic F127 

dissolved in chloroform (1 to 20 mg/mL, 50 mL). The organic solvents were evaporated 

over 1 h at 50 °C using a rotary evaporator (R-215, Buchi, Flawil, Switzerland). To 

ensure complete removal of the organic solvents, the resultant thin film was placed 

under vacuum overnight at room temperature. The film was then rehydrated with water 

or a biologically relevant medium pre-warmed to 37 °C to produce a clear NanoCUR 
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dispersion. Blank dispersions of Pluronic F127 micelles (Bm) were similarly 

synthesized by omitting CUR from the protocol.  

 

 

Figure 2.1: Schematic representation of the production of CUR-loaded Pluronic F127 

nanoformulation (NanoCUR) by a TDF method. Pluronic F127 and CUR, dissolved in 

chloroform and methanol, respectively, were mixed in a round bottom flask. The 

organic solvents were evaporated in vacuo at 50 °C over 1 h, and the resultant thin film 

was re-hydrated with water, pre-warmed at 37 °C, to give the NanoCUR dispersion.  

 

2.3.2 Purification and Isolation  

 

The NanoCUR dispersions were  centrifuged at 5000 rpm for 10 min at 4 °C 

(Sigma 2-16PK, Osterode am Harz, Germany) followed by filtration through a 0.22 µm 

membrane filter (Acrodisc® syringe filter, Pall Corporation, Michigan, USA) to remove 

free CUR and any larger particles. A portion of the resultant dispersions was 

characterized and the remainder lyophilized (Labconco Freezone Plus 6, Missouri, 
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USA). The lyophilized powders were stored at room temperature and 4 °C, in amber 

bottles sealed with parafilm and wrapped with aluminium foil to protect from light and 

moisture. The dispersions were weighed following centrifugation and filtration, and 

after lyophilisation to determine the percent yield (Equation 2.1). The weight of 

lyophilized powder (*) in Equation 2.1 took into account the weight of materials 

removed for characterization. 

 

Yield (%) =         Weight of lyophilized powder*     X 100               

                  Total weight of materials used for formulation                         Equation 2.1                   

 

2.3.3 Characterization 

  

The purified dispersions and the lyophilized powders following reconstitution in 

aqueous media were characterized for size and size distribution, zeta potential, 

morphology, drug loading and encapsulation efficiency, drug release profile. XRD 

analysis was also performed on lyophilized powder. 

 

2.3.3.1 Particle size, size distribution and zeta potential  

 

Mean size, size distribution and zeta potential of the NanoCUR dispersions were 

measured immediately upon preparation and purification, and upon reconstitution of the 

lyophilized NanoCUR powders. Lyophilized NanoCUR was reconstituted by dispersing 

the powder into a bio-relevant medium (water, PBS, HBSS-HEPES or supplemented 

EMEM) at concentration of 100 µM (equivalent to CUR concentration), and vortexing 
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for 3 s (036130000 Reax Top Vortex Mixer, Heidolph, Schwabach, Germany). This 

concentration falls into the concentration range of CUR used in the subsequent Chapters 

(2 to 120 µM). The reconstituted NanoCUR was then diluted with simulated 

physiological medium (PBS, PBS containing BSA, SGF or SIF) and the particle size of 

the diluted NanoCUR was measured immediately upon dilution (t = 0 h) and upon 

incubation for 72 h at 37 °C (t = 72 h).  

 

2.3.3.2 Particle morphology 

 

The morphology of NanoCUR and Bm was examined under a TEM (JEM-2100 

TEM, JEOL Ltd, Tokyo, Japan) operating at 120 kV with a spot size of 1 and alpha 3. 

Samples were prepared by diluting the micellar dispersion sample 1 in 20 with water, 

and allowing 6 μL of the diluted dispersions to dry at ambient temperature overnight on 

200 mesh carbon-coated copper TEM grids (SPI Supplies, USA). The morphology of 

NanoCUR was examined immediately after preparation and following the reconstitution 

of the lyophilized NanoCUR in bio-relevant media at 100 µM.  

 

2.3.3.3 XRD profiles  

 

XRD patterns of the commercial CUR, as well as the lyophilized Bm and 

NanoCUR  were obtained at 40 kV and 40 mA, with a scanning rate of 5°/min and 2 

angles ranging from 5° to 50° (X-ray diffractometer, Pan Analytical, Almelo, 

Netherlands). 
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2.3.4 CUR loading and encapsulation efficiency (LE and EE) 

2.3.4.1  Development and validation of HPLC assay for CUR 

 

The HPLC assay for CUR was adapted from the method of Li et al. (2009) with 

minor modifications. The instrument consisted of a Varian Star (model 335) HPLC 

system (Palo Alto, CA, USA) equipped with ProStar 210 pumps and a Photodiode 

Array detector. CUR was separated on a ODS Hipersil C18 Column (4.6 mm X 250 

mm, 5 µm) (Thermo Scientific) with a 10 X 4 nm Hipersil ODS guard column (Thermo 

Scientific). Isocratic elution was performed at a flow rate of 1.0 mL/min at ambient 

temperature. The mobile phase comprising acetonitrile: 5% acetic acid at a ratio of 

75:25 v/v was filtered through a 0.45 µm PTFE membrane (Lab Serve, Thermo Fisher 

Scientific, Vic, Australia) and ultrasonically degassed for 15 min prior to use. The 

detection wavelength for CUR was 420 nm, and the HPLC peaks were recorded and 

integrated using the Varian Star version 6.41 Chromatography Workstation data 

analysis software.  

A linear calibration plot (y= 2E+06x + 173112, R2= 0.9997) was obtained by 

plotting the mean peak area against the concentration of standard CUR solutions (0 to 

20 µg/mL). Stock solutions of CUR were prepared in acetonitrile at a concentration of 

0.5 mg/mL, while calibration samples were obtained by diluting the CUR stock solution 

with acetonitrile and filtering through the 0.45 µm PTFE membrane (Labserv, Thermo 

Scientific, Victoria, Australia) prior to analysis. All CUR samples were stored at -20 °C 

and brought to room temperature before use. In order to avoid sample degradation, all 

samples were prepared in amber bottles to protect from light and kept on ice throughout 

the experiments. The HPLC injection volume was 20 µL and the analysis time was 7 
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min per sample. The HPLC method was validated by analysing CUR solutions 

subjected to forced degradation in 1 M HCl and in 1 M NaOH, and by evaluating the 

intra- and inter-day coefficients of variances.  

The forced degradation of CUR solution was conducted based on protocols 

described by Dandekar and Patravale (2009) with some modifications. The acid 

degradation was performed by transferring 1 mL of CUR solution in acetonitrile (5 µg/ 

mL) to a 10 mL amber bottle to which 1 mL of 1 M aqueous HCl solution (HCl) was 

added. The amber bottle was capped and placed in a water bath at 85 °C for 2 h.  The 

mixture was cooled to ambient temperature and neutralized with 1 M NaOH prior to 

analysis by HPLC.  To effect the base degradation of CUR, a similar protocol was used 

except that the CUR solution was mixed with 1 mL of 1 M NaOH for 2 h at 85 °C, and 

neutralized with 1 M HCl prior to analysis.   

To determine the intraday variance, standard CUR solutions (low concentration 

of 0.05 µg/mL, medium concentration of 0.5 µg/mL and high concentration of 5 

µg/mL) were assayed at different time points within a day. The inter-day variance was 

determined by assaying the standard solutions on three consecutive days. Samples were 

injected in triplicate and the mean of the area under the elution peak was used for 

further quantification. The intra- and inter-day variations were calculated as the relative 

standard deviation (RSD, equation 2.2) of repeated measurements of CUR solutions at 

low, medium and high concentrations.    

 

RSD (%) =  SD for each concentration    X 100                                                  

Mean peak area value for each concentration                                                 

           Equation 2.2                           
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Drug recovery is defined as the amount of drug detected under the established 

HPLC conditions and expressed as a percent of the amount of drug injected into the 

HPLC instrument (equation 2.3). 

 

Drug recovery (%)   = Amount of drug detected under HPLC conditions    X 100     

                                         Amount of drug injected into the HPLC              

                                                                                                                       Equation 2.3 

                                                                                                                          

The sensitivity of the HPLC method was determined by the limit of detection 

(LOD) and limit of quantification (LOQ) values. LOD is defined as the lowest 

concentration of an analyte that is differentiated from the value zero or an experimental 

blank value or an apparent blind value of the calibration curve within a given 

probability of error (ICH, 1996; MacDougall and Crummett 1980). LOQ is the 

minimum concentration of analysed substance that can be determined at an acceptable 

precision (repeatability, reproducibility) and accuracy under rated conditions of analysis 

by a given method (FDA, 2001; ICH, 1994). LOQ is defined as the lowest concentration 

of the analyte that could be quantified with a variation of less than 15% (Ma et al., 

2007).  LOD and LOQ values were calculated based on the SD and the slope of the 

calibration curve (S) according to equations 2.4 and 2.5, respectively. (Épshtein, 2004; 

Wichitnithad et al., 2009).  

 

LOD = 3.3 X (SD/S)                                        Equation 2.4  

LOQ = 10 X (SD/S)                                                                                     Equation 2.5  

 



                                                                                                                                          Chapter 2 

 

 67 
 

2.3.4.2 CUR loading and encapsulation efficiency (LE and EE) 

 

LE and EE for the NanoCUR dispersions were determined by quantifying their 

CUR content using the validated HPLC assay described in section 2.3.4.1. A weighed 

quantity of lyophilized NanoCUR was dissolved by probe sonication for 1 min in 10 

mL of acetonitrile and filtered (0.45 μm, PTFE membrane, Millipore) prior to HPLC 

analysis. LE was calculated as a percent based on the mass of CUR recovered over the 

total mass of lyophilized NanoCUR used for the analysis (Equation 2.6). EE for a batch 

of NanoCUR was calculated as a percent based on the mass of CUR recovered relative 

to the mass of CUR used for the formulation of that batch (Equation 2.7). 

 

LE (%) =     Drug recovered in formulation    X 100                                               

                     Mass of lyophilized NanoCUR                                               Equation 2.6                                                                

 

EE (%) =     Drug recovered in formulation    X 100                                                

                              Original Drug load                                                         Equation 2.7                                                                                                                                                                                                                         

 

2.3.5 In vitro drug release profiles  

 

The in vitro drug release experiments were carried out by dispersing lyophilized 

NanoCUR (equivalent to 0.20 mg of CUR) with vortexing  in 1 mL of water in a 

dialysis bag with MWCO of 8 kDa (Spectrum Lab, CA, USA). The sealed bag was then 

suspended in 100 mL of release medium (50%, v/v, of ethanol in water) at 37 °C in a 

shaking water bath (WB22 model, Memmert, Schwabach, Germany) operating at 50 
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rpm. At predetermined time intervals over 72 h, the bag was transferred to 100 mL of 

fresh pre-warmed medium while the spent medium was assayed for CUR using the 

validated HPLC method. The cumulative drug released, calculated using equation 2.8, 

was plotted against time to give the drug release profile.  

 

Percent cumulative drug release = Released CUR X 100                                    

                                                         Total encapsulated CUR                       Equation 2.8 

 

2.3.6 Reconstitution of lyophilized NanoCUR in biologically relevant media 

  

Physical properties of the NanoCUR dispersed in several biologically relevant 

media were assessed to determine the variety of aqueous media that might be used to 

reconstitute the lyophilized NanoCUR without damaging its integrity. The lyophilized 

NanoCUR was reconstituted at a concentration of 100 µM by vortexing in PBS, HBSS-

HEPES or supplemented EMEM. The particle size and morphology of the reconstituted 

samples were evaluated by DLS and TEM, according to the protocols of sections 2.3.3.1 

and 2.3.3.2 respectively.  

 

2.3.7 Stability  

2.3.7.1 Storage stability  

 

In this project, the NanoCUR was lyophilized and the stability of the lyophilized 

powder was monitored following storage over 12 months at room temperature and at 4 

°C in sealed amber containers wrapped with aluminium foil for protection from 
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moisture and light. At specified time intervals, the lyophilized NanoCUR was 

reconstituted in water at 100 µM by vortexing for 3 s, and its stability assessed by 

particle size, size distribution, morphology and CUR content analyses. 

 

2.3.7.2 Stability upon dilution 

  

To evaluate whether the reconstituted NanoCUR was stable to dilution in 

physiologically relevant milieu, NanoCUR reconstituted in water (1 mL, containing 

0.20 mg/mL of CUR) was diluted to 10 mL with SIF, SGF, PBS or PBS supplemented 

with 4% BSA. The dilutions were incubated in the shaker bath agitated at 150 rpm, at 

37 °C for 72 h. A control formulation, which comprised of CUR dissolved at 0.20 

mg/mL in 5% v/v aqueous methanol (methanol assisted with CUR dissolution), was 

similarly evaluated. At specified time intervals, 1 mL aliquot was withdrawn from each 

of the diluted samples and quantified for CUR content using the method outlined in 

Section 2.3.4.2. The physical stability was also accessed by evaluating the particle size 

(section 2.3.3.1) and particle morphology (2.3.3.2) of NanoCUR following dilution in 

the relevant milieu (t = 0 and t = 72 h).  

As the stability of the NanoCUR dispersion is dependent on the integrity of the 

Pluronic F127 micellar structure, the NanoCUR dispersion was also subjected to a 

series of dilution with water until the concentration of Pluronic F127 was below its 

reported CMC value of 2.8 x 10-6 M (Kabanov et al., 1995; Kozlov et al., 2000).  

Stability was assessed by evaluating the particle size (section 2.3.3.1) and particle 

morphology (2.3.3.2) of the diluted samples.  
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2.3.8 Statistical analyses  

 

Results are expressed as mean ± SD. Data were analysed by One-Way ANOVA 

with post-hoc Turkey’s Test (SPSS Version 11, Lead Technologies Inc., Chicago, USA) 

applied for paired comparison of means. A p value ≤ 0.05 was considered to be 

significant. 

 

2.4 Results  

2.4.1 Preparation and characterization of NanoCUR 

 

The thin film generated in the round bottom flask for the manufacture of 

NanoCUR, which contained both CUR and Pluronic F127, was observed to be 

yellowish orange in colour, while the thin film for Bm production was colourless 

(Figure 2.2). Weight ratio of CUR to Pluronic F127 for the NanoCUR production was 

varied from 1:10 to 1:100. Dispersions containing nanosized particles were successfully 

produced at the weight ratios of 1:50 and 1:100 (Table 2.1), while large aggregated 

particles were observed at 1:5 and 1:10 w/w. There were no significant differences in 

particle size between the batches produced with 1:50 and 1:100 weight ratios. A mid-

range weight ratio of 1:25 was also employed, but it yielded inconsistent results, with 

nanoformulations obtained only in the 3rd and 4th batches. Thus, subsequent NanoCUR 

formulations were fabricated at the weight ratio of 1:50 to ensure a consistent product 

was obtained with minimized amount of Pluronic F127. 
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Table 2.1: Particle size of NanoCUR synthesized using the TDF method with different 

CUR to Pluronic F127 weight ratios. Data represent mean size ± SD (n > 3). 

Sample CUR to 

Pluronic F127 ratio (w/w) 

Particle size (nm) 

NanoCUR 1:5 Aggregation 

NanoCUR 1:10 Aggregation 

NanoCUR 1:25 Aggregation* 

NanoCUR 1:50 23.43 ± 0.18 

NanoCUR 1:100 22.09 ± 1.73 

Bm 0:1 24.02 ± 2.03 

*Aggregation observed for some batches but not others 

 

 

Figure 2.2: Thin film generated in the round bottom flask for the fabrication of (A) 

NanoCUR and (B) Bm. Lyophilized (C) NanoCUR and (D) Bm. NanoCUR contained 

CUR and Pluronic F127 in the ratio of 1:50 w/w, while CUR was absent in Bm. 
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DLS data showed a normal size distribution for the NanoCUR dispersion 

immediately after production, the size range was from 22 to 24 nm (Figure 2.3 A (I)).  

Blank Bm dispersions, which were devoid of CUR but containing equivalent amounts 

of Pluronic F127, also showed particles of similar size ranges (Figure 2.3 A (II)). Water 

was employed as the hydration medium for the thin film because PBS or HBSS-HEPES 

as a rehydration medium of the thin film did not yield a stable product with large 

particles upon reconstitution after lyophilisation, while EMEM broadened the size 

distribution of the NanoCUR formulation (Table 2.2). 

 

Table 2.2: Particle size and size distribution of NanoCUR fabricated by rehydration of a 

thin dry film in different aqueous media. The thin film was generated by drying a 

mixture of CUR and Pluronic F127 solutions prepared using methanol and chloroform, 

as solvents, respectively. Data represent mean ± SD (n > 3). * denotes significant 

difference compared to water as medium, with p ≤ 0.05. 

Hydrating 

medium 

Particle Size (nm) 

 

PDI 

Water 24.49 ± 1.31 0.14 ± 0.02 

PBS 23.52 ± 1.03 0.13 ± 0.02 

HBSS-HEPES 24.06 ± 0.80 0.18 ± 0.01 

EMEM 20.88 ± 0.45* 0.36 ± 0.04* 
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(A) (I) 

 

(II) 

 

(B) 

 

Figure 2.3: (A) DLS data showing the normal particle size distribution of (I) NanoCUR 

and (II) Bm dispersions, and (B) TEM micrographs of (I) NanoCUR dispersion 
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synthesized by TDF method at 1:50 w/w ratio of CUR to Pluronic F127; and (II) Bm 

dispersion. Scale bars represent 100 nm.  

 

NanoCUR and Bm immediately after production were observed under the TEM 

to contain comparable spherical, discrete and uniformly sized particles (Figure 2.3), 

suggesting the particles in both samples were those of the Pluronic F127 micellar 

structures. In agreement to the observations made by Lin et al. (2009), the particles 

consisted of a darker centre representative of the PPO core, and a lighter corona made 

up of the more hydrophilic PEO chains (Figure 2.3 B). The similar particle sizes of 

NanoCUR and Bm suggest that the incorporation of CUR did not result in significant 

increases in the mean size and size distribution of the Pluronic F127 micellar structures. 

Near neutral zeta potentials were recorded for NanoCUR and Bm, the mean values 

being -0.42 ± 0.09 mV and -0.34 ± 0.08, respectively.  

XRD analysis was applied to evaluate the crystal structure of the lyophilized 

NanoCUR and commercial CUR powders. The presence of several characteristics peaks 

(blue trace) in the XRD profile of CUR powder (Figure 2.4 A) are the representatives of 

the highly crystalline structure of CUR, as indicated by the presence of (1E, 4Z,6E)-5-

hydroxy-1,7-bis(4-hydroxy-3-methoxyphenyl)hepta-1,4,6-trien-3-one compound, 

identified by the XRD analysis. The disappearance of these peaks in NanoCUR, and the 

appearance of two distinctive diffraction peaks (blue trace) at 2 of 19.28° and 23.38° 

(Figure 2.4 B), similar to those present in Bm (Figure 2.4 C) suggest that the crystalline 

CUR was transformed to an amorphous state when it was encapsulated in the micellar 

structure of Pluronic F127.  
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Figure 2.4: XRD patterns of (A) CUR, (B) NanoCUR and (C) Bm measured at 40 kV 

and 40 mA with scanning rate of 5°/min and 2 angles ranging from 5° to 50°.  
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2.4.2 HPLC analysis of CUR 

 

CUR was quantified using a reversed phase HPLC method. The chromatogram 

of a standard CUR solution is shown in Figure 2.5 A. CUR produced a sharp peak at 

420 nm at a retention time of 3.78 min under the HPLC conditions employed. The 

addition of Pluronic F127 had a negligible effect on the CUR retention time and peak 

area, as evidenced by the chromatogram obtained for CUR extracted from the 

NanoCUR dispersion (Figure 2.5 B). The absence of any other apparent peaks in the 

chromatogram for NanoCUR also suggests that CUR was successfully extracted from 

the micellar structure of Pluronic F127, and CUR did not undergo detectable 

degradation, even though the preparation process required heating at 50 °C.  

The HPLC assay was validated using a number of parameters. Specificity, 

defined as the ability of a method to differentiate the analyte of interest from other 

substances that can interfere with the retention time and peak area generated from the 

HPLC assay of the analyte, was evaluated by the “forced degradation” method 

(Dandekar and Patravale, 2009). A standard CUR solution (5 µg/mL) was subjected to 

acid and alkaline degradations, and the resultant samples were analysed in the HPLC. 

As shown in Figure 2.5 C, CUR and the degradation product peaks were well separated 

and the chromatograms exhibited well-resolved peaks.  
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Figure 2.5: HPLC chromatograms of (A) CUR dissolved in acetonitrile (5 μg/mL); (B) 

CUR extracted into acetonitrile from NanoCUR; and (C) CUR subjected to forced 

acidic degradation with 1 M HCl.  

 

There was a good linear relationship between the HPLC peak areas and the 

concentration of the CUR standard solutions over the concentration range of 0 to 20 

µg/mL (y = 2E+06x + 173112, R2 =0.999-0.9997). Assay precision was determined by 

measuring the intra-day and inter-day % RSD values for 3 standard CUR solutions at 

the concentration levels of 0.05, 0.5 and 5 µg/mL (n = 5). The intraday % RSD (3.34 to 

8.75%) and, inter-day % RSD values (2.07 to 9.98%) were lower than 15% (FDA, 

1987) suggesting acceptable reproducibility. CUR recovery was more than 96% (Table 

2.3), indicating an ability of the HPLC method to detect the amount of injected CUR 

with acceptable reliability.  

 

 

Figure 2.6: Linear calibration graph of peak area as a function of CUR concentration. 

CUR standard solutions were assayed by HPLC using a mobile phase of acetonitrile and 
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5% acetic acid at 75:25 (v/v) and flow rate of 1 mL/min, at ambient temperature. Data 

represent mean ± SD, n = 3. 

 

Table 2.3: Intra-day (n = 5) and inter-day variances (n = 5) of peak areas obtained for 

CUR standard solutions. 

 

Precision 

Concentration (µg/mL) Intraday (% RSD) Interday (% RSD) 

0.05 8.75 9.98 ± 3.23 

0.5 4.91 2.07 ± 1.96 

5 3.34 3.40 ± 1.44 

 

Accuracy 

Concentration (µg/mL) Intraday (%) Interday (%) 

0.05 98.43 ± 12.33 97.73 ± 10.09 

0.5 99.86 ± 2.78 96.33 ± 4.99 

5 106.71 ± 7.74 101.14 ± 5.70 

LOD 57.65  ± 13.02 ng/mL 

LOQ 174.69 ± 39.40 ng/mL 

 

 

The validated HPLC method was employed to quantify the EE and LE of the 

NanoCUR. EE for NanoCUR formulated with 1:50 w/w of CUR: Pluronic F127 was 

95.15 ± 1.97%, while LE was found to be 19.56 ± 1.02 mg CUR per g of lyophilized 

NanoCUR powder.  
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Table 2.4: Characteristics of NanoCUR formulation prepared at weight ratio of 1:50 

w/w CUR: Pluronic F127 (Data represent mean ± SD, n = 3).  

Formulation Particle size  

(nm) 

LE 

(mg CUR/g 

NanoCUR) 

EE (%) Yield (%) 

NanoCUR 23.43 ± 0.18 19. 56 ± 1.02 95.15 ± 1.97 90.45 ± 2.61 

 

 

2.4.3 In vitro CUR release profiles 

 

A typical two-phase release profile was observed for NanoCUR when it was 

added to the release medium; there was a relatively rapid release of 15% of the CUR 

load in the initial 30 min, followed by a sustained release of the remaining CUR load by 

12 h (Figure 2.7). In comparison, 26% of the CUR load from the control aqueous 

methanolic solution was detected in the release medium by 30 min, with almost 

complete recovery of the CUR load in 3 h.  
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Figure 2.7: In vitro release profiles of CUR from NanoCUR and CUR solution. 

Lyophilized NanoCUR reconstituted in water (to give 0.20 mg/mL CUR) was placed in 

dialysis bags with a molecular weight cut off of 8 kDa. The bag was suspended in 100 

mL of release medium (50% v/v, of ethanol in water) at 37 °C and agitated at 50 rpm. 

CUR dissolved in 5% v/v methanol at 0.20 mg/mL served as control. Data represent 

mean ± SD, n = 3. 

 

2.4.4 Reconstitution of lyophilized NanoCUR in biologically relevant media 

 

The mean size and size distribution of the NanoCUR dispersion were preserved 

below 25 nm when it was lyophilized and reconstituted in four different aqueous media 

(Table 2.5). However, NanoCUR reconstituted in EMEM without FBS 

supplementation was found to contain bigger particles with mean size of 27.34 ± 0.76 

nm and a broader particle size distribution (Figure 2.9 E). NanoCUR re-dispersed in 

supplemented EMEM contained particles that had significantly smaller mean size but 

the particle size distribution had also broadened significantly and there was a second 

smaller population of much larger particles (Figure 2.9 D). TEM micrographs of the 

reconstituted samples (Figure 2.8) were in agreement with the DLS size and size 

distribution data. Samples reconstituted in HBSS-HEPES and PBS appeared as discrete 

particles (Figure 2.8 B and C), and they had comparable sizes to those reconstituted in 

water (Figure 2.8 A). NanoCUR reconstituted with supplemented EMEM showed 

darker irregular particles (Figure 2.8 D) that were larger than the measured 

hydrodynamic mean size. TEM micrograph of the reconstituted sample in EMEM 

without FBS was in agreement with the DLS size data (Figure 2.8 E). 
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Table 2.5: Mean size and size distribution of lyophilized NanoCUR reconstituted at 100 

µM in various bio-relevant media. Data represent mean size ± SD (n > 3). * denotes 

significant difference to control (pre-lyophilized NanoCUR dispersion), with p < 0.05. 

Media Particle size (nm) PDI 

Control  

(pre-lyophilized) 23.71 ± 0.57 0.15 ± 0.01 

Water 23.83 ± 0.76 0.18 ± 0.05 

PBS 23.53 ± 1.12 0.18 ± 0.03 

HBSS-HEPES 24.79 ± 0.11 0.18 ± 0.02 

Supplemented EMEM  20.69 ± 0.40* 0.40 ± 0.04* 

EMEM without FBS 27.34 ± 0.76* 0.32 ± 0.04* 

Blank supplemented EMEM                15.34 ± 0.50* 0.39 ± 0.01* 

Blank EMEM without FBS               0.82 ± 0.09* 0.44 ± 0.10*  
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Figure 2.8: TEM micrograph of lyophilized NanoCUR upon reconstitution in (A) 

water, (B) PBS, (C) HBSS-HEPES, (D) supplemented EMEM and (E) EMEM without 

FBS at a concentration of 100 µM. NanoCUR was observed to contain discrete particles 

in all media tested. Scale bar represents 100 nm.  
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Figure 2.9: Particle size and size distribution of lyophilized NanoCUR as determined 

by DLS upon reconstitution at a concentration of 100 µM in (A) water, (B) PBS, (C) 

HBSS-HEPES, (D) supplemented EMEM and (E) EMEM without FBS. The 

reconstituted NanoCUR was observed to contain discrete particles in all media tested.  

 

2.4.5 Stability of lyophilized NanoCUR as a function of storage time and 

temperature 

   

The aqueous NanoCUR dispersion was transformed to a light, fluffy yellowish 

orange powder upon lyophilisation. The lyophilized powder retained its appearance and 

gross morphology when stored for up to 12 months at room temperature and at 4 °C. 

There were no significant changes to the intact CUR load upon storage at either 

temperature (Figure 2.10). Upon re-dispersion in water, the stored NanoCUR yielded 

particles that had comparable mean size and size distribution to the pre-lyophilized 

NanoCUR dispersions (Figure 2.10 B and C). TEM micrographs (Figure 2.11) of the 

reconstituted NanoCUR showed discrete particles similar to those observed in the 

freshly prepared NanoCUR dispersion, although the presence of particles with various 

sizes was visible.   
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Figure 2.10: Stability of lyophilized NanoCUR (1:50 w/w CUR: Pluronic F127) as 

measured by (A) CUR content; (B) mean size and (C) particle size distribution 

following storage at room temperature and 4 °C as a function of time. At the specified 
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time intervals, the lyophilized NanoCUR was reconstituted at 100 µM in water by 

vortexing for 3 s. Particle size and distribution of the reconstituted NanoCUR, and drug 

content of the lyophilized NanoCUR, were measured using DLS and HPLC analyses, 

respectively. Data represents mean ± SD (n = 3). 

 

 

 Figure 2.11: Morphology of lyophilized NanoCUR reconstituted with water at 100 µM 

following storage for 9 months at (A) 4 °C and (B) room temperature. Scale bars 

represent 100 nm. 

 

2.4.6 Stability upon dilution 

 

NanoCUR was able to retain its mean size when diluted serially at up to 100 

times its reconstituted volume. However, the particle size was observed to increase by 

15-fold to 343.78 nm when dilution was increased to 200 times, suggesting the presence 

of aggregation. Further dilution to 1000-fold resulted in particles with mean size of 

402.87 nm. The aggregates and larger particles were evident under the TEM (Figure. 

2.12 B), co-existing together with smaller particles having size range between 50 to100 

nm. 
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Table 2.6: Mean particle size as measured by DLS analyses of reconstituted NanoCUR 

dispersion upon dilution in water. Data represent mean ± SD, n = 3.   

Dilution 
Particle size (nm) 

 

2X 23.21 ± 0.32 

4X 22.60 ± 0.19 

5X 22.65 ± 0.51 

10X 22.91 ± 0.38 

20X 25.58 ± 1.90 

40X 26.37 ± 1.82 

50X 28.59 ± 3.29 

100X 26.63 ± 2.04 

200X     343.78 ± 90.37  

1000X     402.87 ± 64.13 

 

 

 

Figure 2.12: TEM micrograph of NanoCUR dispersion upon dilution with water: (A) 

200-fold dilution and (B) 1000-fold dilution. Scale bar represents 100 nm. 

 

Mean particle sizes of the reconstituted NanoCUR nanoformulation diluted 10- 

fold with biologically relevant media are given in Table 2.7. Dilution with PBS, SGF 

and SIF did not result in significantly different particle sizes from samples diluted 10-
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fold with water. However, when PBS supplemented with 4% w/v BSA was used as the 

dilution medium, the diluted NanoCUR was found to contain much smaller particles 

(Table 2.7). Unlike water, SGF and SIF, which did not register nanosized particles when 

subject to DLS analyses, the blank PBS-BSA medium contained particles in a 

comparable size range of 8.07 ± 0.05 nm to the NanoCUR diluted with PBS-BSA, TEM 

micrographs also validated the presence of small particles in the blank PBS-BSA 

medium (Figure 2.13). TEM micrographs of NanoCUR diluted in SGF, SIF and PBS 

showed intact, spherical and discrete nanoparticles. Incubation of the diluted NanoCUR 

samples for 72 h at 37 °C did not change their particle sizes as evidenced by DLS 

(Table 2.7) and TEM analyses (Figure 2.13).  

 

Table 2.7: Particle size of NanoCUR upon incubation in bio-relevant media. 

Lyophilized NanoCUR was reconstituted in water to equivalent CUR concentration of 

0.20 mg/mL, and then diluted to 1:10 v/v with PBS, pH 7.4; SIF, pH 6.8; SGF, pH 1.2 

or PBS containing 4% w/v of BSA, pH 7.4, before it was incubated for 72 h in a 

shaking water bath operating at 150 rpm, 37 °C.  Data represent mean ± SD, with n = 3. 

* indicates significant difference from t = 0 h (p ≤ 0.05).   

 

 

. Particle size (nm) 

Media Blank media t = 0 h t = 72 h 

PBS - 22.73 ± 0.28 23.91 ± 0.99 

PBS-BSA 8.07 ± 0.05 8.55 ± 0.79 8.60 ± 1.33 

SGF - 23.37 ± 0.56 23.74 ± 1.17 

SIF - 24.37 ± 0.76 25.69 ± 1.41 
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Figure 2.13: TEM micrographs of (I) Blank PBS-BSA, (II) NanoCUR in PBS-BSA at t 

= 0 and at (III) t = 72 h, (IV) Blank SIF, (V) NanoCUR in SIF at t = 0 and (VI) at t = 72 

h, (VII) Blank SGF, (VIII) NanoCUR in SGF at t = 0 and (IX) at t = 72 h. 

 

CUR content was preserved (recovery > 90%) when the reconstituted NanoCUR 

after dilution 10-fold with SGF or SIF was incubated for 72 h at 37 °C. In contrast, the 

control CUR solution was found to have degraded, the residual CUR content at 72 h 

incubation was down to only 19% in SIF, and 74% in the acidic SGF. PBS-BSA was 

the only medium to promote CUR degradation for the NanoCUR sample. The addition 

of 4% w/v BSA into PBS had opposing effects on NanoCUR, in that it reduced the 

CUR load to 72% compared to 94% in PBS after 72 h of incubation. However, this was 

still significantly higher than the 44% residual CUR load in the sCUR sample incubated 

in PBS-BSA. In contrast, enhanced stability of sCUR was observed in PBS-BSA, with 

44% of residual CUR load remaining after 72 h of incubation compared to only 13% of 

the CUR load had remained in the sCUR after just 1 h of exposure to PBS.  
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Figure 2.14: Stability of NanoCUR and sCUR after dilution in bio-relevant media. 

NanoCUR was reconstituted in water to equivalent CUR concentration of 0.20 mg/mL, 
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and then diluted 1:10 v/v with (A) PBS, pH 7.4; (B) SIF, pH 6.8; (C) SGF, pH 1.2; and 

(D) PBS containing 4% w/v of BSA, pH 7.4, followed by incubation for 72 h in a 

shaking water bath operating at 150 rpm, 37 °C. CUR solution (sCUR) at a similar 

concentration (solvent: 5% v/v methanol in water) served as control. CUR content at 

specified time intervals was analysed by HPLC. Data represent mean ± SD, with n = 3. 

 

2.5 Discussion 

 

CUR has been formulated into a host of nanosized formulations in a bid to 

improve its in vivo solubility, stability and bioavailability. In the present study, we 

prepared a relatively simple formulation, abbreviated NanoCUR that applied Pluronic 

F127 to encapsulate CUR into its micellar structure. The development of 

nanoformulation of CUR that utilized Pluronic F127 as a surfactant in combination with 

other encapsulation agents or carriers has been ventured by several researchers since the 

development of nanotechnology (Yallapu et al., 2011, Das et al., 2010). Pluronic F127 

has often been the surfactant of interest due to its long hydrophilic PEO chain that 

would impose steric stabilization of a formulation, thus increasing the stability of a 

formulation that can give rise to a better formulation development (Wei et al., 2009; 

Zhao et al., 2014). In 2011, Sahu et al., using the thin film method of preparation and 

PBS as rehydration medium, also employed Pluronic F127 as carrier to prepare a 

nanoformulation of CUR. The storage stability of the formula at room temperature, 

together with its cytoxicity and cellular uptake profiles in the HeLa cells, was analyzed 

in comparison to a formulation that employed Pluronic F68 as carrier. The two 

formulations had comparable cytotoxicity effects against the HeLa cells, the IC50 values 
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for the Pluronic F127 and F68 formulations being 17.45 µM and 14.32 µM, 

respectively. The Pluronic F127 formulation was reported to have a particle size below 

100 nm as observed under the AFM, but this was not corroborated by other 

characterizations, nor was the stability of the formulation evaluated when mixed with 

physiologically relevant media. Nonetheless, the method of Sahu et al. (2011) was 

adopted for the preparation of NanoCUR as it showed promises of ease of preparation. 

The method was modified to use water as the rehydration medium as preliminary data 

revealed that rehydration of the thin film with PBS did not yield a stable formulation for 

lyophilisation. 

In the present study, the thin film containing Pluronic F127 and CUR was 

rehydrated in pre-warmed water at 37 °C. It was reported that the CMT of Pluronic 

F127 lies between the temperatures of 25 to 40 °C (Kadam et al., 2011). At this 

temperature, the size of F127 micelle size narrows, followed by a decrease in the 

average size to 21 nm due to water being expelled from the hydrophobic PPO core 

(Perry et al., 2011). Solubilisation of CUR was driven by the hydrophobic interaction 

between the PPO block of Pluronic F127 and CUR (Samanta and Roccatano, 2013). 

The hydrophobic PPO wrapped around the CUR molecule, exposing the PEO region, 

which resulted in better solvation and stability of CUR in an aqueous medium.  

An important aspect that needs to be considered when using the Pluronics to 

develop drug delivery systems is CMT (Croy and Kwon, 2006; Kadam et al., 2011). 

Pluronic micelles are prone to disintegrate and release the solubilized drug if stored 

below the CMT (Kabanov et al., 2002). Although the disintegration of micelles is a 

reversible process in that the copolymer molecules can reassemble to form micelles 

again when temperature is increased, it is difficult to solubilize drug in the re-assembled 
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micelles due to the precipitation of the released drug as a consequence of kinetic factors 

(Kabanov et al., 2002). Due to this reason, lyophilisation is applied to extend the shelf 

life of NanoCUR.  The repeated freezing and dehydration processes associated with 

lyophilisation can destabilize the nanoformulation. Often, special excipients must be 

added to protect the product from freezing stress (cryoprotectant) or drying stress 

(lyoprotectant), and also to increase its stability upon storage (Abdelwahed et al., 2006). 

Unlike other CUR formulations that require cryoprotectants such as mannitol (Gao et 

al., 2010; Tiyaboonchai et al., 2007), sucrose and trehalose (Ranjan et al., 2012) to 

withstand the stressors of lyophilisation, NanoCUR was stable to lyophilisation without 

additional excipients. There were no changes in the CUR content, nor in the particle 

size, size distribution and morphology of the NanoCUR after lyophilisation. Neither 

was the NanoCUR characteristics altered when the lyophilized product was stored for 

12 months at either ambient temperature or 4 °C. In all cases, reconstitution of the 

lyophilized product produced dispersions similar to the dispersion obtained immediately 

after fabrication.  

Most published studies have focused on correlating the pharmacological effects 

of nanoformulations to their characteristics at the time of manufacture (Ge et al., 2009; 

Kompella et al., 2003; Loretz and Bernkop-Schnurch, 2006; Ranjan et al., 2012). 

Nanoparticle properties measured in a clean medium might not reflect the properties of 

the nanoparticles in complex biological milieu. In the present study, NanoCUR was 

exposed to several biologically relevant media employed as reconstitution and dilution 

media in subsequent experiments (Chapters 3 to 5). Water was the simplest of all the 

aqueous media used. In comparison, PBS and HBSS-HEPES contained electrolytes, 

with HBSS-HEPES having additional ions (Ca2+, Mg2+), as well as glucose and HEPES 
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to allow it to be used as a medium for cell-based experiments (Luo et al., 2010). The 

supplemented EMEM was the most complex of the media used, having a mix of 

chemical and biological constituents, including FBS. Despite the variations in 

compositions, all four media could be successfully used for reconstituting the 

lyophilized NanoCUR. However, while there were no significant differences in the 

particle size between the NanoCUR reconstituted in PBS and HBSS-HEPES, NanoCUR 

reconstituted in supplemented EMEM had smaller particles. The reduction in mean 

particle size recorded by DLS measurements for NanoCUR reconstituted in 

supplemented EMEM is believed to be caused by the presence of serum proteins, and 

not to the Pluronic F127 micelles, which had comparable mean size to NanoCUR. This 

is in agreement with TEM images showing NanoCUR in supplemented EMEM to 

contain irregular dark particles of a larger size than the mean size reported by DLS, as 

well as DLS data showing the mean size of blank supplemented EMEM medium to be 

15.34 ± 0.50 nm. The increase in the polydispersity of the NanoCUR samples in both 

EMEM and supplemented EMEM was possibly due to the presence of complex 

components in both media (Allouni et al., 2009; Sharma et al., 2005). It is unclear 

whether Pluronic F127 forms spherical micelles in either EMEM or supplemented 

EMEM, although it would not be surprising that the components present in these media 

are capable of altering the size and morphology of any polymeric assemblies formed. 

Certainly, our data indicate that proteins (e.g. FBS) as well as Pluronic particles 

contribute to the average size obtained from a cumulant fit of the DLS data (Graf et al., 

2012). 

The stability of micellar formulations is dependent on a number of factors, 

including concentration, dilution medium and temperature (Alexandridis et al., 1994; 
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Basak and Bandyopadhyay, 2013; Kadam et al., 2011; Wanka et al., 1994). To maintain 

an intact delivery system in vivo, the micellar carrier must be able to resist rapid 

dissociation into unimers upon dilution and upon exposure to the harsh conditions of the 

GIT (Dou et al., 2014). Administration of a formulation by the IV route would expose it 

to near sink conditions (Croy and Kwon, 2006), and only micelles with the lowest CMC 

can withstand the high degree of dilution (Croy and Kwon, 2004). Pluronic F127 has a 

reported CMC value of 2.8 x 10-6 M at ambient temperature (Kabanov et al., 1995; 

Kozlov et al., 2000).  Dilution of the NanoCUR by 200-fold would reduce the Pluronic 

F127 concentration to 3.87 x 10-6 M, close to its threshold CMC value, which might 

account for the initiation of aggregation. When the NanoCUR was diluted 1000 times, 

the Pluronic F127 concentration would have been reduced to 7.9 x 10-7 M, below its 

CMC, and this might explain the much larger size of the nanoparticles at 402.87 ± 64.13 

nm. TEM micrographs, however, showed the presence of smaller particles when the 

NanoCUR dispersion was diluted to below the CMC value of Pluronic F127. This is 

likely due to artefacts introduced by sample preparation; the drying of samples prior to 

TEM examination would have increased the Pluronic F127 concentration in the sample.  

As the total circulating blood for a normal person is about 5 L (Starr et al., 2008), it can 

be expected that an IV dose of less than 1 mg/kg of NanoCUR could potentially lead to 

aggregation issues in vivo.   

Free CUR was unstable in PBS and SIF, but relatively stable in SGF. Wang et 

al. (1997) have proposed that the stability of CUR at acidic pH was due to its 

conjugated diene structure, whereas the removal of the phenolic proton at neutral-basic 

conditions prevented the formation of the diene structure, leading to instability (Wang et 

al., 1997). In contrast, the stability of NanoCUR was relatively independent of the 
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medium pH. NanoCUR was found stable when diluted with PBS, SGF and SIF. This 

could be attributed to the protection conferred on the encapsulated CUR and the 

interaction of the hydrophilic Pluronic PEO chains with the aqueous media.  

Orally administered polymeric nanoformulations must be able to resist dilution 

and the harsh conditions encountered in the GIT, including the variation in pH, which 

ranges from 1 to 2 in the stomach to 5 to 7 in the small intestine (Daugherty and Mrsny, 

1999). Pluronic molecules do not display pH-sensitivity (Chiappetta and Sosnik, 2007), 

which might explain the NanoCUR exhibiting stability in SGF and SIF.  

Drug nanoformulations may have a direct interaction with biological interfaces 

after administration (Lynch et al., 2007), with some studies confirming that 

nanoformulations can be robustly bound with plasma proteins, cells or tissues (De Jong 

and Borm, 2008; Desai et al., 2009; Desai et al., 2008). In this respect, BSA, a plasma 

protein that contributes significantly to physiological functions, is of particular 

importance (Basak and Bandyopadhyay, 2013; Carter and Ho, 1994; Gelamo et al., 

2002; Gelamo and Tabak, 2000). BSA has been shown to assist the transport, 

distribution and metabolism of a wide range of exogenous compounds, such as fatty 

acids, amino acids, metals, and drugs (Barik et al., 2003; Gelamo et al., 2002; Gelamo 

and Tabak, 2000). Being a lipophilic compound, CUR is able to bind to several 

regulatory enzymes and proteins (Priyadarsini, 2009), including BSA (Bourassa et al., 

2010; Kunwar et al., 2006; Mohammadi et al., 2009). Upon mixing, the yellow 

NanoCUR caused the PBS-BSA medium to turn orange in colour., which is consistent 

with the report by Barik et al. (2003) that CUR has a high binding affinity (binding 

constant of 104 to 105 mol-1) towards BSA, and that the absorption spectrum of CUR is 

red-shifted upon interaction with BSA. The supplementation of PBS with 4% w/v BSA, 
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while highly beneficial to the stability of sCUR, was not conducive to the stability of 

NanoCUR in this medium. CUR is known to be more stable in aqueous media 

containing BSA as the serum protein may sequester cations that degrade CUR (Liu et 

al., 2005). The discrepancy of sCUR stability in PBS and PBS-BSA may be explained 

by the enhanced stability of CUR in aqueous media when it is bound to BSA, hence the 

increased stability of sCUR in the PBS-BSA medium. For NanoCUR, however, the 

hydrophobic interactions between BSA and the Pluronic PPO segments (Guo et al., 

2006) might destabilize the Pluronic micelle and lessen  its protection of the CUR cargo 

against the hostile aqueous medium. Consequently, the gap in degradation rates between 

NanoCUR and sCUR was considerably narrowed when the PBS medium was 

supplemented with BSA. This is an important finding given the propensity to add BSA 

to PBS to create sink conditions for the in vitro dissolution studies of nanoformulations 

loaded with highly hydrophobic therapeutic agents (Weeden et al., 2012).  

Bihari et al. (2008) have observed a reduction in the mean size of various 

nanoparticles, including TiO2, silver, zinc and silicon oxide nanoparticles, in the 

presence of HSA which was stable for up to a week. This decrease was not the result of 

a real change in the nanoparticle size, but the consequence of the presence of particles 

corresponding to free HSA molecules, with diameter of 7.1 ± 0.1 nm, that caused a 

downshift of the average diameter. The reduced particle size of NanoCUR in the 

presence of BSA, as indicated by the DLS measurements, was consistent with the 

approximate diameter of the BSA molecule (8.07 ± 0.05 nm). Interestingly, the TEM 

micrographs did not show congruence with the DLS data; there was no evidence of any 

disruption of the NanoCUR morphology upon incubation in BSA. Nevertheless, TEM 

micrographs of the blank PBS-BSA medium revealed the presence of particles of 8 to 



                                                                                                                                          Chapter 2 

 

 98 
 

10 nm, confirming the size of the particles measured by DLS to be BSA particles. This 

phenomenon was not always observed, as aceclofenac-loaded Puronic L81/P123 

micelles did not show significant differences in particle size upon exposure to BSA 

under physiological condition for 96 h (Kulthe et al., 2011). In another study, a 

significant reduction of protein adsorption was observed by applying Pluronic F17 to 

the PLA monolayer (Kiss et al., 2008). This study is supported by another study that has 

revealed that the micelle dimension of Pluronic F68, P85 and F108 were not affected 

when exposed to 3% w/v of BSA at 37 °C, which they then concluded that serum 

proteins, in particular serum albumin did not bind or interact with Pluronic micelles 

(Kabanov et al., 1995). 

 

2.6 Conclusion 

 

NanoCUR consisting of spherical and uniformly sized nanoparticles was 

consistently produced using a TDF method with chloroform and methanol as solvents 

for Pluronic F127 and CUR, respectively. The size and aggregation tendency of the 

nanoparticles were dependent on the loading concentrations of Pluronic F127 and CUR, 

as well as the type of aqueous medium employed for the hydration of the thin film 

produced after solvent evaporation. Post-production processing by filtration and 

lyophilisation yielded a more stable formulation whose re-dispersibility characteristics 

were preserved upon storage for one year at room temperature and 4 °C. The 

characteristics of NanoCUR formulation could, however, be modified when they were 

reconstituted or diluted with certain biologically relevant media commonly used in cell 

culture and in vivo experiments. These changes may not always be detectable by the 



                                                                                                                                          Chapter 2 

 

 99 
 

method of measurement, e.g. DLS measurements detected a reduction in particle size 

for NanoCUR in media supplemented with FBS but this was not corroborated by the 

examination of the dried sample under the TEM. Compared to CUR, the NanoCUR was 

more resistant to degradation in PBS, SIF and SGF, but was less effective at protecting 

CUR in the presence of BSA after prolonged exposure of 72 h. The collective data 

highlight the importance of characterising NanoCUR in bio-relevant media due to its 

implications on the interpretation of in vitro and in vivo data. 
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Evaluation of NanoCUR using the human intestinal 

Caco-2 cells 
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3.1 Introduction 

 

Colon cancer is one of the most common tumours worldwide, and has the 

highest prevalence in North America, Europe, Australia, and New Zealand (Ferlay et 

al., 2010). At present, the primary treatment for localized colon cancer is surgery 

(Carrato, 2008) although chemotherapeutic agents are also used, examples of which are 

5-Fluororacil, capecitabine (Xeloda), oxaliplatin and irinotecan (Carrato, 2008). These 

chemotherapeutic agents are potent medicines with non-discriminatory activity, 

attacking any cells that are dividing rapidly in the body, including normal cells such as 

the bone marrow, linings of the mouth or intestine and hair follicles. This then brings 

about unwanted side effects such as hair loss, nausea, vomiting and low blood cells 

count that could compromise the immune system, causing high morbidity and mortality 

(Baines, 1988; Vega-Stromberg, 2005).  

For these reasons, there is a growing interest in the use of natural product as 

anti-cancer agents alongside other clinically established anti-cancer drugs. CUR is one 

such naturally occurring dietary compound which has shown promise to treat colon 

cancer (Cruz-Correa et al., 2006; Irving et al., 2013; Sharma et al., 2001) and the low 

incidence of colon cancer in India has been attributed to the consumption of high levels 

of CUR (Greenlee et al., 2000).  

Many animal studies have shown that CUR is able to prevent carcinogenesis in 

various organs, including the colon (Aggarwal et al., 2008; Dorai et al., 2001; Huang et 

al., 1994; Swamy et al., 2008; Tian et al., 2008; Villegas et al., 2008). Clinical studies 

have also demonstrated the chemopreventive effect of CUR during the promotion and 

progression stages of colon cancer (Sharma et al., 2001). CUR can induce cancer cell 
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apoptosis (He et al., 2011), act as anti-oxidants (Garcea et al., 2005) and suppress the 

expression of cyclooxygenase-2 isoenzyme (COX-2) (Huang et al., 1991; Plummer et 

al., 1999). 

A substantial number of studies have investigated the interaction of CUR with 

the Caco-2 cells as a colon cancer cell model. The Caco-2 cell line was derived from 

colon cancer cells isolated from a 72 year-old male 

(http://www.atcc.org/products/all/HTB-37.aspx#generalinformation, accessed on 16th 

September 2014). Caco-2 cells cultured on porous membranes under normal culture 

conditions will spontaneously differentiate 3 to 4 weeks post-confluence, and exhibit a 

highly polarised enterocyte-like phenotype (Rodriguez-Juan et al., 2001) with functional 

tight junctions (Leonard et al., 2000). The differentiated cells develop well-organised 

microvilli on the apical membrane, and express many of the enzymes and transporters 

found in absorptive enterocytes, such as esterase, P-gp, lactase and dipeptidyl peptidase 

(Miret et al., 2004). These characteristics led to the acceptance of the Caco-2 cell line as 

an in vitro human intestinal surrogate for absorption and toxicity studies of orally 

administered therapeutic agents, and for study of the efficacy of CUR-designated 

formulations for first screening towards treatment of colon cancer. 

In the present study, the biological efficacy of the NanoCUR formulation was 

evaluated against Caco-2 cells, and the behaviours of the formulation in relevant 

biological media used in the in vitro cell culture experiment were characterized prior. 

 

 

 

 

http://www.atcc.org/products/all/HTB-37.aspx#generalinformation
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3.1.1 Methods for evaluating cytotoxicity and anti-cytoproliferation 

 

The cytotoxicity of Pluronic F127 and its micellar dispersion, Bm, against the 

Caco-2 cells was evaluated by MTT assay. Several techniques have been reported in the 

literature to assess the cytotoxicity of a compound based on the measurement of cell 

viability. Of these techniques, the trypan blue exclusion method is a simple and direct 

method that evaluates cell membrane integrity by staining exposed cells with the trypan 

blue vital dye. However, the trypan blue exclusion method lacks sensitivity, making it 

less robust for high-throughput screening (HTS) (da Costa et al., 1999). Another method 

that involves the measurement of cellular uptake of radioactive materials, such as 

tritium-labelled thymidine, is more sensitive but the radio-labelled materials require 

special handling and the method is time-consuming (Trusal et al., 1976).  

A more recent method is flow cytometry which is able to distinguish and 

quantify the percentage of cells undergoing necrosis and apoptosis by respectively 

analysing signature DNA cleavages and appropriately stained cells (Abrahamsen et al., 

2002; Kok et al., 2002; Ormerod et al., 1993; Zhang and Xu, 2002). Advances in 

technology and fluorophore chemistry allow flow cytometry to rapidly and 

quantitatively measure 20 parameters of cell phenotype simultaneously in a highly 

sensitive and reproducible manner (De Rosa et al., 2001). However, measurement using 

flow cytometry requires a suspension of single cells or other particles, with minimum 

clumps and debris. This means that the tissue architecture is lost when single cells or 

nuclei are prepared (Jahan-Tigh et al., 2012). In addition, cell sub-populations with 

similar marker expression are difficult to differentiate and analyses that employ more 

fluorophores in flow cytometry may result in signal spill over (Roederer, 2001). Finally, 
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due to the massive amount of data generated from flow cytometry analyses, data 

analysis can be troublesome and very complicated (Jahan-Tigh et al., 2012).  

In comparison, the MTT assay (Scudiero et al., 1988) is a well-established 

method for the in vitro cytotoxicity assessment of biomaterials. This assay has a number 

of advantages. Firstly, the assay does not require any special techniques or equipment 

and no radioisotopes are used (Alley et al., 1988). The only additional reagents are MTT 

and acid isopropanol or DMSO. Secondly, the assay can be performed in 96-well plates. 

This enables several compounds to be tested simultaneously (Pieters et al., 1990). 

Thirdly, the assay is relatively sensitive to very small cell numbers and low levels of 

compounds. In addition, the results are reproducible and concur with common dye 

exclusion assays (Hayon et al., 2003). 

In living and metabolically active cells, the MTT assay is based on the reduction 

of the tetrazolium salt, MTT, to a purple-coloured formazan product by mitochondrial 

dehydrogenase (Figure 3.1). The formazan is quantified colourimetrically after 

solubilisation in DMSO (Romijn et al., 1988).  The MTT assay also accounts for cells 

that are not dividing but are still active; therefore, it can be used to quantify the 

activation level of cells independent of proliferation (Gerlier and Thomasset, 1986). For 

these reasons, the MTT assay was employed to evaluate cytotoxicity in the present 

study. 

 

3.1.2 Confocal microscopy  

 

One of the powerful tools used to visualize fluorescent specimens is confocal 

microscopy. Images generated by conventional wide-field fluorescent microscopy often 
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appear blurry and lacking in contrast, as the fluorophores are illuminated throughout the 

entire depth of the specimens, resulting in the collection of fluorescent signals not only 

from the focus plane, but also from the area below and above the specimens (Smith, 

2006). Confocal microscopy allows for the observation of intracellular sections of a 

cell, thus permitting the distinction of intracellular and surface labelling, which is not 

possible with conventional microscopy (Ojcius et al., 1996). Confocal microscopy 

technique allows a series of images to be taken at varying depths of a sample (Paddock, 

2000; Paddock and Eliceiri, 2014; Shotton, 1989). Other microscopy techniques, such 

as electron microscopy can only analyse fixed samples, making it impossible to study 

dynamic or biochemical processes in living cells.  Moreover, the confocal microscope 

sections samples optically, which enables intact tissues to be imaged without physically 

sectioning the tissues as required for conventional or electron microscopy. This 

preserves the physical structure of the tissue which enables real time in vitro and in vivo 

observations (Smith, 2006). Additionally, the same tissue may be visualized repeatedly 

over a period of time to monitor any changes, such as tissue growth, wound healing, 

lesion progression or effect of treatments. 

 

3.2 Materials 

 

Trypsin and EDTA (0.25%), sodium fluorescein, thiazolyl blue tetrazolium 

bromide (MTT), dextran sulphate sodium salt, sodium dodecyl sulphate (SDS), 

isopropanol,  DMSO, Triton® X-100, 4’, 6-Diamidino-2-phenylindole dihydrochloride 

(DAPI), NaOH and paraformaldehyde were purchased from Sigma-Aldrich (New South 
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Wales, Australia). HCl was purchased from Ajax Finechem (New South Wales, 

Australia). 

Cell culture flasks, petri dishes and well plates were purchased from Greiner Bio 

One (Neuburg, Germany). Fluorescence mounting medium was obtained from Dako 

(Victoria, Australia) and coverslip glass from Proscitech (Queensland, Australia). 

Protein quantification was performed using the Pierce® BCA protein kit purchased 

from Thermo Fisher Scientific Inc. (Illinois, USA). All other materials, including the 

supplemented EMEM culture medium for the Caco-2 cells, were the same as those 

listed in Section 2.2. All other reagents used were of analytical grade. MilliQ water 

(Millipore Corporation, Bedford, Massachusetts) was used throughout.  

 

3.3 Methods 

3.3.1 Preparation and characterization of the test samples  

 

Bm and NanoCUR were prepared according to the methods outlined in Section 

2.3.1.1. They were prepared using the TDF method and subjected to lyophilisation. 

NanoCUR and Bm samples for the biological assays were prepared by diluting the 

respective water-reconstituted dispersions with HBSS-HEPES and supplemented 

EMEM media to give final CUR concentrations of 2 to 120 μM.  Although CUR was 

excluded from the Bm formulation, the Bm concentration after dilution was made 

equivalent to that as if CUR had been present. This would allow evaluation of the 

effects of excipients in the NanoCUR formulation, since the NanoCUR and Bm 

dispersions would have comparable excipient contents at the same defined dilutions.  
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To prepare control samples of CUR solution (sCUR), stock solutions of CUR in 

DMSO were diluted with HBSS-HEPES or supplemented EMEM to give final CUR 

concentrations of 2 to 120 μM, and DMSO concentration of 0.5% v/v. Control Pluronic 

F127 solutions (F127) were prepared by dissolving the surfactant in water and diluting 

to give the concentration range of 1 to 20 mg/mL, which were the concentration of 

Pluronic F127 solutions used to prepare NanoCUR. Control samples for the cytotoxicity 

and anti-cytoproliferative studies were 0.1% SDS (positive control) and 0.1% dextran 

(negative control). 

The mean size and size distribution of the NanoCUR were evaluated following 

storage at 37 °C for 24 h and 72 h, respectively, in the HBSS-HEPES and supplemented 

EMEM media. The size and size distribution were monitored by DLS according to the 

method described in section 2.3.3.1. NanoCUR diluted to 30 µM in HBSS-HEPES and 

supplemented EMEM was also observed under the TEM, according to the method 

outlined in Section 2.3.3.1, after the respective dispersions were stored for 72 h. 

 

3.3.2 Cell culture 

 

Caco-2 cells (passage 40) were purchased from the American Tissue Culture 

Collection Cultures (ATCC, VA, USA). The cells were grown in 75 cm2 culture flasks 

at 37 °C in 5% CO2 and 90% relative humidity (Thermo forma series 2, Ohio, USA) in 

15 mL of supplemented EMEM. Culture medium was exchanged every 2 days with 15 

mL of fresh medium. The cells were sub-cultured at a split ratio of 1:20 every 7 days 

when confluence exceeded 80% as determined by microscopic observation (Olympus 

CK2, Olympus Corporation, Tokyo, Japan). To sub-culture the cells, the spent medium 
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was aspirated and the cells were washed twice with 5 mL of pre-warmed PBS. To 

detach the cells, pre-warmed trypsin-EDTA was added (3 mL) and the flask was then 

incubated at 37 °C for 2 min to promote activity of the trypsin-EDTA, followed by 

addition of 7 mL of culture medium to stop the reaction. Cells were harvested by 

centrifugation at 1000 g (Sigma 2-16PK, Osterode am Harz, Germany) for 2 min and 

the cell pellet was then re-suspended in 1 mL of culture medium. To count the number 

of viable cells in the re-suspension, trypan blue solution (0.4% v/v in saline) was added 

at a volume ratio of 9:1 (90 μL to 10 μL of cell suspension). The trypan blue exclusion 

assay is based on uptake of this dye by the dead cells as a result of a loss in the 

membrane integrity (Detrick-Hooks et al., 1975). Cells with a viability of more than 

90% were sub-cultured by placing 100,000 cells into a new culture flask with 15 mL of 

culture medium. Cells between passages 50 to 60, with viability above 90%, were used 

for subsequent experiments.  

 

3.3.3 In vitro cytotoxicity and anti-cytoproliferative studies 

 

For the MTT cytotoxicity assay, cells were seeded at 10,000 cells/well in a 96-

well plate and cultured with 100 μL of culture medium over 48 h. The spent medium 

was aspirated and the cells were exposed to 100 µL of F127 for 4, 24 and 72 h at 37 °C 

in 5% CO2 and 90% relative humidity. The F127 solution was prepared in water at 

concentrations of 1 to 20 mg/mL of Pluronic F127, which were the concentrations of 

Pluronic F127 solutions used to prepare NanoCUR. The toxicity of Bm was evaluated at 

concentration range of 0.04 to 2.4 mg/mL, as that encountered in the NanoCUR test 

samples at equivalent CUR concentrations of 2 to 120 µM.   
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Upon exposure, the cells were washed once with 100 μL of pre-warmed PBS 

before they were incubated with 100 μL of MTT solution (1 mg/mL in PBS). After 4 h, 

formazan crystals produced intracellularly (Figure 3.1) were solubilised with 100 μL of 

DMSO and quantified by absorbance measurement at 570 nm (Powerwave™ UV-Vis 

spectrophotometer plate reader, Biotek, Vermont, USA).  

 

              

 Figure 3.1: Chemical structures of MTT and formazan. Conversion of MTT to the 

coloured formazan product by mitochondria dehydrogenase in viable cells forms the 

basis for the MTT assay (Hayon et al., 2003). 

 

A cytotoxicity study of CUR and NanoCUR was only conducted at 4 h, as the 

uptake studies in the present chapter only involved 2 h exposure of the Caco-2 cells to 

these compounds. Lyophilized NanoCUR was dispersed in sterilized water at 2 to 120 

µM and the sCUR solution was prepared over the same concentration range using 0.5% 

v/v aqueous DMSO. Dextran sulphate sodium salt (0.1% w/v) and SDS (0.1% w/v) in 

corresponding vehicles were used as positive and negative controls, respectively. Cell 

viability was expressed as a percent of the absorbance of cells exposed to the 

corresponding non treated cells (cells in blank vehicles). 
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To evaluate whether the chemopreventive property of CUR was preserved in the 

NanoCUR formulation, an anti-cytoproliferation assay was also conducted using the 

Caco-2 cell line. Caco-2 cells were cultured on 96-well plates at a seeding density of 

10,000 cells per well in 100 μL of supplemented EMEM. Cells were cultured at 37 °C 

for 24 h following which the culture medium was exchanged for 100 μL of a test sample 

(2 to 120 μM of sCUR, NanoCUR or Bm in supplemented EMEM). Cells treated with 

blank supplemented EMEM (vehicle for NanoCUR and Bm) or supplemented EMEM 

containing 0.5% DMSO (vehicle for sCUR) served as controls. The negative control 

comprised of 0.1% w/v dextran while 0.1% w/v SDS served as the positive control. 

After 48 h and 72 h of incubation at 37 °C, the samples were aspirated and replaced 

with 100 μL of MTT solution (1 mg/mL in HBSS-HEPES). Cells were incubated for a 

further 4 h at 37 °C before the intracellular formazan crystals were extracted as outlined 

above, and the cell viability was determined accordingly. 

 

3.3.4 Uptake studies  

3.3.4.1 Protein quantification 

 

The Pierce BCA protein assay kit was used to quantify cellular protein. The total 

protein concentration is exhibited by a colour change of the sample solution to purple 

coloured solution that can be measured using colourimetric techniques (Smith et al., 

1985). The principle underlying the assay is illustrated as follows: 

 

1. Protein + Cu2+   OH-        tetradentate-Cu1+ complex 

2. Cu1+ + 2 Bicinchoninic Acid (BCA)               BCA-Cu1+ complex 
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The first reaction involves the reduction of Cu2+ from copper sulfate to Cu1+ in 

the presence of four particular amino acids-cysteine, cystine, tryptophan and tyrosine 

(Wiechelman et al., 1988). It is then followed by the formation of the BCA-Cu1+ 

complex, a purple coloured complex that exhibits a strong absorption at 562 nm.  The 

assay is calibrated against a protein standard, usually BSA, and the unknown 

concentration of a protein of interest is generally determined from the standard curve 

generated.  

In this study, a working solution was prepared by mixing 50 parts of solution A 

(sodium carbonate, sodium bicarbonate, bicinchoninic acid and sodium tartrate in 0.1 M 

NaOH) and 1 part of solution B (4% cupric sulphate pentahydrate in water). The 

calibration curve was obtained by incubating 200 µL of the working solution with 25 

µL of standard BSA solution (concentration ranging from 20 to 2000 μg/mL) at 37 °C 

for 30 min. The samples were then allowed to cool at room temperature for 20 min, 

before the absorbance of the samples was determined at 562 nm (Powerwave™ UV-Vis 

spectrophotometer plate reader, Biotek, Vermont, USA). A linear calibration curve was 

obtained and this was applied to determine the concentrations of cellular protein. 

 

3.3.4.2 Quantitative cellular uptake 

 

Cells were seeded onto 24-well plates at a density of 200,000 cells per mL of 

culture medium. After 48 h, the confluent cells were incubated for 2 h with sCUR or 

NanoCUR at concentrations of 5 to 20 µM. The cells in culture medium only were used 

as the control. The samples were aspirated and the cells were washed twice with 200 µL 

of ice-cold PBS, and then lysed with 0.2% of Triton X (in water, 300 µL, 10 min). The 
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lysates (300 µL with 100 µL reserved for the determination of protein content) were 

quantified by fluorescence measurements at λex: 405 nm and λem: 520 nm. The results 

were expressed as amount of CUR (mg) associated with associated with the cells, and 

normalised according to the amount of cellular protein present (mg). 

 

3.3.5 Confocal microscopy  

 

In this study, the cellular uptake of CUR from sCUR and NanoCUR was 

visualised under a confocal scanning electron microscope (Nikon AISi, Tokyo, Japan). 

Caco-2 cells were grown on glass cover slips (#1 thickness) placed in 6-well culture 

plates at a seeding density of 200,000 cells per 1.5 mL of culture medium. Full 

confluence was achieved after 48 h incubation at 37 °C in 5% CO2/ 95% relative 

humidity. To evaluate the uptake of CUR, the spent medium was removed and replaced 

with 10 to 20 µM of NanoCUR or sCUR. After 2 h of incubation, the cells were washed 

twice with 1 mL of PBS before being fixed with 4% v/v paraformaldehyde for 15 min. 

After fixation, the cells were washed three times with PBS. The cell nucleus was stained 

for nucleic acids by incubation with DAPI (2 mM) for 10 min, and the excess stain was 

removed by washing the cells with PBS for 1 min. The cover slip was then mounted 

onto a clean slide for viewing under the laser scanning confocal microscope. DAPI 

fluorescence was detected at a lower range of λex: 385 nm, λem: 400–480 nm, while 

CUR fluorescence was detected at λex: 488 nm, λem: 536–624 nm. 
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3.3.6 Statistical analyses  

 

All results are expressed as mean ± SD. Statistical analysis of data was 

performed using ANOVA with post-hoc Tukey’s Test applied for paired comparison of 

means. Up to 2-factor interactions were considered in the analyses, and p values of ≤ 

0.05 were considered to be significant. 

 

3.4 Results 

3.4.1 Characterization of NanoCUR 

 

NanoCUR was found to maintain its nanosized properties when diluted with 

HBSS-HEPES or water (Table 3.1), the exception was the dilution of NanoCUR to the 

lowest concentration of 2 µM in either medium, where the NanoCUR particles grew 17-

fold to almost 400 nm. On the other hand, dilution of NanoCUR with supplemented 

EMEM significantly decreased its mean particle size. DLS analysis showed the blank 

supplemented EMEM to have a unimodal distribution of particles with a modal 

diameter of about 10 nm whereas the highly diluted NanoCUR, at 2 µM in 

supplemented EMEM, exhibited a second, smaller population of particles in the higher 

size range of 20 to 50 nm (Figure 3.2 A). The overlapping bimodal particle distribution 

was also seen in the 120 µM NanoCUR sample in supplemented EMEM; however, this 

sample had more particles within the 20 to 50 nm range than in the 5 to 10 nm range 

(Figure 3.2 B). DLS analysis of the blank supplemented EMEM medium yielded a 

mean particle size of 15.34 ± 0.50 nm, while the blank HBSS-HEPES medium recorded 

a mean size of 0.86 ± 0.33 nm. 
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Table: 3.1: Mean particle size of NanoCUR at different concentrations in EMEM and 

HBSS-HEPES, formulated at pH 7.4 as monitored by DLS. Lyophilized NanoCUR was 

reconstituted in water at 250 µM and desired concentrations (2 to 120 µM) were 

achieved by dilution with EMEM and HBSS-HEPES, respectively.  

CUR Concentration 

(µM) 

Particle size (nm) following dilution in 

Supplemented EMEM HBSS-HEPES Water 

Blank medium 

2 

       15.34 ± 0.50 

15.79 ± 0.11 * 

0.86 ± 0.33 

398.87 ± 52.78 * 

- 

299.20 ±  58.01* 

5 17.34 ± 0.24 * 23.88 ± 1.72 23.57 ± 2.71 

10 16.76 ± 0.11 * 25.23 ± 1.46 24.64 ± 1.24 

15 16.90 ± 0.06 * 24.38 ± 0.68 24.47 ± 1.60 

30 17.65 ± 0.19* 25.68 ± 0.82 23.85 ± 0.47 

45 18.91 ± 0.11* 25.25 ± 0.62 24.20 ± 0.73 

60 18.71 ± 0.22* 24.86 ± 0.42 24.90 ± 0.21 

90 20.68 ± 0.34* 24.79 ± 1.34 24.90 ± 0.62 

120 20.62 ± 0.08* 25.19 ± 1.00 24.96 ± 0.01 

+Mean size of NanoCUR before dilution in the respective media = 23.81 ± 0.45 nm. * 

denotes significant difference from the NanoCUR before dilution (p ≤ 0.05). Data 

represents mean ± SD (n > 3).  
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Figure 3.2: Size distribution of (A) blank supplemented EMEM -------- and 2 µM of 

NanoCUR in supplemented EMEM ------- and (B) blank supplemented EMEM -------- 

and 120 µM of NanoCUR in supplemented EMEM ------- 

 

The effects of incubation time on the particle size of NanoCUR in the two media 

were also investigated. Significant increases in the NanoCUR mean particle size were 

observed after 24 h of incubation in HBSS-HEPES at diluted concentrations of  15 

µM, and this was accompanied by more than 2-fold expansion in the size distribution 

(Figure 3.3 A and B). The incubation of NanoCUR in HBSS-HEPES was prolonged at 

concentration of 30 to 120 µM for up to 48 and 72 h, and it was found that the 

NanoCUR grew 12-fold in size at 30 µM after 72 h (Figure 3.3 C). The size distribution 

of NanoCUR increased time dependently in HBSS-HEPES except at the concentration 

of 120 µM, where there was no significant increase in the size distribution from 48 to 72 

h (Figure 3.3 D).   
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Figure 3.3: (A) Mean particle size and (B) size distribution of NanoCUR in HBSS-

HEPES, pH 7.4 at 37 °C as measured by DLS after 24 h of incubation. (C) Mean 

particle size and (D) size distribution of NanoCUR in HBSS-HEPES, pH 7.4 after 48 
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and 72 h at 37 °C, at concentration of 30 to 120 µM.  Data represents mean ± SD (n = 

3). * denotes significant different to size at t = 0 h. 

 

 

Figure 3.4: (A) Mean particle size and (B) size distribution of NanoCUR in 

supplemented EMEM, pH 7.4 at 37 °C as measured by DLS after 48 and 72 h. Data 

represents mean ± SD (n = 3). * denotes significant different to size t = 0 h. 

 

In contrast, a slight tendency to increasing particle size of NanoCUR was 

observed for some of the higher concentrations; 30 µM, 45 µM and 60 µM dispersions 

at 72 h of incubation in supplemented EMEM (Figure 3.4 A). There were however, no 

significant changes in the mean size and size distribution of NanoCUR after 72 h of 

incubation in supplemented EMEM over the concentration range of 2 to 15 µM and 90 

to 120 µM (Figure 3.4).  

        



                                                                                                                                          Chapter 3 

 

 118 
 

 

Figure 3.5: TEM micrographs of (A) (I) blank HBSS-HEPES, (II) NanoCUR at 

concentration of 30 µM in HBSS-HEPES, pH 7.4 at t = 0 h and (III) after incubation for 

72 h at 37 °C, (B) (I) Blank EMEM supplemented with 10% of FBS, (II) NanoCUR at 

concentration of 30 µM in supplemented EMEM, pH 7.4 at t = 0 and (III) after 

incubation for 72 h at 37 °C.  

 

 

Figure 3.6: Size distribution of 30 µM of NanoCUR in (A) HBSS-HEPES and (B) 

EMEM supplemented with 10% FBS, pH 7.4. ----- at t = 0 and ----- after incubation at t 

= 72 h, 37 °C. 
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The morphology of the incubated NanoCUR samples was further observed 

under the TEM. Although the particle sphericity appeared intact after NanoCUR was 

incubated for 72 h at 30 M in HBSS-HEPES, particles of a variety of sizes were seen 

that were suggestive of the particles forming aggregation in the medium (Figure 3.5 

AIII). This is in accordance to the size distribution by DLS that showed presence of 

larger particles at size ranges of 100 to 1000 nm in 30 µM of NanoCUR in HBSS-

HEPES after 72 h (Figure 3.6 A). The equivalent supplemented EMEM sample also 

exhibited a polydispersed sample (Figure 3.6 B) with particles of a variety of sizes, but 

there were no apparent particle aggregates (Figure 3.5 BIII). Instead, the additional 

particles evident in the NanoCUR-EMEM sample were similar to the particles observed 

for the control blank supplemented EMEM medium (Figure 3.5 BI). The reduction in 

the particle size of NanoCUR in supplemented EMEM is suggested to be due to the 

particles contained in blank supplemented EMEM medium as shown by the TEM. The 

fine particles, representing probably precipitated electrolytes were also seen in the blank 

HBSS-HEPES (Figure 3.5 AI).   

 

3.4.2 Cytotoxicity of F127 and Bm 

 

To avoid the confounding effects of reduced cell viability on subsequent 

experiments, it was essential to establish the in vitro sub-cytotoxic concentration ranges 

of all test and control samples used against the Caco-2 cells. F127 at the concentration 

range of 1 to 20 mg/mL did not exert any apparent cytotoxic effect on the Caco-2 cells. 

At the highest F127 concentration applied, the viability of the Caco-2 cells was well 

within the viability range observed with the negative control (Figure 3.7 A). The 
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innocuous nature of the Pluronic F127 was preserved after it was transformed to the Bm 

micellar formulation. Bm was found also not to exert any detrimental effect on the 

viability of the Caco-2 cells at concentrations (0.04 to 2 .4 mg/mL) encountered as that 

equivalent to the concentrations of NanoCUR employed in this study (Figure 3.7 B).  

 Validation of the cell culture model was provided by the MTT assay of the cells 

exposed to the positive and negative controls. Caco-2 cells exposed to 0.1% w/v dextran 

were found to retain ≥ 91% viability after 72 h of exposure while the positive control 

(0.1% w/v SDS) was observed to reduce the cell viability to only 5.6% after 72 h of 

exposure (Figure 3.7). 

 
 

  

 

 

Figure 3.7: The viability of Caco-2 cells exposed for 4 to 72 h to (A) F127 solution at 

concentrations of 1 to 20 mg/mL as that used to prepare NanoCUR; (B) Bm at 

concentrations of 0.04 to 2.4 mg/mL as that encountered in NanoCUR test samples and 
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positive (0.1% SDS) and negative (0.1% Dextran) controls. Experiments involving 4 h 

and 24 h exposure to test samples used HBSS-HEPES as the transport medium, while 

experiments applying 72 h of exposure employed supplemented EMEM. Cell viability 

was determined by the MTT assay and calculated as a percentage relative to viability of 

cells exposed to the transport medium. Data are expressed as mean ± SD, n > 3. 

 

3.4.3 Cytotoxicity and anti-cytoproliferative effects of NanoCUR  

 

To eliminate any confounding factors caused by cell death for subsequent uptake 

experiment, it was essential to establish the in vitro cytotoxicity profiles of both sCUR 

and NanoCUR against the Caco-2 cells. The 4 h exposure of Caco-2 cells to 2 to 120 

µM of NanoCUR did not adversely affect the cell viability (Figure 3.8). In contrast, 

sCUR was found to decrease the viability of the cells to 50% at a low concentration of 

27.34 ± 1.51 µM.  

 

 

Figure 3.8: Cytotoxicity of NanoCUR and sCUR after 4 h of exposure against the 

Caco-2 cells. Cell viability was calculated as a percentage relative to that of cells 

exposed to transport medium, and the values are expressed as mean ± SD, n > 3. sCUR 
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was prepared in DMSO and diluted to desired concentrations (2 to 120 µM) with the 

transport medium, the final concentration of DMSO exposed to the cells was 0.5% v/v.  

NanoCUR was reconstituted in water and diluted to desired concentration (2 to 120 µM) 

with the transport medium. 

 

Figure 3.9: Anti-cytoproliferation activity of sCUR, NanoCUR and Bm against Caco-2 

cells after exposure for (A) 48 h and (B) 72 h. Cell viability was expressed as a percent 

of viable cells present in cultures exposed only to the culture medium. Data are shown 

as mean ± SD (n > 3). 

 

The anti-cytoproliferation activity of both test samples was dependent on the 

concentration and exposure time of the test samples. At 48 h exposure, sCUR was more 

effective than NanoCUR in inhibiting the proliferation of Caco-2 cells; the sCUR 

having a lower IC50 value of 24.83 ± 6.81 µM compared with the IC50 value of 40.23 ± 
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2.93 µM for NanoCUR. NanoCUR exhibited increasing anti-cytoproliferative activity 

with increasing concentrations from 2 to 120 µM, even though its highest activity never 

reached the same level as that seen with sCUR (Figure 3.9 A). 

When exposure time was prolonged from 48 to 72 h, a significant decrease in 

the IC50 of NanoCUR was observed (Table 3.2). Unlike NanoCUR, this decrease was 

not significant for sCUR. NanoCUR, on the other hand, showed enhanced anti-

cytoproliferative effect on the Caco-2 cells as its concentration was increased over the 

same range. Unlike NanoCUR, the blank Bm micellar dispersion did not exhibit 

apparent anti-proliferative effects against the Caco-2 cells at any of the concentrations 

and time points studied. 

 

Table 3.2: IC50 values of NanoCUR, sCUR and BM after exposure to Caco-2 cells for 

4, 48 and 72 h. * denotes significant difference to sCUR, while # denotes significant 

difference from 48 to 72 h. Data represent mean ± SD (n > 3). 

Exposure time 

(h) 

                                 IC50 (µM) 

sCUR NanoCUR Bm 

 

4 

 

27.34 ± 1.51 

 

> 120 

 

> 120 

48 24.83 ± 6.81 40.23 ± 2.93* > 120 

72 15.44 ± 1.99 26.62 ± 4.00*# > 120 
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3.4.4 Quantification of cellular uptake of NanoCUR  

 

Figure 3.10 indicates a 4-fold higher amount of cell-associated CUR (4.46 mg 

CUR/mg of protein) was recorded for the Caco-2 cells exposed for 2 h to 20 µM of 

sCUR than for cells exposed to the same concentration of NanoCUR (1.07 mg of cell-

associated CUR/mg of protein). Nevertheless, over the concentration range of 10 to 20 

µM, both sCUR and NanoCUR provided concentration-dependent CUR uptake profiles 

in the Caco-2 cells, with increased uptake observed with increasing loading 

concentrations.  

 

 

Figure 3.10: Uptake of NanoCUR and sCUR by Caco-2 cells after 2 h exposure to 

loading concentrations of 10 to 20 M. Uptake was quantified by fluorescence 

measurements, and was normalized to cellular protein content. Data is expressed as 

mean ± SD, n ≥ 3. * denotes significant difference to 10 µM.  
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Figure 3.11: Confocal micrographs of Caco-2 cell monolayers after 2 h incubation with 

(A) 10 µM sCUR; (B) 20 µM sCUR; (C) 10 µM NanoCUR and (D) 20 µM NanoCUR. 

Scale bars represent 50 µm. Internalization of NanoCUR and sCUR into the cell nuclei 

is indicated by the arrows. 
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3.4.5 Qualitative analysis of cellular uptake of NanoCUR by confocal microscopy  

 

Caco-2 cells incubated for 2 h with 20 µM of sCUR showed stronger 

fluorescence signals than those incubated with equivalent loading concentrations of 

NanoCUR (Figure 3.11 B and D). There was, however, no apparent difference in the 

fluorescence intensity between cells incubated with sCUR and NanoCUR when the 

loading concentration was lowered to 10 µM (Figure 3.11 A and C). In both cases, low 

fluorescence signals were observed. Co-staining of the cell nucleic acids with DAPI 

allowed for further visualisation of the cell nucleus at a lower wavelength (λex: 385 nm 

and λem: 400–480 nm). An overlay of the images produced from the DAPI (blue) and 

CUR (green) signals suggested the internalization of NanoCUR and sCUR in the nuclei 

of the Caco-2 cells after 2 h of exposure.  

 

3.5 Discussion 

 

NanoCUR was a relatively simple formulation that encapsulated CUR into the 

micellar structure of Pluronic F127. It was amenable to lyophilisation and, upon 

reconstitution of the lyophilized powder with water to a concentration equivalent to 250 

M CUR, retained its size and surface morphology.  

NanoCUR characteristics differed when diluted and incubated in HBSS-HEPES 

and supplemented EMEM, the two media used for subsequent cell-based evaluation of 

NanoCUR. In experiments that required exposure of the test sample for up to 24 h, 

HBSS-HEPES was employed as the vehicle, while experiments that involved prolonged 

exposure of 48 h and 72 h applied the supplemented EMEM as the vehicle in order to 
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ensure cell viability and proliferation were not compromised by the lack of nutrients. 

Characterization of the NanoCUR in HBSS-HEPES was critical as the uptake assay 

described in this chapter and the subsequent chapter employed HBSS-HEPES as the 

medium, which is in line with other studies that employed serum-deficient medium for 

uptake and transport studies (Loh et al., 2012; Loh et al., 2010; Zhang and Lim, 2008). 

The presence of FBS in supplemented EMEM could affect the outcome of the 

experiment by its interaction with NanoCUR (Lesniak et al., 2010; Tedja et al., 2012) 

and sCUR (Barik et al., 2003), which could lead to false interpretation of the data. The 

CYP enzyme assay in Chapter 4 was also conducted in serum-free media, as the 

presence of FBS at 5% and 10% could reduce the fluorescence intensity of the substrate 

for all isoenzymes to 20 to 50% of the fluorescence intensity observed in distilled water, 

as a result of FBS either inhibiting the activity of the CYP isoenzymes or quenching the 

fluorescence (Fröhlich et al., 2010).   

When NanoCUR reconstituted with water was diluted to 2 µM with HBSS-

HEPES, a large increase in particle size was observed. At this level of dilution, the 

concentration of Pluronic F127 in the dispersion was 3.17 x 10-6 M, which would have 

been close to its CMC of 2.8 x 10-6 M (Kozlov et al., 2000). Consequently, the micellar 

formulation might have been brought close to threshold stability, resulting in increased 

particle-particle interactions and aggregation. In contrast, NanoCUR diluted in 

supplemented EMEM showed a consistent reduction in size; the size reduction was not 

more than 30%, but was statistically significant once the NanoCUR concentration was 

diluted to 2 to 120 µM. The reduction in size of NanoCUR in supplemented EMEM as 

recorded by DLS was similar to the smaller particle sizes obtained in section 2.4.4 when 

the lyophilized NanoCUR was reconstituted in supplemented EMEM. Blank 
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supplemented EMEM was found to contain particles ranging in sizes from 5 to 10 nm, 

which is the average size of proteins such as FBS in solution (Izak-Nau et al., 2013). 

Proteins present in FBS as well as the size of the particles contribute to the average size 

obtained from a cumulant fit of the DLS data (Graf et al., 2012) as indicated by their 

bimodal size distribution. The more concentrated the NanoCUR in these samples, the 

smaller the proportion of FBS to NanoCUR particles, as seen  in the relative intensity of 

the two peaks in the DLS data for the 2 M and 120 M samples. This in turn allowed 

the mean particle size of the samples to revert closer to the inherent mean particle size 

of NanoCUR. The mean particle size of 0.86 ± 0.33 nm recorded for the blank HBSS-

HEPES could be attributed to the presence of glucose in the medium, the dissolved 

glucose molecules is reportedly close to 1 nm in size 

(mathbench.umd.edu/modules/measurement_sizes/pag06.htm, accessed on 29th July 

2014). 

The stability of NanoCUR without aggregations after storage in supplemented 

EMEM for 48 and 72 h might be attributed again to the presence of FBS, a biological 

dispersing agent (Ji et al., 2010) which has been shown to preserve the stability of TiO2 

nanoparticle dispersions incubated at various concentrations in FBS-supplemented 

culture media for 24 h. Unlike HBSS-HEPES, EMEM was supplemented with 10% 

FBS, and serum is an example of biologically relevant dispersing agents often added as 

growth supplements for mammalian cell lines (Ji et al., 2010). Several studies have 

shown that FBS at a typical concentration of 10% can effectively improve the stability 

of nanoparticle dispersions in various media (Chithrani et al., 2006; Nishikawa et al., 

2009; Xia et al., 2008). Proteins in the culture media can have a significant role in 

preventing or slowing down agglomeration, possibly by functioning as a protective 
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colloid (Santiago-Rodr´ıguez et al., 2013). Upon prolonged exposure to HBSS-HEPES, 

the formation of aggregates was evident at 30 to 60 µM of NanoCUR, while an increase 

in the micellar size was observed at 90 µM, which is believed to be due to the high ionic 

strength of this physiological buffers contributing to the loss of stability and 

agglomeration. The observed increase in the particle size was due to the “salting out” 

action of the salts in HBSS-HEPES which dehydrates the PEO micellar shell and 

induces the hydrophobicity of the PPO core (Kadam, 2010; Kadam et al., 2011; Patel et 

al., 2007). 

CUR encapsulation within the Pluronic F127 micelles changed its cytotoxic 

profile. Unlike sCUR, NanoCUR did not reduce the Caco-2 cell viability after 4 h of co-

incubation, exhibiting apparent cytotoxic effects only when the exposure time was 

prolonged to 48 h. Even after 48 and 72 h exposures, NanoCUR was a weaker cytotoxic 

agent compared to sCUR. The relative innocuous nature of NanoCUR could be 

attributed to the encapsulation of CUR in the PPO core of the Pluronic F127 micelles in 

this formulation. Polymeric micelles exert a shielding effect on encapsulated drug 

uptake and substantially reduce the intracellular drug uptake by normal and drug 

sensitive cells (Rapoport et al., 2002). In the drug sensitive A2780 (human ovarian 

carcinoma) cells, DOX encapsulation in 10% Pluronic micelles has resulted in ~ 2-fold 

drop in the cellular internalization (Rapoport et al., 2003). In the present study, the 

encapsulated CUR had to be released from the micelles before it could become 

available for interaction with the cell membrane and the intracellular enzyme systems. 

In Chapter 2, it was shown that only 27% of the CUR load was released from NanoCUR 

after 3 h, while almost 95% of the CUR load was released from sCUR in just 3 h. The 

delayed CUR release from NanoCUR could potentially cause a slower onset of 
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interaction with therapeutic targets, and the uptake data in this chapter confirmed the 

lower uptake of CUR by cells exposed to NanoCUR relative to cells exposed to 

equivalent levels of sCUR. These data also suggest a prolonged exposure to NanoCUR 

may be necessary for cellular CUR to accumulate to therapeutic levels, as evident by the 

significant increase in the anti-cytoproliferative effect of this formulation towards Caco-

2 cells when the exposure time was increased from 48 to 72 h.  

In contrast, sCUR was highly cytotoxic after 4 h exposure to the Caco-2 cells, 

and the lack of a significant change to the IC50 values with prolongation of exposure 

time suggests that sCUR had a rapid onset of action. CUR is a lyophilic molecule with 

high membrane permeability via passive diffusion, its transcellular permeation does not 

appear to be affected by efflux transporters (Wahlang et al., 2011; Yu and Huang, 

2011). At the high loading concentrations used in this study, cytotoxic levels of CUR 

might have accumulated within a short time in the Caco-2 cells exposed to sCUR, 

accounting for the comparable IC50 values obtained for sCUR at 4 and 48 h exposures. 

The transcellular passive diffusion pathway is inaccessible to particulate systems like 

the NanoCUR. Rather, polymeric nanoparticles carrying CUR molecules are generally 

taken up into cells by endocytosis before the cargo is released intracellularly to interact 

with therapeutic targets. Recently, Song et al. (2013) found that CUR-loaded PEG-

PLA/PLGA nanoparticles were internalized by Caco-2 cells via an energy-dependent, 

lipid raft-mediated, caveolae-independent endocytosis pathway. Compared to passive 

diffusion, endocytosis provides for a lower rate of cellular internalization, which further 

explains the lower amount of cell-associated CUR and the less potent cytotoxic effects 

associated with NanoCUR at equivalent loading concentrations and exposure times 

compared to sCUR.  
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3.6 Conclusion 

 

NanoCUR characteristics can be affected by the compositions of aqueous media 

used to dilute the formulation for further evaluation in cell-based systems. NanoCUR 

particle size was also influenced by the duration of incubation in these media. The 

dilution of NanoCUR below the CMC of Pluronic F127 is critical as it can potentially 

cause destablization of the formulation. The addition of serum proteins to the dilution 

medium may be helpful in stabilizing the highly diluted NanoCUR samples. These 

findings are important as they confirmed NanoCUR can be presented as intact 

nanoparticles to the cell systems used in this study.  Pluronic F127 was shown to be a 

good excipient for NanoCUR as it did not exert any biological effects towards Caco-2 

cells that could influence the efficacy of NanoCUR. Therefore, the cellular effects of 

NanoCUR could be attributed solely to the CUR present in the formulation. The myriad 

of assays conducted in this chapter suggest that the encapsulation of CUR into the 

Pluronic F127 micelles in NanoCUR did not change its biological properties towards 

the Caco-2 cells, but its efficacy compared to CUR in solution was lowered, possibly 

due to the slow release of CUR from NanoCUR. 
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Evaluation of NanoCUR using the human liver HepG2 
cells and recombinant CYP enzymes 
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4.1 Introduction 

 

The chemotherapeutic activities of CUR have been attributed to its ability to 

modulate various enzymes. In particular, CUR appears to be a potent inhibitor of the 

CYP superfamily (Appiah-Opong et al., 2007; Volak et al., 2008) of heme-bound 

enzymes that play a vital role in the biotransformation of drugs, carcinogens and toxins 

(Scott and Halpert, 2005). CUR inhibits the alkylation of ethoxyresorufin, 

methoxyresorufin and pentoxyresorufin catalysed by CYP 1A1, 1A2 and 2B1, 

respectively (Thapliyal and Maru, 2001). It also inhibits the CYP1A2-mediated 

formation of aflatoxine-DNA adducts (Gross-Steinmeyer et al., 2009). In DMBA-

treated MCF7 cells (Ciolino et al., 1998), as well as in oral squamous carcinoma cells 

and intact oral mucosa (Rinaldi et al., 2002), CUR was shown to bind to the aryl 

hydrocarbon receptor, a transcription factor that activates the xenobiotic response 

element  present on the CYP gene promoter (Ciolino et al., 1998; Rinaldi et al., 2002). 

Our research group has shown that CUR increases the plasma levels of co-administered 

MDZ, an established marker of CYP3A metabolic activity, in a rat model (Zhang et al., 

2007). A follow-up study using human liver microsome (HLM) established the IC50 

values for CUR in the range of 25 to 30 µM for CYP3A4-mediated MDZ 1’-

hydroxylation and triazolam 1’-hydroxylation (Zhang and Lim, 2008; Zhang et al., 

2007). The enhancement of DOX bioavailability in the rat model by CUR, co-

administered at 100 mg/kg for four consecutive days, has also been attributed in part to 

an inhibition of CYP3A4 activity (Yan et al., 2012). CUR has moderate inhibitory 

action on CYP2C9, 2C19 and 2B6 activities in the HLM (Volak et al., 2008), and 

CYP3A4, 2C9, 2D6 and 1A2-mediated metabolism of fluorogenic probe substrates in 
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recombinant enzyme systems (Appiah-Opong et al., 2007). Despite the collective data, 

and the extensive research into the biomedical and pharmaceutical applications of CUR 

nanoformulations, in particular their positive impacts on CUR bioavailability, the 

potential effects of the nanoformulations on CUR’s capacity as an enzyme modulator 

have not been investigated. 

The aim of this study was to evaluate whether the formulation of CUR into a 

nano-based formulation would adversely affect its ability to modulate the expression 

and activity of major human CYP isozymes. NanoCUR was formulated using only one 

excipient, the non-ionic surfactant, Pluronic F127. This formulation is tolerant of 

lyophilisation to yield a free flowing powder that is readily reconstituted into NanoCUR 

in aqueous media as observed in Chapter 2. However, Pluronic F127 is also a CYP 

modulator, having been shown to decrease the CYP3A1/2 activity and expression in the 

rat model (Lee et al., 2012; Shayeganpour et al., 2008). Therefore it would be prudent to 

evaluate whether NanoCUR possesses comparable CYP-modulating activities as CUR 

in solution.  

For this purpose, the human liver HepG2 cell line was chosen as the in vitro 

CYP model due to the ease of its culture and the maintenance of genotype stability 

across passages. This genotype stability reduces variances in CYP expression levels 

encountered in HLM harvested from different subject groups, and allows the study of 

not only CUR-mediated modulation of CYP activity but also CYP expression levels. 

Among the CYP isoforms, CYP1, CYP2 and CYP3 account for approximately 70% of 

human hepatic microsomes (Williams et al., 2004), with CYP1A2, CYP2C9, CYP2D6 

and CYP3A4 being the major enzymes involved in drug metabolism (Fröhlich et al., 
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2010). CYP1A2, CYP2C9, CYP2D6 and CYP3A4 were therefore the enzymes of 

interest in the present study. 

 

4.1.1 Human liver cell model 

 

The initial experiments were conducted on BHAL cells isolated from the liver 

progenitor cells taken from non-tumourous tissue adjacent to a hepatocellular carcinoma 

(Zhang et al., 2010). The  BHAL cells were found to display many typical hepatocytic 

features, including the expression of several hepatocellular markers, such as albumin, 

CK8, CK18, HNF4-α, and the drug-metabolizing gene CYP3A4 (Zhang et al., 2010). 

However, preliminary qPCR analysis suggested that the BHAL cells did not express the 

other CYP enzymes of interest for this study, and a decision was made to use the 

commercially available HepG2 cell line. The HepG2 cells did not only express all the 

CYPs needed for this study, it is also an established in vitro liver model system for drug 

metabolic and toxicity studies (Wang et al., 2011). HepG2 cells have also been used to 

study the cytotoxicity and anti-cytoproliferative activities of CUR nanoformulations 

(Ghosh et al., 2011; Ucisik et al., 2013).  

 

4.1.2 In vitro evaluation of CYP-mediated metabolism 

 

Pre-clinical drug metabolism studies and absorption, distribution, metabolism, 

and excretion (ADME) screenings often involve assays that employ HLMs, hepatocytes 

and tissue slices. The use of HLMs has several limitations for HTS due to the high inter-

individual variability in the expression level of CYP isoforms, population-dependent 
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polymorphism and presence of multiple CYP isoforms in the HLM samples (Westerink 

and Schoonen, 2007). Progress in the production of recombinant human protein has 

allowed the development of a variety of recombinant human CYP enzymes to be 

expressed in E. coli, insect and mammalian cell expression systems (Shaw et al., 1997; 

Venkatakrishnan et al., 2001a, b). Recombinant human CYP isoforms generally consist 

of a microsomal fraction of the baculovirus- or lymphoblast-expressed CYP, co-

expressed with P450 oxidoreductase and, in some cases, cytochrome b5 (Nakajima et 

al., 2002). They do not possess the same characteristics and properties as HLMs in that 

they only express one isozyme. This is the main advantage of recombinant CYP 

systems as other CYP isoforms or drug-metabolizing enzymes, such as flavin 

monooxygenases and UDP-glycosyltransferases, do not contribute enzymatic activity to 

the systems. In addition, the recombinant enzyme system simplifies the determination of 

inhibitory potency and the relative affinities of the involved enzymes without requiring 

the application of any isozyme-specific inhibitors or inhibitory antibodies (Trubetskoy 

et al., 2005). Furthermore, the recombinant enzyme system (CYP3A4, 2D6 or 2C9 

BACULOSOMES®) is stable with no significant loss in activity after 7 h at room 

temperature (Trubetskoy et al., 2005). 

Several techniques are available for the evaluation of major CYP enzyme 

activity. These include the radiometric assays based on the isolation of radio-labelled 

metabolites (Draper et al., 1998; McGinnity et al., 2000; Moody et al., 1999), the use of 

colorimetric or fluorescent reagents for quantification of formaldehyde formation during 

P450-dependent demethylation reactions (Kobayashi et al., 2000; van't Klooster et al., 

1992), HPLC methods and rapid LC-MS approaches for metabolite analysis (Chu et al., 

2000; Rao et al., 2003). However, most of these assays involve complex separation 
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steps post-reaction that limit their usefulness for HTS. Recently, assays have been 

developed that have great potential for HTS. These fluorescent or luminescent assays 

(Cali et al., 2006) employ CYP substrates that are metabolized by specific CYP 

isozymes to yield fluorescent products (Roser and Thomas, 2000) that can be measured 

directly using a fluorescence reader.  

In the present study, the Vivid® fluorogenic substrates, which have been 

reported to exhibit very low levels of background fluorescence and do not require any 

additional steps or coupled reactions to achieve high signal-to-background ratios (Marks 

et al., 2003; Trubetskoy et al., 2005), were employed. The highly specific content and 

activity of these recombinant enzyme systems in addition to the strong fluorescent 

signal and high signal-to-background ratio value make these assays valuable tools for 

screening large numbers of compounds for CYP metabolism and inhibition activities. 

The assays are also cost-effective as they only require low reaction volumes for 

screening. The reduced amount of enzyme employed also minimizes enzyme variability, 

as multiple assays can be conducted using the same batch of the recombinant CYP 

enzyme (Trubetskoy et al., 2005). 

 

4.1.3 Evaluation of CYP mRNA expression 

 

Estimation of the modulation of drug metabolism in humans has been 

challenging for several reasons, one of which is the enzyme variation among species. 

Prior studies of drug metabolism have frequently utilized either primary hepatocytes or 

hepatoma cell lines such as the HepG2 cells (Wang et al., 2011). Primary hepatocytes 

are often preferred as they possess similar characteristics to human liver cells. However, 
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there are several problems associated with the primary hepatocytes, which in turn make 

the comparison and analysis of drug metabolism data difficult. A study by Westerink 

and Schoonen (2007) has shown that mRNA levels of CYP1A1, 1A2, 2B6, 2C8, 2C9, 

and 2C19 in three primary hepatocyte samples varied by more than 10-fold, possibly 

due to the differences in genotype and food intake of the individuals from whom the 

hepatocytes were taken. In another study by Wang et al. (2011), primary cultures of 

hepatocytes were found to cease CYP expression over short culture periods, with as 

much as up to 20-fold decrease after 24 h of culture, even though the primary cultures 

retained CYP activity and protein content. Moreover, as the isolation and culture 

conditions of human hepatocytes are known to greatly affect their CYP expression, it is 

impossible to use data from different studies to investigate at which level CYP 

expression is altered.  CYP mRNA level has been shown to decline rapidly for the first 

few hours after isolation of the hepatocyte and then to continue to decline as the cells 

were being cultured (Wang et al., 2011). By 72 h of culture, the mean mRNA levels 

could be as low as 0.5% of the levels in the fresh liver. The hepatocytes were also found 

to de-differentiate and to become more similar to hepatic cell lines. As the isolation of 

fresh human liver tissue is often cumbersome, the time-dependent expression of CYP 

mRNAs in cultured human hepatocytes has been poorly characterized, with inconsistent 

results obtained from one study to another (George et al., 1997; Morel et al., 1990). 

An alternative in vitro liver model system is the HepG2 cell line, which is a 

perpetual cell line derived from liver tissue with a well-differentiated hepatocellular 

carcinoma. HepG2 cells possess both Phase I and II drug metabolizing enzymes (Hewitt 

and Hewitt, 2004; Knasmüller et al., 2004; Knasmüller et al., 1999). Despite the lower 

levels of all CYP transcripts in HepG2 cells (Guillouzo, 1998; Guillouzo et al., 2007), 
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the regulation of the mRNA levels is similar to that in the primary human hepatocytes 

(Westerink and Schoonen, 2007). Compared to primary human hepatocytes, HepG2 

cells are a relatively easy-to-handle tool for the study of CYP regulation. A major 

advantage of hepatoma cell lines is their commercial availability, unlimited life-span 

and relatively stable phenotype.  For all of these reasons, experiments to determine the 

regulation of CYP expression in the present study were conducted using the HepG2 

cells. HepG2 cells at passage 8 to 16 were employed as it has been shown that, during 

this period, there were no significant changes in the CYP expression in the cells 

(Westerink and Schoonen, 2007). 

 

4.1.4 Analysis of cellular CYP expression level 

 

Synthesis of protein at the cellular level requires the three vital processes of (i) 

DNA replication; (ii) transcription of the DNA to RNA and (iii) the translation of RNA 

to protein (Whitford, 2005). Cellular gene expression is regulated by DNA 

transcription, and the expression level of a gene can be evaluated by measuring the level 

of mRNA transcripts of the gene of interest. There are several methods that can be 

utilized to quantify RNA, including Northern blot analysis, RNase protection assay and 

polymerase chain reaction (PCR). Northern blotting requires relatively large amounts of 

RNA and can only provide qualitative or semi-quantitative information of mRNA levels 

(Böhm-Hofstätter et al., 2010). RNA protection assays are more sensitive and are able 

to identify more than one RNA molecule at low concentration, but are technically 

demanding and are not practical for testing a large number of samples. PCR was first 

discovered by Mullis in 1983 (Mullis et al., 1986; Mullis and Faloona, 1987) and has 
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since become a popular method for mRNA detection and quantification as it offers a 

high level of specificity, and is sensitive enough to detect low abundance mRNA 

(Mullis et al., 1994; O'Driscoll et al., 1993).  

The two methods for mRNA quantitation, RT-PCR (reverse transcriptase PCR) 

and qPCR (quantitative or real time PCR), are based on the same principle of which a 

defined piece of an RNA molecule is amplified. Total RNA extracted is transcribed to 

its complementary DNA (cDNA) by a RT enzyme, which is then followed by 

amplification of the cDNA, mediated by DNA polymerase. Synthesis of cDNA strands 

occurs in the 5′ to 3′ direction guided by primers (synthetic oligonucleotides capable of 

binding to DNA) and dNTPs (deoxynucleotide triphosphates). Two primers are used, 

one complementary to the 3′ end of the antisense strand of DNA (forward primer) and 

the other to the 3′ end of the sense strand of DNA (reverse primer). Amplification of 

DNA is achieved by cycles of denaturation, primer annealing and extension processes 

(Kozera and Rapacz, 2013). 

In the present study, qPCR was employed to evaluate the expression of CYP 

enzymes in this study. qPCR is capable of detecting amplification at the early stage of 

PCR reaction, which allows it to produce rapid, precise and accurate measures of gene 

expression (Kozera and Rapacz, 2013). In contrast, RT-PCR can only detect the end 

point of PCR amplification (Lin et al., 1991). The major advantage of qPCR over 

standard RT-PCR assay is the one-tube and one-time handling, with the real time 

reading of the reaction during the assay (Gachon et al., 2004). 

 The qPCR assay used was based on hybridization probing. 

Fluorescence reporter probes that only detect the DNA containing the probe sequence 

were employed as these significantly increase the specificity of the qPCR assay and 
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prevent any interference from primer dimers, which are undesirable PCR by-products 

(Schmittgen et al., 2000). The DNA-based probes comprise of a fluorescent reporter at 

one end and a quencher at the other end. The exonuclease activity of DNA 

polymerase breaks the reporter-quencher proximity, allowing emission of fluorescence 

products. An increase in the product targeted by the reporter probe at each PCR cycle 

causes an increase in fluorescence emission due to the breakdown of the probe and 

release of the reporter (Guo et al., 2012). 

The steps involved in qPCR are: (i) Mixture containing the DNA-based probe is 

prepared in qPCR tubes, (ii) Both probe and primers anneal to the targeted DNA which 

is then followed by (iii) DNA polymerase-mediated polymerization of new DNA strand, 

which is initiated from the primer and once the polymerase reaches the probe, its 5'-3'-

exonuclease degrades the probe, physically separating the fluorescent reporter from the 

quencher that leads to increase in the fluorescence emission. At the final stage of the 

qPCR assay, the quantification cycle (Cq) of each reaction is determined from the 

fluorescence emission measured to evaluate the PCR amplification (Livak and 

Schmittgen, 2001). 

 

http://en.wikipedia.org/wiki/Primer_Dimer
http://en.wikipedia.org/wiki/Quenching_(fluorescence)
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Figure 4.1: Schematic diagram of the PCR process which comprised of (i) denaturation 

of the cDNA to individual single strands, followed by (ii) annealing of the forward and 

reverse primers and (iii) elongation or extension of the strands by DNA polymerase 

enzyme. These 3 steps are repeated in cycles to amplify the PCR products which are 

then quantified by measuring the fluorescence of bands produced on agarose gel 

following gel electrophoresis (http://2011.igem.org/Team:WashU/Notebook/PCR, 

accessed on 22nd April 2014). 

 

http://2011.igem.org/Team:WashU/Notebook/PCR
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Figure 4.2: Schematic diagram of qPCR assay (Koch, 2004). During 

the annealing stage, both probe and primers anneal to the targeted DNA. Polymerisation 

of a new DNA strand is initiated from the primers, and once the polymerase reaches the 

probe, its 5'-3'-exonuclease degrades the probe, separating the fluorescent reporter from 

the quencher, and resulting in an increase in fluorescence emission.  

 

4.2 Materials 

 

α-napthoflavone (NPV), sulfaphenazole (SPZ), quinidine (QDN), ketoconazole 

(KCZ), rifampicin (RIF) and TRIS (2-amino-2-(hydroxymethyl) propane-1,3-diol) were 

purchased from Sigma Aldrich (Castle Hill NSW, Australia). Total RNA was extracted 

http://en.wikipedia.org/wiki/Annealing_(biology)
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using RNeasy Mini Kits from Qiagen (VIC, Australia). Tetro cDNA synthesis and 

SensifastTM Probe No-ROX kits were purchased from Bioline (NSW, Australia).  

Probes for qPCR probe based assays were purchased from Roche Universal Probe 

Library (UPL) (IN, USA) and Vivid® CYP450 Screening Kits were from Invitrogen 

(VIC, Australia). All other reagents were of analytical grade. MilliQ water (Millipore 

Corporation, Bedford, Massachusetts) and DEPC-treated water were used throughout. 

Other materials employed, including cell culture and transport media, were similar to 

those listed in sections 2.2 and 3.2. 

 

4.3 Methods 

4.3.1 Preparation and characterization of test samples 

 

The Bm, NanoCUR and sCUR samples were prepared and characterised 

according to the methods described in sections 2.3.1.1 and 3.3.1. 

 

4.3.2 Cell culture 

 

HepG2 cells (ATCC Number: HB-8056, VA, USA) were seeded into T75 

culture flasks at 500,000 cells/flask with 15 mL of supplemented EMEM. Confluent 

cells were washed twice with 5 mL of pre-warmed PBS (pH 7.4) and incubated with 1 

mL of trypsin/EDTA for 3 min at 37 °C. Upon aspiration of the trypsin/EDTA solution, 

the cell pellets were re-suspended in 1 mL of culture medium. Culture medium was 

exchanged every 2 days and the cells were sub-cultured every week. Cell counts were 

performed by microscopy techniques following the dilution of 10 μL of a cell 
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suspension with 90 μL of 0.4% trypan blue solution. Cultures with cell viability above 

90% (passage 8 to16) were used for subsequent experiments. 

 

4.3.3 In vitro cytotoxicity and anti-cytoproliferative studies 

 

Cytotoxic effects of NanoCUR, Bm, sCUR, and F127 were determined by 

measuring the mitochondrial dehydrogenase activity of exposed HepG2 cells (passages 

8 to 16) via the MTT assay using methods similar to that described in Section 3.3.4 for 

the Caco-2 cells. The HepG2 cells were seeded at a density of 25,000 cells per well in 

96-well plates and cultured with 100 μL of EMEM in 5% CO2/95% air at 37 °C over 48 

h prior to sample exposure.  

 The anti-cytoproliferative effects of sCUR, NanoCUR, and Bm were also 

evaluated using the HepG2 cells. This was because the experiments to evaluate CUR-

mediated CYP expression in the HepG2 cells involved prolonged incubation of the cells 

with the test samples, making it necessary to predetermine the threshold sample 

concentrations that adversely affected the HepG2 cell proliferation. The assay was 

conducted using a similar experimental protocol to that described in Section 3.3.6 for 

the Caco-2 cells. The HepG2 cells were seeded at a density of 25,000 cells per well in 

96-well plates and cultured with 100 μL of supplemented EMEM in 5% CO2/95% air at 

37 °C.  
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4.3.4 Uptake studies 

 

Quantitative uptake experiments involving the HepG2 cells were conducted 

using an experimental protocol similar to that described for the Caco-2 cells in Section 

3.3.5. The HepG2 cells were plated at a density of 200,000 cells/well and cultured with 

1.5 mL of supplemented EMEM for 48 h before the initiation of the experiments. 

 

4.3.5 Confocal microscopy 

 

An experimental protocol similar to that described for the Caco-2 cells in 

Section 3.3.6 was used to prepare the HepG2 cells for confocal microscopy. The HepG2 

liver cells were plated at a density of 200,000 cells/well and cultured with 1.5 mL of 

supplemented EMEM for 48 h before the initiation of the experiments. 

 

4.3.6 Effects of NanoCUR on the functional status of major human CYP enzymes 

 

CYP assays were conducted using the Vivid CYP Biochemical Screening kits 

according to the protocols provided by the manufacturer. As shown in Figure 4.3, the 

Vivid® substrates (EOMCC and BOMCC) and fluorescent blue standards were 

reconstituted in acetonitrile and DMSO, respectively, and the corresponding standard 

curves were prepared. 40 µL of each test compound diluted in solvent, positive 

inhibition control (compound which inhibits the respective CYP enzymes) and solvent 

control were added to the wells. A solvent control (without test compound) and a 
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positive control (10 µM NPV for CYP1A2, 30 µM of SPZ for CYP2C9, 10 µM of QDN 

for CYP2D6 and 10 µM KCZ for CYP3A4) were included in each experiment. 

The solutions containing the test samples, positive inhibition and solvent 

controls were mixed after addition of 50 μL of enzyme Master PreMix, which consisted 

of P450 BACULOSOMES® (containing human CYP isoenzyme+ rabbit NADPH 

reductase) in Vivid® CYP reaction buffer, and the regeneration system (consisting of 

glucose–6- phosphate and glucose–6-phosphate dehydrogenase). The plate was 

incubated for 10 min at 37 °C to allow the interaction of the compounds with the CYP 

enzymes. The wells were measured for background fluorescence at at λex: 410 nm and 

λem: 460nm (FLUOstar OPTIMA, BMG LABTECH, VIC, Australia). To initiate the 

enzyme reaction, 10 µL of the substrate Pre-Mix solution (Vivid EOMCC/BOMCC 

Blue Substrate and NADP+ in buffer) was added, and the volume in each well was 

adjusted to 100 µL with the reaction buffer. The enzyme reaction was allowed to 

proceed, protected from light, for 20 min at 37 °C (Contherm Series Five Incubator, 

Contherm Scientific, Lower Hutt, New Zealand) before it was quenched with the 

addition of 10 µL of the Stop Reagent (0.5 M Tris base). The fluorescent intensity of the 

wells was again measured to quantify the metabolites produced. The plate reader was 

calibrated with each of the four fluorescent metabolites, and the respective standard 

curves were constructed over the concentration range of 0 to 2500 nM using serially 

diluted standards provided by the manufacturer. The extent of enzyme inhibition was 

calculated using the following equation: 

 

% Inhibition  = 1- (rfu test compound)    X 100                                                  
                                     (rfu control) 

        Equation 4.1                                                                  
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Figure 4.3: (A) Schematic diagram showing a CYP-mediated metabolism of a non-

fluorescent dye substrate into a fluorescent metabolite and (B) representation of an 

endpoint Vivid® CYP assay (Fröhlich et al., 2010). 

 

4.3.7 Effects on CYP expression in the HepG2 cells 

4.3.7.1 Cell treatment and culture condition 

 

HepG2 cells were seeded into 25-cm2 flasks at 500,000 cells per flask with 5 mL 

of supplemented EMEM. The culture medium was further supplemented with 0.5% of 

DMSO and 0 to 15 μM of sCUR, NanoCUR or Bm on Day 2 post-seeding. Positive 

control cells were exposed to similar media supplemented with10 µM of KCZ (specific 

inhibitor for CYP3A4), 5 µM of QDN (CYP2D6) or 30 µM of SPZ (CYP2C9). On Day 

4, cells were trypsinized and the number of cells was quantified. Cell pellets obtained 
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by centrifugation containing 1 x 106 or more cells were stored at -80 °C until further 

analysis. 

 

4.3.7.2 RNA extraction and quality assessment 

 

Total RNA was isolated at room temperature using the RNeasy Mini Kit 

(Qiagen) according to the manufacturer's instructions. Each thawed cell pellet was 

disrupted and homogenized with 350 µL of RNeasy lysis buffer (RLT), followed by 

removal of genomic DNA (gDNA) by centrifugation at 12,000 g for 30 s using the 

gDNA eliminator spin column. One volume of 70% ethanol was added to provide 

appropriate binding condition for RNA. The supernatant containing RNA was then 

placed onto RNeasy spin columns, where the RNA binds to the membrane. Any 

contaminants were washed away by RNeasy wash buffer (RW1) and RNeasy elution 

buffer (RPE) by centrifugation at 12,000 g for 15 s and 2 min, respectively. To 

eliminate any carry over from the RPE elution buffer, the RNeasy spin column was 

placed in a new 2 mL collection tube and centrifuged at full speed (22,000 g) for 1 min. 

The RNA was then eluted with RNase free water. The quality of the RNA extracted was 

determined by measuring the absorbance ratio of the RNA at wavelengths 280 and 260 

nm (A260/280) (Thermo Scientific Nanodrop spectrophotometer, VIC, Australia). Only 

RNAs of high quality, with an A260/280 ratio from 1.8 to 2.0, were used for cDNA 

synthesis. To further confirm the quality of RNA extracted, 1.5 µg of the extracted RNA 

was mixed with an RNA loading dye and electrophoresed on a 1% denaturing agarose 

gel. Acceptable RNA samples were stored at -80 °C as 2.5 µg-aliquots for cDNA 

synthesis.  
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4.3.7.3 cDNA synthesis and functionality 

 

cDNA was synthesized using the Tetro cDNA kit, which contains MMLV 

(Moloney Murine Leukemia Virus) reverse transcriptase enzyme, dNTP mix, random 

hexamer primer mix, Ribosafe RNase inhibitor and 5X RT buffer and 

diethylpyrocarbonate (DEPC)-treated water. For each reaction, 20 μL of the reaction 

mix contained 2.5 μg of total RNA, 0.5 mM of dNTP mix, 200 U/µL of MMLV reverse 

transcriptase, 1 µL of random hexamer primer mix, 1 µL of Ribosafe RNase inhibitor 

and 1X reaction buffer in DEPC-treated water. RNA was transcribed to cDNA by RT-

PCR conducted in a thermocycler (Bio-Rad, NSW, Australia). The cycle comprised of 

the following steps: incubate the reaction mixture for 10 min at 25 °C, followed by 45 

°C for 30 min, then terminating the reaction by incubating at 85 °C for 5 min followed 

by chilling on ice at 4 °C. Appropriate amount of cDNA was aliquoted and stored at -20 

°C before further analysis.  

The functionality of the cDNA synthesized was evaluated by probing the 

expression of the housekeeping gene, GAPDH. RT-PCR was conducted with 

ThermoScript™ RT-PCR System plus Platinum® Taq DNA Polymerase kit from 

Invitrogen. The forward primer sequence for the amplification of the GAPDH fragment 

(350 bp) was 5′-GATGGAATTGATAATGTGGACA-3′, and the reverse primer was 5′-

AAGGATCAGGAACAATAAA-3′. The reaction mixture contained 1X PCR buffer, 

1.5 mM of MgCl2, 0.2 mM of dNTP mix, 0.2 µM each of forward and reverse primers, 

5 U of platinum DNA polymerase, and 1 µL of cDNA in DEPC-treated water. 

Amplification condition for the GAPDH gene was 30 s at 94 °C, 60 s at 60 °C, and 2 
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min at 72 °C with a final incubation at 72 °C for 10 min. The PCR cycle was repeated 

30 times and the PCR product was stored at 4 °C until analysis. 

Gel electrophoresis of the PCR product (12 μL) was conducted on a 2% agarose 

gel at 100 V over 1.5 h in 1 × TAE buffer (Sigma Aldrich). The gel bands, after staining 

with 0.2 μg/mL of ethidium bromide, were captured on a ChemiDoc XRS system (Bio-

Rad). Samples with cDNA that showed expression and amplification of GAPDH were 

deemed functional and were used for qPCR analysis. Figure 4.12 B shows the 

representative gel of GAPDH amplification.  

 

4.3.7.4 qPCR 

 

The expressions of the CYP2C9, CYP2D6 and CYP3A4 genes were analysed by 

probe based qPCR assay using the SensiFAST™ Probe No-ROX Kit. All the samples 

were assayed in triplicates and analysed using the iQ5 real-time PCR Detection System. 

The primer sequences for every enzyme of interest are listed in Table 4.1. Amplification 

condition for all genes was 2 min at 95 °C for polymerase activation, 10 s at 95 °C for 

denaturation and 50 s at 60 °C for annealing and extension. The PCR cycles were 

repeated 55 times and the efficiency of every run was 95 to 97% with R2 values of 0.95 

to 0.99. The standard curve was generated by pooling all cDNA samples and then 

diluting to the appropriate concentrations to produce the standards. The qPCR results 

were normalized against a housekeeping control gene (TATA box binding protein 

associated factor 4, TAF4) and expressed with respect to controls. 
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4.3.8 Statistical analyses 

 

Statistical analyses of data were conducted using One-way ANOVA, with the 

Tukey′s test applied for comparison of means (SPSS 10.0, SPSS Inc., Chicago, IL, 

USA). Analyses of other parameters involving comparison between 2 group means 

were performed using the Student′s t-test. A p value ≤ 0.05 was considered statistically 

significant.  

 

Table 4.1: Primer sequences, product sizes and compatible probes used for the qPCR 

analyses of gene expression. 

Gene Primers Sequence UPL 

Probe # 

CYP2C9 hCYP2C9-1366 F ACTTCATGCCTTTCTCAGCAG 2 

 hCYP2C9-1448 R TGTGGTTAGAAATAAAAATAGCTCCAT  

CYP2D6 hCYP2D6-578 F AGGAGGAGTCGGGCTTTCT   56 

 hCYP2D6-642 R CGCTGGGATATGCAGGAG  

CYP3A4 hCYP3A4-154 F TCAGCCTGGTGCTCCTCTAT 81 

 hCYP3A4-264 R GGTAGGACAAAATATTTCCCAAAA  

TAF4 hTAF4-2209 F CCACAGCAGATCCAACTGAA 71 

 hTAF4-2270 R GGTAACACGGTGGGTTTCAC  
+UPL: Universal Probe Library 

 

4.4 Results 

4.4.1 Expression of major CYP enzymes in BHAL cells 

 

Preliminary experiments were conducted on BHAL cells, which is an 

established immortalized cell model derived from non-tumorous tissue adjacent to a 
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hepatocellular carcinoma. BHAL cells has been found to have many typical hepatocytic 

features and express CYP3A4 (Zhang et al., 2010) thus making it a suitable in vitro 

model of the human liver for this study. However, from qPCR analysis, the BHAL cells 

expressed only CYP3A4, the other enzymes of interest, i.e. CYP1A2, CYP2D6 and 

CYP2C9, were not detectable (Figure 4.4). Total RNA extracted from three replicates of 

BHAL cells at the same passage number was found to be of good quality with 

A260/280 ratios in the 1.9 to 2.0 range. The cDNA transcripted from the extracted RNA 

was found to be functional and able to amplify the GAPDH housekeeping gene. On the 

other hand, the HepG2 cells expressed all 4 CYP enzymes (Figure 4.4 and 4.5) and 

CYP3A4 was expressed at higher levels compared to the BHAL cells (Figure 4.6). For 

these reasons, the HepG2 cells were employed for subsequent experiments. BHAL cells 

was concluded to have only expressed CYP3A4, while HepG2 cells was found to 

express all the CYP enzymes of interest as shown in Table 4.2.  

 

Table 4.2: Characterization of CYP expression in BHAL cells  

Cell types CYP2D6 CYP3A4 CYP2C9 CYP1A2 

HepG2 Positive Positive Positive Positive 

BHAL  Negative Positive Negative Negative 
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Figure 4.4: Expression of CYPs in BHAL cells. qPCR readings of (I) CYP1A2, (II) 

CYP2C9, (III) CYP2D6 and (IV) CYP3A4.  BHAL cell replicates,  human liver 

cells and  HepG2 cells. 
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Figure 4.5: qPCR products were loaded onto 2% denaturing agarose gels with 

CYP2D6, CYP3A4, CYP2C9 and CYP1A2. The a, b and c lanes represent BHAL cells 

replicates; d and e lanes represent human liver cells and HepG2 cells, respectively.  

 

 

 

Figure 4.6: RT-PCR bands of CYP3A4 from BHAL cells. The a, b and c lanes 

represent BHAL cells replicates; d and e lanes represent human liver cells and HepG2 

cells, respectively. 
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4.2 Cytotoxic effects against the HepG2 cells  

 

The toxicity of Pluronic F127, presented to the HepG2 cells in solution (F127) 

and nanosized micellar form (Bm), was evaluated. Neither F127 (1 to 20 mg/mL) nor 

Bm (0.04 to 2.4 mg/mL) exerted cytotoxicity towards the HepG2 cells over the 

concentration range studied (Figure 4.7 A and B). Although F127 at 4 to 20 mg/mL was 

shown to lower the viability of the cells to 81 to 77%, this was still within the cell 

viability range ( 70%) recorded for the negative control. NanoCUR at the equivalent 

CUR concentration range of 2 to 120 µM also did not exhibit apparent cytotoxic effects 

against the HepG2 cells after 4 h of exposure (Figure 4.7 C). Conversely, sCUR 

exposed for 4 h to the cells at concentrations as low as 30 µM was observed to decrease 

the cell viability by more than half, to 43.5%. 
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Figure 4.7: Cytotoxicity of test samples against the HepG2 cells at 4 to 72 h exposures; 

(A) F127 solution at concentrations of 1 to 20 mg/mL as that used to synthesize 

NanoCUR; (B) Bm at concentration of 0.04 to 2.4 mg/mL as that encountered in 

NanoCUR test samples and (C) NanoCUR and sCUR at concentrations of 2 to 120 µM 

after 4 h exposure. Experiments involving 4 h and 24 h exposures used HBSS-HEPES 

as the transport medium, while experiments involving 72 h exposure used supplemented 

EMEM as the transport medium. Mitochondrial dehydrogenase activity was calculated 
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as a percentage relative to that of cells exposed to the respective transport medium, and 

the values are expressed as mean ± SD, n > 3.  

 

4.4.3 Cellular uptake of CUR  

 

The effects of nanoformulation on the cellular uptake of CUR were also 

evaluated in the HepG2 cells. The cells were exposed to sCUR and NanoCUR at 5 µM 

to 20 µM, the upper concentration limit of exposure being guided by the IC50 values in 

Table 4.4. For both sCUR and NanoCUR, the 2 h-cellular uptake data suggest a 

concentration dependency, with higher cellular uptake observed at increasing loading 

concentrations (Figure 4.8). However, significantly higher levels of cell-associated 

CUR, between 1 to 3-fold increases, were found for sCUR than for NanoCUR at 10 to 

20 µM of loading concentrations. 

 

 

Figure 4.8: Uptake of CUR from the sCUR and NanoCUR formulations by the HepG2 

human liver cells. Uptake was quantified by fluorescence measurements after 2 h of 
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exposure to the test samples at 37 °C. Data was expressed as mean ± SD, n ≥ 4.  * 

denotes significant difference to 5 µM.  

 

 

Figure 4.9: Confocal scanning electron micrographs of HepG2 liver cells after 2 h 

incubation with 10 µM and 20 µM of sCUR and NanoCUR. Cell nuclei was stained 



Chapter 4 

 

 160 
 

blue (DAPI) and cell-associated CUR appeared green (CUR). Merged images of cells 

exposed to sCUR and NanoCUR showed CUR to be internalized by the cells. Cell 

images were taken at 5 μm below the cell surface. Scale bar: 50 μm. Internalization of 

sCUR into the cell nuclei is indicated by the arrows. 

 

CUR uptake by HepG2 cells exposed for 2 h to sCUR and NanoCUR was also 

visualized using a confocal scanning electron microscope (Figure 4.9). There was an 

apparent increase in the intensity of green fluorescence, representative of cell-associated 

CUR, in the HepG2 cells when the sCUR loading concentration was increased from 10 

µM to 20 µM. This difference was less apparent in cells exposed to increasing 

NanoCUR concentration. The merged images also suggest that CUR was more 

effectively taken up into the nuclei of cells incubated with sCUR than with NanoCUR. 

In addition, a fairly uniformly dispersed fluorescence was noted in the HepG2 cells 

exposed to sCUR, whereas the cells exposed to NanoCUR had intense fluorescence 

foci, which suggests pockets of CUR concentration within the cells. 

 

4.4.4 Anti-cytoproliferative effects against the HepG2 cells  

 

The anti-cancer potential of CUR is measured by its anti-cytoproliferative 

effects, which was examined in this study using the MTT assay of HepG2 cells exposed 

to the test samples for 48 h as well as 72 h. The prolongation of incubation time to 48 h, 

and further to 72 h, did not change the innocuous profiles of the Bm samples against the 

HepG2 cells (Figure 4.10). In contrast, HepG2 cells exposed to ≥ 45 µM of NanoCUR 

had significantly poorer survival rates when the incubation time was prolonged from 4 h 
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(Figure 4.7 C) to 48 h (Figure 4.10 A). Further prolongation of the incubation time to 72 

h aggravated the anti-cytoproliferative effects, as confirmed by the IC50 values in Table 

4.3. Unlike NanoCUR, the IC50 value for sCUR did not change significantly over the 

incubation time range of 4 to 72 h. Moreover, despite NanoCUR showing stronger 

cytotoxicity towards the HepG2 cells upon extended exposure, sCUR remained the 

more cytotoxic of the two formulations at all the assay time points. sCUR appeared to 

cause maximal cytotoxic effects, reducing the HepG2 cell viability to < 20%, at 

concentrations ≥ 60 µM at 48 h and at concentrations ≥ 45 µM at 72 h, with no further 

increase in anti-cytoproliferative activity observed beyond these concentrations. In 

contrast, NanoCUR exhibited increasing anti-cytoproliferative activity with increasing 

concentration from 15 to 120 µM, even though its highest activity did not reach the 

maximum level exerted by sCUR. 

 

Table 4.3: IC50 values (µM) for sCUR, NanoCUR and Bm against HepG2 cells. * 

denotes significant difference from sCUR (p < 0.05) and # denotes significant 

difference from t = 4 h for sCUR and t = 48 h for NanoCUR (p < 0.05) Data represents 

mean ± SD (n = 3). 

 
Exposure 

time (h) 

 IC50 (µM)  

sCUR NanoCUR Bm 

    

4 28.13 ± 1.27 > 120 > 120 

48     31.32 ± 3.62    61.47 ± 5.88* > 120 

72 24.76 ± 0.85 52.18 ± 1.25*# > 120 
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Figure 4.10: Viability of HepG2 cells after exposure to different concentrations of 

sCUR, NanoCUR and Bm for (A) 48 and (B) 72 h. The effects of the positive control 

(0.1% SDS) and negative control (0.1% Dextran) on cell viability were also shown. Cell 

viability was expressed as a percent of viable cells present in cultures exposed only to 

the culture medium. Data are shown as mean ± SD (n = 8). 
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4.4.5 Effects on the functional status of human CYP isozymes 

 

The functionalities of CYP1A2, CYP2C9, CYP2D6 and CYP3A4 were 

evaluated using the Invitrogen human recombinant enzyme systems. The metabolic 

activity of all four enzymes was inhibited by the two CUR formulations, with sCUR 

being the more potent inhibitor of CYP2C9 and CYP2D6, based on the IC50 values 

(Table 4.4), while NanoCUR was more potent against CYP3A4. There was no 

significant difference in the mean IC50 values between sCUR and NanoCUR against the 

activity of CYP1A2. Compared to NanoCUR, the IC50 value of sCUR was 1.8-fold 

lower against CYP2D6, and 1.6-fold lower against CYP2C9. Conversely, the IC50 value 

of NanoCUR was 1.8-fold lower than sCUR against CYP3A4. The blank Bm dispersion 

showed much weaker CYP inhibitory activity compared to the CUR formulations. Bm 

had no apparent effect on the metabolic activities of CYP1A2 and CYP2D6, while its 

IC50 values, compared to those for NanoCUR, were 10.0 times higher against CYP2C9 

and 12.1-fold higher against CYP3A4. At the maximum loading concentration of 120 

µM, sCUR and NanoCUR were both as effective as the manufacturer-recommended 

inhibitors in reducing the activities of all four major CYP enzymes, with sCUR was 

observed to be a more potent inhibitor of CYP2D6 compared to QDN. The inhibitory 

effect of sCUR towards CYP3A4 did not show any significant difference when 

concentration of CUR was increased from 45 to 120 µM (Figure 4.11 D), while 

NanoCUR continued to show increasing inhibition of CYP3A4 over the same 

concentration range (Figure 4.11 D).  
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Figure 4.11: Inhibition of human recombinant CYP enzymes by test samples: sCUR 

(), NanoCUR () and Bm (). Data are expressed as a percent based on cells exposed 

to blank vehicles (mean ± SD, n = 3). Positive controls: () 10 µM NPV (CYP1A2), 30 

µM SPZ (CYP2C9), 10 µM QDN (CYP2D6) and 10 µM KCZ (CYP3A4). Data 

represents mean ± SD (n = 3).  

 

Table 4.4: IC50 values (µM) for sCUR, NanoCUR and Bm against the metabolic 

activities of recombinant human CYP1A2, CYP2C9, CYP2D6 and CYP3A4 enzymes. 

* denotes significant difference from sCUR (p < 0.05). Data represents mean ± SD (n = 

3).  

CYP  

isozymes 

 IC50 (µM)  

sCUR NanoCUR  Bm 

    

CYP1A2 42.77 ± 8.35 50.86 ± 5.02 > 120 

CYP2C9 6.21 ± 1.79   9.89 ± 1.44* 99.26 ± 7.27* 

CYP2D6 43.64 ± 4.67   77.06 ± 14.70* > 120 

CYP3A4 9.05 ± 0.55  5.13 ± 0.91* 61.84 ± 4.03* 

 +IC50, if available for Bm, is different from NanoCUR. 

 

4.4.6 Effects on CYP expression in the HepG2 cells  

 

RNA extracted from HepG2 cells treated with the test samples was found to be 

of good quality, with A260/280 ratios in the 1.9 to 2.0 range. The loading of total RNA 

on 1% denaturing agarose gel showed two distinct bands  corresponding to 18S bands 

(eukaryotic samples) (Figure 4.12 A). The cDNA transcripted from the extracted RNA 
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was found to be functional and able to amplify the GAPDH housekeeping gene (Figure 

4.12 B).  

a) 

      

b)  

                    

Figure 4.12: Loading of a) total RNA with A260/280 ratios in the 1.9 to 2.0 range (1.5 

µg of RNA) on 1% denaturing agarose gel and b) the PCR product of GAPDH on 2% 

agarose gel. The functionality of cDNA synthesized was evaluated through the 

expression of the housekeeping gene, GAPDH. RT-PCR was conducted with 

ThermoScript™ RT-PCR System plus Platinum® Taq DNA Polymerase kit from 

Invitrogen. The lanes represent HepG2 cells replicates treated with a) 15 µM of sCUR; 

b) 15 µM NanoCUR; c) 15 µM Bm and non-treated cells in d) culture medium and e) 

culture medium supplemented with 0.5% DMSO.  



Chapter 4 

 

 167 
 

 

Figure 4.13: The effects of sCUR (), NanoCUR () and Bm () on the mRNA 

expression of a) CYP2C9, b) CYP2D6 and c) CYP23A4 in the HepG2 cells. HepG2 

cells were seeded at 5 × 105 cells per flask with 5 mL of supplemented culture medium. 

The medium was supplemented with 0.5% of DMSO and 0 to 15 μM of sCUR, 

NanoCUR or Bm on Day 2 post-seeding. Positive control cells () were exposed to  

inhibitors specific for each enzyme: 10 µM of KCZ (CYP3A4), 5 µM of QDN 

(CYP2D6) and 30 µM of SPZ (CYP2C9) prepared in 0.5% DMSO. The expression of 

the CYP2C9, CYP2D6 and CYP3A4 genes were analysed by probe based qPCR assay 

using the SensiFAST™ Probe No-ROX Kit (Bioline). Data are presented as relative 
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mRNA expression normalized to reference gene (n = 4-6). * denotes significant 

difference to negative control (cells exposed to culture medium). 

 

CYP expression in the HepG2 cells was investigated using qPCR. Incubation of 

the cells for 72 h with up to 15 µM of sCUR, NanoCUR or Bm did not have any effect 

on the CYP3A4 mRNA expression (Figure 4.13). To ascertain whether the CYP3A4 

expression in the HepG2 cells was amendable to modulation, the cells were also 

exposed to 10 µM of KCZ and 50 µM of RIF, the established inhibitor and inducer, 

respectively, of CYP3A4 gene expression. RIF induced the CYP3A4 mRNA level by 

5.6-fold. However, KCZ also up-regulated the CYP3A4 mRNA level, albeit to a much 

lower 1.8-fold.   

Unlike CYP3A4, the CYP2D6 and CYP2C9 gene levels in the HepG2 cells 

were amendable to down-regulation by the respective inhibitors, QDN and SPZ. Of the 

three test samples, only sCUR at 15 µM possessed significant inhibitory action on CYP 

expression; it down-regulated CYP2C9 expression in the cells. The effect was, 

however, much weaker than that of SPZ. Both sCUR and NanoCUR, at concentrations 

of 5 µM and 15 µM, did not affect cellular CYP2D6 gene expression, while Bm at 5 

µM was found to increase the CYP2D6 mRNA by 1.4-fold. NanoCUR and Bm at 5 µM 

and 15 µM also had inductive effects on the CYP2C9 gene expression in the HepG2 

cells.  
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4.5 Discussion 

 

In the previous chapter, NanoCUR was shown to be amenable to lyophilisation 

and the reconstituted NanoCUR was observed to retain its nanosized dimensions when 

diluted to 5 M in HBSS-HEPES and to 2 M in supplemented EMEM. These findings 

are important as they confirm that NanoCUR was presented as nanoparticles to the 

HepG2 cell and CYP enzyme systems used in this study.  

Unlike sCUR, NanoCUR did not affect the viability of HepG2 cell after 4 h of 

co-incubation, NanoCUR exhibited apparent cytotoxic effects only when the incubation 

time was prolonged to 48 h. These observations were similar to those reported in the 

previous chapter for the Caco-2 cells. Even after 72 h exposure, NanoCUR was a 

weaker cytotoxic agent compared to sCUR. In NanoCUR, the encapsulated CUR had to 

be released from the micelles before it became available for interaction with the cell and 

enzyme systems (Gou et al., 2011; Tao et al., 2013; Wang et al., 2012). A study by Sahu 

et al. (2011) has shown that CUR encapsulated in Pluronic F127 micelles was released 

at a relatively slow rate into aqueous media, with only 5% of the CUR load released 

within the first 4 h, followed by a sustained release that lasted for more than 5 days. The 

sustained release profile could be advantageous for maintaining plasma CUR 

concentration within the therapeutic window for longer periods (Sahu et al., 2011) but, 

as our study has shown, it could also result in lower concentration in cells (Song et al., 

2014), delaying the interaction of CUR with therapeutic targets. The uptake data in this 

chapter confirmed the lower uptake of CUR by cells exposed to NanoCUR relative to 

cells exposed to equivalent levels of sCUR. Uptake of sCUR was 1 to 3-fold higher than 
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NanoCUR which results in the1 to 3-fold differences of the IC50 values between sCUR 

and NanoCUR in the anti-cytoproliferation studies. 

For the HepG2 cells, the critical incubation time with NanoCUR probably lay 

between 48 h and 72 h, since there was significant difference in the IC50 values obtained 

at 48 h and 72 h. In contrast to the results obtained for the Caco-2 cells, there were no 

significant changes to the IC50 values observed for sCUR against the HepG2 cells with a 

prolongation of the incubation time from 4 h to 48 h or 72 h. These data are, however, 

comparable to reported studies of CUR on the HepG2 cells. In one study, CUR was 

observed to induce apoptosis of HepG2 cells at the IC50 value of 24 µM at 24 h (Fan et 

al., 2014). Another study, which employed CUR at 30 µM, found no significant changes 

in the CUR toxicity profile towards the HepG2 cells at 6, 24 and 48 h (Ucisik et al., 

2013). 

 Poorer CUR accessibility would also account for NanoCUR being a generally 

weaker inhibitor of CYP-mediated metabolic functions than sCUR. The exception was 

CYP3A4, which was almost twice as sensitive to NanoCUR than to sCUR. The higher 

sensitivity of CYP3A4 towards NanoCUR might be attributed to the synergistic action 

of Pluronic F127, since the Bm formulation was found to be a significant inhibitor of 

CYP3A4 activity at the concentration range employed. Pluronic F127 is an established 

inhibitor of P-gp-mediated efflux transport (Li et al., 2013; Wei et al., 2013), but this is 

the first report of its micellar structure possessing CYP inhibitory activity. CUR itself 

has been reported in several studies to increase the systemic concentrations of DOX 

(Yan et al., 2012) and PTX (Ganta and Amiji, 2009; Ganta et al., 2010; Yan et al., 

2012) by dual action against the P-gp and CYP3A. The NanoCUR formulation may 

therefore have the potential to enhance CUR efficacy as a bioavailability modulator of 
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anticancer drugs whose absorption is adversely affected by P-gp-mediated efflux and 

CYP3A-mediated metabolism (Aapro, 1996; Wils et al., 1994).  

The effects of NanoCUR, sCUR and Bm on the HepG2 cellular levels of 

CYP2C9, CYP2D6 and CYP3A4 were investigated at the transcriptional level. 

Although HepG2 cells were reported to express CYP1A2 mRNA (Lim et al., 2013; Ooi 

et al., 2011), we were unable to obtain reliable and quantifiable levels of CYP1A2 

mRNA in the HepG2 cells used in this study. However, we did find that CYP2C9 and 

CYP2D6 mRNA levels in the cells were amendable to modulation by their respective 

inhibitors, SPZ and QDN. The inability of KCZ to inhibit the cellular CYP3A4 mRNA 

expression was anomalous, given that KCZ is a known down-regulator of the CYP3A4 

gene through its action on the Pregnane X receptor (Fuchs et al., 2013; Lim et al., 

2009). However, Lim et al. (2009) have found the CYP3A4 mRNA expression to be 

significantly reduced only after 48 h of incubation with 20 µM of KCZ, while 

incubation of the cells with 10 µM of KCZ did not significantly down-regulate the 

CYP3A4 mRNA. We did not increase the KCZ concentration to 20 µM as the HepG2 

cell viability could be adversely affected by KCZ concentrations  15 µM (Lim et al., 

2009). To determine whether the cellular CYP3A4 mRNA level was amendable to 

modulation, we treated the cells with 50 µM of RIF, a known inducer for CYP3A4 (Hou 

et al., 2011; Price et al., 2008; Svecova et al., 2008; Wang et al., 2013a; Wang et al., 

2013b). We found RIF capable of inducing a 5-fold increase in the CYP3A4 mRNA 

levels. 

In line with its inhibitory action on CYP2C9 metabolic function (IC50 of 6.21 ± 

1.79 µM), sCUR was also found to inhibit cellular CYP2C9 expression, although the 

decrease in CYP2C9 mRNA level was significant only at 15 µM of sCUR. sCUR had 
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even weaker activity against the CYP2D6 and CYP3A4 metabolic functions, and did 

not affect the mRNA levels of these enzymes in the HepG2 cells. Conversely, while 

NanoCUR, like sCUR, was an inhibitor of the metabolic functions of these three 

enzymes, NanoCUR up-regulated the cellular CYP2C9 mRNA levels, but had no effect 

on the CYP2D6 and CYP3A4 mRNA levels in the HepG2 cells. These surprising 

results might be attributed to the Pluronic F127 micelles, for the Bm test sample was 

also observed to up-regulate the cellular mRNA levels of CYP2C9 at 5 µM and 15 µM, 

and CYP2D6 at 5 µM. While this may appear controversial, the opposing effects are not 

without precedent (Zhang et al., 2007). Moreover, the discrepancies between NanoCUR 

effects on the enzyme function and mRNA expression level could be attributed to the 

different systems used, with the enzyme activity of CYP2C9 studied using recombinant 

human enzyme, while the CYP2C9 mRNA expression was studied in HepG2 cells. 

Future studies may want to explore the effects of NanoCUR on the CYP2C9 function in 

the HepG2 cells.  

CYP3A4 mRNA expression in the HepG2 cells was, however, not influenced by 

incubation with NanoCUR, sCUR nor Bm. This finding of sCUR against the CYP3A4 

expression is in agreement with the reported findings of in vitro studies by Raucy 

(2003), Price et al. (2008) and Gross-Steinmeyer et al. (2004), and the in vivo studies by 

our laboratory (Zhang et al., 2007). Taken together, they would suggest that CUR, 

whether presented as molecules or as nanoparticles, did not affect CYP3A expression in 

human liver cells at the transcriptional level. Such data are valuable because circulating 

NanoCUR formulation would encounter the liver when injected directly into the 

systemic circulation. 
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4.6 Conclusion 

 

This chapter evaluated the potential cytotoxicity of NanoCUR against the human 

liver based on its effects on the cytoproliferation, as well as on the expression of major 

CYP enzymes in the HepG2 cells. NanoCUR was able to exert similar biological effects 

as sCUR, albeit at a lower level. The lesser biological efficacy could be attributed to the 

slow release of CUR from the NanoCUR formulation, which would delay the 

accumulation of CUR to the requisite critical levels required for biological interaction in 

the HepG2 cells.  

However, an exception was observed with the CYP3A4 and CYP1A2 enzyme 

systems. Our study shows that when CUR was formulated into a nanosized micellar 

structure, it was a more effective inhibitor of the CYP3A4 function due to the presence 

of the triblock copolymer, Pluronic F127. NanoCUR was also shown to exert similar 

effect as sCUR on the metabolic function of CYP1A2. Analysis of the qPCR data 

suggests that the changes in the metabolic function of CYP3A4 could not be attributed 

to changes in the gene expression. Similarly, the modulation of CYP2C9 at the 

expression level by NanoCUR could be attributed to the presence of the Pluronic F127 

micelles. This is an important aspect of the NanoCUR formulation that warrants further 

investigation if NanoCUR were to be used as an anti-cancer adjuvant. 
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5.1 Introduction 

 

Data in the preceding chapters have shown that NanoCUR behaved differently 

in a variety of biological environments. In chapter 2, NanoCUR was shown to exhibit 

different size, size distribution and aggregation behaviour when exposed to a myriad of 

biological media, its physicochemical properties being especially sensitive to media 

containing biological constituents, such as serum proteins. In Chapter 3, the size and 

size distribution of NanoCUR when diluted in HBSS-HEPES and EMEM, two 

commonly employed in vitro biological media, were observed to be dependent not only 

on the biological constituents in the media but also on the concentration of the Pluronic 

F127 excipient. These data suggest that NanoCUR has to be characterized in situ when 

employed in in vitro and in vivo biological systems. The first objective of the 

experiments in this section was therefore to characterize the NanoCUR formulation in 

environments that mimicked the in vivo conditions at the site of NanoCUR 

administration in the animal model. 

CUR is the most biologically active constituent of turmeric, and it possesses a 

number of beneficial pharmacological activities (Anand et al., 2010). However, the low 

systemic bioavailability of CUR has yet to be resolved via an appropriate formulation, 

and this continues to hinder its clinical development. Oral administration of CUR in 

humans yielded low blood concentrations (Dhillon et al., 2008) due to the rapid first 

pass metabolic turnover of CUR in the liver and intestinal wall. The maximum plasma 

CUR concentrations recorded were in the nanomolar range (< 160 nM), even when 

CUR was administered at peroral doses as high as 12,000 mg (Vareed et al., 2008). 
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Numerous micellar formulations have been reported in the literature. Most of 

the formulations achieved significantly improved aqueous solubility and stability of 

CUR, and promising efficacy in vitro (Duan et al., 2012; Duan et al., 2015; Lv et al., 

2013; Mohanty et al., 2010; Raveendran et al., 2013; Saxena and Hussain, 2013; Taurin 

et al., 2013). Comparatively fewer studies considered the bioavailability and in vivo 

efficacy of the CUR micellar formulations (Gong et al., 2013; Gou et al., 2011; Wang et 

al., 2013). In particular, to the best of our knowledge, the bioavailability of a simple 

CUR nanoformulation employing only Pluronic F127 as excipient has yet to be 

evaluated. Thus, the second objective of the experiments in this section was to address 

the bioavailability of NanoCUR using the Sprague Dawley rat model and a peroral dose 

equivalent to 60 mg of CUR per kg body weight. The findings of the present study 

would be useful for establishing the PK parameters of NanoCUR, and for predicting its 

efficacy in vivo.   

The peroral CUR dose for the bioavailability study was based on the data of a 

previous study conducted by our laboratory, which showed CUR administered 

intragastrically at a dose of 60 mg/kg/daily to modulate the PK profiles of co-

administered MDZ and celiprolol, and the P-gp and CYP expressions in the intestine, 

liver and kidney of Sprague Dawley rats (Zhang et al., 2007). This CUR dose, which 

would be equivalent to 4200 mg/day for a 70-kg adult, was also within the safe dose 

ranges (500 to 8000 mg/day) used in the Phase I clinical trials of CUR (Cheng et al., 

2001). 
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5.1.1 Animal Model  

 

To reduce the risks to human subjects and to minimize cost, a suitable animal 

model for testing is generally required prior to commencement of clinical trials. Human 

studies warrant a tremendous input of resources, such as money, labour, and time, and 

the experimental conditions are much more difficult to control compared to animal 

experiments. For these reasons, human studies are not suitable for screening promising 

test compounds, and animal models are generally preferred. Rat, mouse and dog are the 

main pre-clinical species used for bioavailability experiments. Dogs are larger and the 

handling cost for dogs are higher, making them less popular than rats and mice, and 

they have a much faster drug absorption than humans (Lee et al., 2000). The mouse 

model only requires a low drug dose, but the very small volume of sampled blood 

necessitates a highly sensitive method to analyse the plasma drug concentration. As a 

result, the rat, being larger than the mouse but smaller than the dog, is the most common 

animal model for bioavailability, pharmacology and toxicology studies (van de 

Waterbeemd et al., 2003). In addition, the physiological processes (nutrient digestion, 

absorption, transport, metabolism and excretion) of the rat have been comprehensively 

studied and documented (Krinke et al., 2000), and are, for the most part, comparable to 

those in humans. Animal studies can be easily repeated and the organ samples are more 

accessible compared to clinical trials, thus the results can be more readily reproduced. 

For these reasons, rat was used as the animal model to study the bioavailability of 

NanoCUR.  
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5.1.2 PK study  

 

PK parameters provide a quantitative assessment of the time course of a drug 

that can be correlated to the drug effects in the body following administration 

(Khojasteh et al., 2011). PK studies consider the processes often referred collectively as 

ADME. The plasma drug concentration is measured as a function of time, and the PK 

parameters of peak plasma concentration (Cmax), the time to reach the peak 

concentration (tmax) and the area under the curve (AUC) are determined from the blood 

concentration-time profile (Yacobi et al., 1993). These parameters allow an 

understanding of the absorption, bioavailability and biodistribution of a drug following 

administration. Bioavailability in this study was defined as the fraction of an 

extravascular (i.e., oral, subcutaneous, IP, etc.) dose that is available to the systemic 

circulation relative to an IV dose (Khojasteh et al., 2011).  

In our study, the Cmax, tmax and AUC of CUR were determined from the plasma 

drug concentration-time profiles using the total drug concentration in the plasma 

samples. In addition, values of the half-life (t1/2), which was the time taken for the 

amount of systemic CUR to decrease by half, and clearance (CL), which measured the 

rate of removal of CUR from the systemic circulation, were also determined from the 

plasma drug concentration-time profiles. 

 

5.2 Materials 

 

Materials listed in Section 2.2 were used in this study. In addition, blank plasma 

sample was obtained from the Animal Resources Centre (ARC, Murdoch, Western 
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Australia, Australia). Micro cuvettes CB300 were from Sarstedt AG & Co. (Nümbrecht, 

Germany). All solvents used in the experiments were of HPLC grade. 

 

5.3 Methods 

5.3.1 Preparation of test samples 

 

NanoCUR was prepared using the TDF method outlined in section 2.3.1.1. The 

lyophilized NanoCUR was re-dispersed in 1 mL of sterile water in order to obtain the 

CUR doses of 10 mg/kg and 60 mg/kg for IV and oral administrations, respectively. 

Similar doses of the control sCUR were also prepared in 1-mL volume for 

administration using 1% aqueous Tween 80 as vehicle. 

 

5.3.2 Characterization of NanoCUR diluted in SGF, SIF and rat plasma 

 

In the present study, NanoCUR diluted in SGF and SIF was evaluated to predict 

its behaviour in the GIT. Although the behaviour of a nanosized drug formulations in 

the GIT could affect the drug bioavailability, such studies remained largely ignored in 

the literature and are often not accounted for prior to the in vivo peroral evaluation.  

The GIT volume of a rat is reported to be 7.8 mL, while the rat stomach capacity 

is estimated to be 3.4 mL (McConnell et al., 2008). To attain a peroral CUR dose of 60 

mg/kg, a rat weighing 250 g would receive a CUR dose of 15 mg. To administer the 

dose in volumes of 1 mL, the lyophilized NanoCUR was reconstituted in water, while 

the sCUR was dissolved in 1% Tween 80, to give samples with equivalent CUR 

concentration of 15 mg/mL. The reconstituted NanoCUR and sCUR samples were then 
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diluted with SGF or SIF to final CUR concentrations of 3.4 mg/mL and 1.7 mg/mL, 

respectively. The test samples were also diluted to a final CUR concentration of 0.32 

mg/mL in blank plasma isolated from male Sprague Dawley rats, taking into 

consideration the proposed IV CUR dose of 2.5 mg to be administered as 1 mL in the 

appropriate vehicle, and the reported total blood plasma volume of 7.8 mL for rats 

weighing 250 g (Davies and Morris, 1993). All diluted samples were incubated at 37 °C 

for 8 h before they were characterized for size, size distribution and morphology using 

the DLS and TEM techniques, according to the methods described in sections 2.3.3.1 

and 2.3.3.2, respectively. The stability of NanoCUR diluted in SGF and SIF has already 

been presented in Chapter 2, Section 2.3.7.2. In this chapter, the residual CUR content 

of NanoCUR upon dilution in the rat plasma was evaluated using the validated HPLC 

assay described in Section 5.3.4. The stability of NanoCUR in SGF, SIF and plasma 

was evaluated over an 8-h incubation period. This is because in previous in vivo studies 

which involved oral administration of CUR, plasma sampling was conducted up to 12 h 

(Li et al., 2009; Maiti et al., 2007; Setthacheewakul et al., 2010; Tsai et al., 2011) and 

there was no significant difference in the plasma CUR concentration 8 h after oral  

administration (Li et al., 2009; Setthacheewakul et al., 2010). As for the stability of 

NanoCUR in plasma, 8-h incubation was also chosen because plasma sampling of CUR 

following IV administration was generally conducted for 6 to 8 h in previous in vivo 

studies (Li et al., 2009; Ma et al., 2007; Song et al., 2015).  
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5.3.3 Bioavailability study 

5.3.3.1 Animal model 

 

Healthy male Sprague Dawley rats (220 to 250 g) were purchased from the 

ARC, and housed in cages at the University of Western Australia animal holding unit 

under controlled temperature (23 to 24 °C) and 12-h dark-light cycles. All animal 

procedures were approved by the Animal Ethics Committee of the University of 

Western Australia (Protocol RA/3/100/1031). 

 

5.3.3.2 PK study 

 

The rats were randomly divided into four groups, with 6 rats in each group. Rats 

assigned to the first and second groups were respectively gavaged (16 gauge gavage 

needle, Kent Scientific, Torrington, CT, USA) with single peroral doses of sCUR and 

NanoCUR equivalent to a CUR dose of 60 mg/kg. The dosing volume in both groups 

was 1 mL. Rats in groups three and four received, respectively, IV injections of sCUR 

and NanoCUR, at an equivalent CUR dose of 10 mg/kg and administered in 1 mL-

volumes (23 gauge needle). The sCUR samples contained 1% v/v Tween 80 as vehicle 

to ensure CUR dissolution and accurate dosing. At 0, 0.25, 0.50, 0.75, 1.5, 2, 3, 4, 6 h 

following administration of the samples, blood samples of about 200 μL were drawn 

from the saphenous vein using a 27½ gauge needle, and collected into heparinized 

micro cuvettes. Rats were not anesthetized throughout sampling. Blood samples were 

centrifuged for 10 min at 10,000 g at 4 °C to obtain plasma samples, which were frozen 

at -80 °C until analysis. 
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5.3.4 HPLC analysis of plasma CUR 

5.3.4.1 Chromatographic conditions 

 

The assay for plasma CUR was adapted from methods described by Ma et al. 

(2007), Li et al. (2009) and Tsai et al. (2012). The HPLC system consisted of an Agilent 

1100 system with multiple-wavelength detector and a C18 column (100 mm × 4.6 mm, 

5 μm) preceded by a C18 Hipersil ODS guard column (Thermo Scientific). Isocratic 

elution was performed at a flow rate of 1.0 mL/min using a mobile phase of acetonitrile 

and 5% v/v acetic acid solution (50:50 v/v). The detection wavelength was 420 nm. 

HPLC peaks were recorded and integrated using the Agilent data analysis software 

(Agilent Technologies, Palo Alto, CA, USA). 

 

5.3.4.2 Stock and working standard solutions  

 

Working solutions of CUR were obtained by diluting a stock solution of CUR 

(0.5 mg/mL) with acetonitrile. Calibration standards were prepared daily by spiking 90 

μL of blank plasma with 10 μL of the appropriate working solutions to yield final CUR 

concentrations of 20, 40, 50, 80, 100, 200, 300, 500 and 1000 ng/mL.  

 

5.3.4.3 Sample preparation 

 

Plasma samples from the PK studies were thawed at room temperature, and 100 

μL aliquots were mixed with equal volumes of acetonitrile to precipitate the plasma 

proteins. After vortex mixing for 1 min, the mixture was centrifuged at 21,200 g at 4 °C 
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for 10 min, and 100 μL of the supernatant, after filtration (0.45 µm), was analysed in the 

HPLC. Samples were kept on ice and protected from light while waiting to be analysed. 

 

5.3.5 Determination of PK parameters  

 

Plasma CUR concentrations as a function of time were evaluated using the 

standard non-compartmental methods (Win-Nonlin 1.1, Pharsight, Mountain View, CA, 

USA). Area under the plasma concentration-time curves for CUR was determined by 

using the trapezoidal rule. The terminal elimination rate constant (ke) was calculated by 

using the slope of the log-linear regression of the terminal elimination phase. Area 

under the plasma concentration versus time curve was calculated up to the last measured 

concentration (Clast) using the trapezoidal rule, then extrapolated to infinity using Clast/ke 

to determine the area under the curve from time zero to infinity (AUC0-∞). The CL was 

calculated as dose/AUC0-∞. The Cmax, and the times when they occurred (tmax) were 

derived directly from the plasma concentration versus time curves. C0, the initial plasma 

concentration for the IV administration groups, was determined by extrapolating the 

graph to zero time. The elimination half-life (t1/2) was calculated as 0.693 divided by ke. 

Volume of distribution (Vd) was calculated as the ratio of the IV dose administered (10 

mg/kg) and the initial plasma concentration (Vd = Dose/Co). 
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5.3.6 Statistical analyses  

 

Paired comparisons of mean values for the particle size, size distribution, 

residual CUR content and PK data were performed using the Student′s t-test (SPSS 

10.0, SPSS Inc., Chicago, USA) with p ≤ 0.05 denoting significant difference. 

 

5.4 Results 

5.4.1 Characterization of NanoCUR in simulated physiological fluids 

 

Lyophilized NanoCUR reconstituted in water was found to be stable when 

diluted to 0.02 mg/mL in SGF or SIF (Figures 2.13, Chapter 2). In the present study, the 

reconstituted NanoCUR dispersion was diluted in SGF and SIF to final CUR 

concentrations of 3.4 mg/mL and 1.7 mg/mL, respectively, in order to simulate the 

dilution of the formulation in the GIT upon peroral administration at an equivalent CUR 

dose of 15 mg (calculated based on a dose of 60 mg/kg for a 250-g rat). The diluted 

dispersions were then incubated for 8 h at 37 °C prior to characterization. There were no 

significant differences in the particle size and size distribution between t = 0 and t = 8 h 

for both the NanoCUR-SGF and NanoCUR-SIF samples (Table 5.1 B). TEM 

micrographs (Figure 5.1 B) of the diluted dispersions were also observed to contain 

particles of similar sizes after incubation. The particle sizes observed under the TEM 

were comparable to the DLS data, even though a non-uniform particle size distribution 

was observed for the SIF samples.   
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Figure 5.1: TEM micrographs of (A) lyophilized NanoCUR reconstituted in water to a 

CUR concentration of 15 mg/mL, (B) the reconstituted NanoCUR after dilution with 

SIF, pH 6.8, to a final CUR concentration of 1.7 mg/mL and (C) after dilution with 

SGF, pH 1.2 to a final CUR concentration of 3.4 mg/mL, followed by incubation for 8 h 

at 37 °C. Scale bar represents 100 nm. 

 

 

Figure 5.2: TEM micrographs of (A) blank rat plasma (B) reconstituted NanoCUR after 

dilution with blank rat plasma to a final CUR concentration of 0.32 mg/mL, followed by 

incubation for 8 h at 37 °C. Scale bar represents 100 nm. 

 

Table 5.1: Size and size distribution of the lyophilized NanoCUR after reconstitution in 

water and then diluted with biological media that simulated the in vivo environments. 

Lyophilized NanoCUR was dispersed in water at equivalent CUR concentrations of 2.5 

mg/mL (IV) and 15 mg/mL (oral) by rapid vortexing for 10 s, then diluted with (A) 

plasma isolated from the male Sprague Dawley rats to a final CUR concentration of 
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0.32 mg/mL, before and after incubation for 8 h at 37 °C to simulate the IV 

administration; and (B) SGF and SIF to final CUR concentrations of  3.4 mg/mL and 

1.7 mg/mL, respectively, before and after incubation for 8 h at 37 °C to simulate oral 

administration. Data represent mean ± SD, n = 3, with * denoting significant difference 

from t = 0, p ≤ 0.05.  

(A) 

 Simulated IV administration (CUR Dose 10 mg/kg) 

Medium for 

dilution 
Parameter 

 

Incubation time 

t = 0 h t = 8 h 

Rat plasma 

Particle size (nm) 161.95 ± 9.60 226.30 ± 6.99* 

Particle size 

distribution (PDI) 
0.31 ± 0.03 0.36 ± 0.34 

 

(B)  

 Simulated oral  administration (CUR Dose 60 mg/kg) 

Medium for 

dilution 
Parameter 

 

Incubation time 

t = 0 h t = 8 h 

SGF 

Particle size (nm) 24.36 ± 1.19 25.04 ± 3.05 

Particle size 

distribution (PDI) 
0.17 ± 0.04 0.17 ± 0.04 

          SIF Particle size (nm) 24.26 ± 0.99 23.28 ± 0.32 

 
Particle size 

distribution (PDI) 
0.14 ± 0.03 0.15 ± 0.03 

 

The characteristics of NanoCUR dispersed in a medium containing biological 

components, e.g. cell culture media, had been shown in Chapters 2 and 3 to be different 
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from NanoCUR dispersed in media without biological components e.g. SGF, SIF, 

HBSS-HEPES and PBS. In the present study, the mean particle size of the reconstituted 

NanoCUR was shown to increase significantly when it was diluted with the rat plasma 

(Table 5.1 A). A further 1.4 fold increase in NanoCUR mean size was recorded upon 

prolonged incubation in the rat plasma (t = 8 h). This increase in mean size was not 

accompanied by a widening of the size distribution of the NanoCUR, as evidenced from 

the PDI value. TEM micrographs, however, suggested an upper limit in particle 

diameter at 100 nm, and the presence of particles of smaller sizes (Figure 5.2 B). The 

TEM micrographs of blank rat plasma also contained aggregates of similar particles and 

the size registered by DLS was 121.56 ± 13.40 nm (Figure 5.2 A). The residual CUR 

content following 8 h of incubation of NanoCUR in the rat plasma was high, at 90.75% 

(Figure 5.3). By comparison, only 58.08% of the CUR load had remained 8 h after 

spiking the rat plasma with sCUR, despite data in Chapter 2 showing enhanced sCUR 

stability in media containing BSA.  
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Figure 5.3: Stability of CUR in NanoCUR and sCUR in rat plasma. NanoCUR 

dispersion was diluted in blank plasma isolated from the male Sprague Dawley rats to a 

final CUR concentration of 0.32 mg/mL, and incubated for 8 h at 37 °C to simulate IV 

administration. sCUR at the same concentration (solvent: 1% v/v Tween 80) served as 

control. CUR content at specified time intervals (CUR was extracted according to 

method in Section 5.3.4.3) was analysed by HPLC. Data represent mean ± SD, with n = 

3. 

 

5.4.2 HPLC analysis of CUR in plasma samples 

 

A linear calibration plot (y = 0.4733x + 0.2301, R2 = 0.9998) was obtained by 

plotting the mean peak area against the concentration of standard solutions prepared by 

spiking blank plasma with CUR (0 to 1000 ng/mL). The HPLC injection volume was 

100 µL and the analysis time was 12 min per sample. To determine the intraday 

variance, standard CUR solutions (low concentration of 50 ng/mL, medium 

concentration of 200 ng/mL and high concentration of 1000 ng/mL) were assayed at 

different time points within a day. The inter-day variance was determined by 

quantifying the standard solutions on three consecutive days. Samples were injected in 

triplicate and analysed for further quantification. The intra- and inter-day variances were 

calculated as the RSD (Equation 2.1) of repeated measurements of the CUR solutions at 

low, medium and high concentrations.  
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Figure 5.4: Representative HPLC chromatograms of (A) blank plasma sample and (B) 

blank plasma spiked with 200 ng/mL CUR (Rt = 4.06 min). Mobile phase consisted of 

50% acetonitrile and 50% of acetic acid solution (5% v/v). The detection wavelength 

was 420 nm. 
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Figure 5.5: Linear calibration graph of peak area as a function of CUR concentration. 

CUR standard solutions were assayed by HPLC using a mobile phase of 50% 

acetonitrile and 50% acetic acid (5% v/v) and flow rate of 1 mL/min, at ambient 

temperature. Data points represent mean ± SD (n ≥ 7). 

 

The sensitivity of the HPLC method was determined by the LOD and LOQ 

values, which were found to be 4.33 ng/mL and 13.12 ng/mL, respectively.  LOD and 

LOQ values were calculated based on the SD and the slope of the calibration curve (S) 

according to equations 2.3 and 2.4, respectively. The intraday and interday coefficients 

of variation for precision analysis were less than 9%, while the accuracy values ranged 

from 98% to 108%. Retention time recorded for CUR was 4.06 min (Figure 5.4 B).  

 

Table 5.2: Intra-day and inter-day variances of precision and accuracy, LOD and LOQ 

values for the HPLC analysis of CUR in plasma using a mobile phase comprising 50% 

of acetonitrile and 50% of acetic acid (5% v/v), and flow rate of 1 mL/min at ambient 

temperature.  
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    Precision 

Concentration (ng/mL) Intraday (% RSD) Interday (% RSD) 

50 2.65 5.61 

200 4.10 3.69 

1000 7.92 0.52 

 

        Accuracy 

Concentration (ng/mL) Intraday (% RSD) Interday (% RSD) 

50 108.57 ± 7.03 106.56 ± 5.98 

200 104.23 ± 2.29 98.17 ± 3.62 

1000 100.46 ± 2.32 100.17 ± 0.52 

LOD 4.33 ng/mL 

LOQ 13.12 ng/mL 

 

5.4.3 PK parameters 

 

 Peroral administration of sCUR and NanoCUR at equivalent CUR dose of 60 

mg/kg yielded detectable plasma CUR levels only at 0.5 h post-administration (Figure 

5.6 B). Plasma samples obtained after 0.5 h post-administration did not contain 

detectable CUR levels. Thus, the PK parameters could not be determined for the peroral 

doses of sCUR and NanoCUR (Figure 5.6 B). 

Plasma CUR concentration-time profiles obtained after IV administration of 

NanoCUR and sCUR at the equivalent CUR dose of 10 mg/kg are shown in Figure 5.6 

A. The corresponding PK parameters are summarized in Table 5.3. CUR concentrations 

above the LOQ were observed for the entire 6 h-duration of sampling after NanoCUR 

administration. In contrast, the IV administration of sCUR resulted in quantifiable 

plasma CUR concentrations for only 2 h post-administration. Compared with sCUR, 

NanoCUR also produced significantly higher Co and AUC values. The Co, AUC0-6 and 
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total AUC were, respectively, 3.80, 2.26 and 2.24-fold greater for the NanoCUR group, 

indicating that this formulation provided a higher systemic exposure of CUR than the 

sCUR. CLIV and Vd values for the NanoCUR group were, however, 2.24-fold and 3.80 

lower compared to corresponding values for the sCUR group, while the t1/2 value was 

not significantly different between the two treatment groups (Table 5.3, p > 0.05).   

(A) 

 

(B) 
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Figure 5.6: Time course of the plasma CUR concentrations of rats assigned to the 

sCUR and NanoCUR treatment groups. Rats (n = 6) were administered (A) 

intravenously with one dose of sCUR or NanoCUR at the equivalent CUR dose of  10 

mg/kg and (B) perorally once with sCUR or NanoCUR at the equivalent CUR dose of 

60 mg/kg. Data points represent mean ± SD.  

 

Table 5.3: PK parameters of CUR following single IV administration of sCUR and 

NanoCUR at a CUR equivalent dose of 10 mg/kg in Sprague Dawley rats (n = 6). 

PK Parameters sCUR NanoCUR 

 

Co (ng/mL) 

 

765.09 ± 28.48 

 

2906.90 ± 125.18 * 

AUC 0-6 h (ng h/mL) 179.18 ± 13.30 404.08 ± 20.65 * 

Total AUC (ng h/mL)+ 184.04 ± 12.82 411.75 ± 19.46 * 

t ½ (h) 0.19 ± 0.01 0.17 ± 0.01 

CLIV (mL/h) 54.52 ± 3.88 24.71 ± 1.30* 

Vd (mL) 13.08 ± 0.48 3.44 ± 0.15* 
+Total AUC: Area under concentration-time curve extrapolated to infinity. Data are 

presented as mean ± SD (n = 6). * p ≤ 0.05 represents significant difference compared 

to sCUR. 

 

5.5 Discussion 

 

To the best of our knowledge, there has been no study to date on the 

characterization of a dosing solution of CUR nanoformulation upon prolonged 

incubation in SGF, SIF and rat plasma. Chen et al. (2009) and Zou et al. (2013) had 

determined the residual CUR contents of liposomal CUR and polymeric CUR 
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nanoparticles after only 1 h incubation in rat plasma. Chen et al. (2009) did not observe 

any enhanced stability conferred by the liposomal formulation, whereas Zou et al. 

(2013) observed enhanced stability for not only the CUR nanoparticles but also the 

control CUR solution in rat plasma, which they attributed to the presence of various 

proteins capable of providing steric stabilization of the nanoparticles and molecules. In 

the present study, we observed an increase in the particle size of NanoCUR upon 

incubation with rat plasma, suggesting interactions between the particles and the plasma 

components. This is in agreement with a study by Dobrovolskaia et al. (2009) who 

observed an increase in the size of citrate-stabilized gold colloids incubated with human 

plasma for 30 min at 37 °C. Similarly the size of nanocapsules prepared with PCL shell 

and Mygliol 812® core was found markedly shifted from 170 nm to 320 nm in human 

blood plasma (Rodriguez-Emmenegger et al., 2011). As observed in Chapter 2, the 

particle size and morphology of NanoCUR were not altered when incubated in PBS 

supplemented with 4% w/v BSA as the Pluronic F127 did not appear to bind with BSA 

to yield an outer adsorbed BSA layer (Kabanov et al., 1995). In the present study, the 

rat plasma contained various proteins, including globulin proteins that form large 

aggregates in aqueous solutions (Kabanov et al., 1995), and platelet-derived 

microparticles, both of which could increase the apparent mean particle size of the  

NanoCUR sample in rat plasma (Zou et al., 2013). However, further studies will be 

required to ascertain the specific interaction between NanoCUR and plasma proteins, 

including the type and degree of protein adsorption, which is likely to be dependent on 

the surface properties of the nanoparticles and the specific proteins (Yallapu et al., 

2011; Yallapu et al., 2013). 
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Nanoparticle-protein binding is not always disadvantageous. In some cases, 

these interactions may enhance the efficiency of delivery of a nanoformulation to a 

specific organ or tissue. For example, the interactions of albumin-coated PTX 

nanoparticles (Abraxane) with the secreted protein, acidic and rich in cysteine 

(SPARC) have been found helpful to the targeted delivery of PTX in nude mice bearing 

breast tumour (Desai et al., 2008) and in patients with head and neck cancer (Desai et 

al., 2009). Similar protein interactions could well afford protection for the labile CUR, 

and account for the high stability of NanoCUR after 8 h of incubation in the rat plasma. 

It may also explain the superior systemic availability of NanoCUR over sCUR 

following IV administration to the rats. sCUR stability in the rat plasma was also much 

improved compared to its stability in SGF and SIF; however, the stability conferred was 

poorer compared to that seen with NanoCUR. Relative to NanoCUR, the residual CUR 

content of sCUR was lower after 8 h incubation in the rat plasma. In vivo, the plasma 

CUR concentration had become negligible at 2 h post-IV administration of sCUR to the 

rats.  

IV NanoCUR yielded a modest 2.24-fold increase in the total AUC of CUR 

compared with sCUR; this was in line with the observations of other laboratories 

working on CUR-PLGA nanoformulation (Anand et al., 2010) and CUR-MePEO-b-

PCL micellar formulation (Ma et al., 2007). Feng et al. (2012) were, however, able to 

obtain a nearly 4-fold increase in AUC after administering a higher IV dose of 15 mg/kg 

of CUR loaded into PCL-PEG-PCL triblock copolymeric micelles. The optimistic 

results appeared anomalous, as, Song et al. (2011) also obtained a modest 1.31-fold 

increase in AUC when they administered CUR-loaded PLGA-PEG-PLGA micelles at a 

similarly high dose of 10 mg/kg to Kunming mice. The inability of the various CUR 



Chapter 5 

 

 196 
 

nanoformulations to provide a higher AUC, even upon IV injection, may well reflect the 

limited capacity of the nanoformulations to slow down the rapid clearance of plasma 

CUR in vivo (Yang et al., 2007).  

Nonetheless, NanoCUR was capable of changing the PK profile for CUR, not 

only increasing the AUC, but also slowing down the clearance of the circulating CUR. 

The volume of distribution (Vd) was significantly lower, which suggests the nanosized 

micellar structures of NanoCUR might have limited the extravasation of CUR and its 

tissue distribution. RES uptake of the NanoCUR would be a concern, due to conflicting 

data obtained from studies on other CUR nanoformulations (Gao et al., 2010; Song et 

al., 2011), and would have to be studied in future experiments. In addition, as Song et 

al. (2011) have demonstrated with the CUR-loaded PLGA-PEG-PLGA loaded micelles, 

a systematic evaluation of CUR biodistribution to specific tissues, including its capacity 

to cross the blood-brain barrier, will have to be undertaken if NanoCUR were to be 

further developed as a parenteral dosage form.   

Despite the stability of NanoCUR when diluted in SGF and SIF, peroral CUR 

bioavailability was not enhanced by the intragastric administration of NanoCUR at the 

relatively high dose of 60 mg/kg in the rat model. In both the NanoCUR and sCUR 

treatment groups, CUR was not detectable in the plasma after 0.50 h post 

administration. The formulation of CUR into NanoCUR has been shown to result in a 

lower cellular uptake by the Caco-2 cells (section 3.4.4), which is a predictor of 

intestinal permeability in vivo. This, combined with the fact that the stability studies in 

the SGF and SIF had not taken into consideration the rapid enzymatic degradation of 

CUR in the GIT (Ireson et al., 2002), might well have accounted for the failure of 

NanoCUR to produce an improvement in peroral CUR bioavailability. A third reason 
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could be the low sensitivity of the HPLC assay for CUR used in this study. The LC-MS 

technique, which has been reported to yield lower CUR LOQ values of 0.5 to 10 ng/mL 

(Kakkar et al., 2010; Khalil et al., 2013; Yang et al., 2007), might have provided a more 

sensitive assay. It was used by Khalil et al. (2013) to determine the Cmax values of 4.07 

ng/mL and 11.78 ng/mL, respectively, for peroral CUR solution and CUR-PLGA 

nanoparticles dosed at 50 mg/kg to Wistar rats. Such values would have been below the 

LOQ of the validated HPLC method used in this study. Unfortunately, we were unable 

to access the LC-MS equipment at the University of Western Australia during the study 

period due to frequent equipment failure. 

The collective data suggest that the NanoCUR formulation was best suited for 

IV administration of CUR. While the oral route of administration is preferred for most 

drugs, the application of CUR nanoformulation in carcinomic animal models often 

requires the formulation to be administered intravenously (Bisht et al., 2010; Kim et al., 

2011; Tang et al., 2010; Thamake et al., 2012; Wang et al., 2013; Wang et al., 2012). 

The formulation of a CUR solution for IV injection is fraught with difficulties because 

the highly lipophilic CUR has poor solubility in aqueous media (Tønnesen, 2002; 

Tønnesen et al., 2002), and its solubilisation at therapeutic concentrations would require 

the use of vehicles which are often toxic (Gelderblom et al., 2001). The NanoCUR 

formulation, which uses only one pharmaceutically approved excipient, can provide 

improved CUR stability and solubility in aqueous media that allow for IV injection. It 

can potentially overcome the barrier in the IV administration of CUR in the clinical 

setting, as well as lead to higher circulating levels of CUR. 
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5.5 Conclusions 

 

NanoCUR diluted with SGF or SIF was found to be stable after 8 h of 

incubation in the two media. In the rat plasma, NanoCUR showed increases in mean 

particle size after 8 h of incubation, but the formulation conferred protection of the CUR 

integrity, the residual CUR load was high, at more than 90% of the original load, 

relative to 58% for the control sCUR formulation. NanoCUR was unable to improve the 

peroral bioavailability of CUR when administered by oral gavage to male Sprague 

Dawley rats at a single dose of 60 mg/kg. However, it provided a 2.14-fold increase in 

CUR AUC0- when administered by the IV route at a dose of 10 mg/kg, and this was 

accompanied by significantly higher Co, lower CLIV and lower Vd. The improved PK 

parameters suggest that NanoCUR has the potential to be further developed as a clinical 

formulation for IV administration. However, further studies have to be conducted to 

evaluate the potency and efficacy of the formulation when administered intravenously 

in vivo. 
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6. Final conclusion 

 

Since 1981, CUR has gained much attention for its myriad of potential 

pharmacological benefits and distinct safety profile. However, the clinical application of 

CUR is yet to be realized due to its low aqueous solubility  (Tønnesen, 2002; Tønnesen 

et al., 2002) and stability (Wahlang et al., 2011; Wang et al., 1997), which result in 

extremely low bioavailability in both animal (Pan et al., 1999; Shoba et al., 1998; Tsai 

et al., 2011; Yang et al., 2007) and human (Carroll et al., 2011; Dhillon et al., 2008; 

Garcea et al., 2005; Lao et al., 2006; Pan et al., 1999; Shoba et al., 1998) models. In 

recent years, despite mounting research on the development of nanoscale delivery 

platforms for CUR, significant challenges have remained, especially in the selection of 

an appropriate excipient. Novel excipients are often employed which involved complex 

synthesis reactions that can not only lower the yield of the formulation but also 

compromise the safety profile of CUR. The present study sets to evaluate the feasibility 

of using Pluronic F127, an established pharmaceutical excipient, to produce a stable 

nanoformulation of CUR.  

A TDF method that employs the evaporation of the organic solvents used to 

solubilize both excipient and drug candidate was used for the preparation of the CUR-

loaded Pluronic F127 nanoformulation (NanoCUR). The TDF method employed in this 

study has potential commercial implications, as the realisation of any clinical 

application will require a mass production process that can reliably manufacture the 

CUR nanoformulation to the requisite quality at reasonable cost for the market. 

Preparation of NanoCUR at the 1:50 and 1:100 weight ratios of CUR: Pluronic F127 

yielded nanoformulations with mean particle sizes of 23.43 ± 0.18 nm and 22.09 ± 1.73 
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nm, respectively, but batches utilizing smaller relative amounts of Pluronic F127 have 

resulted in the production of large aggregates. The blank Bm formulation fabricated by 

a similar TDF method to NanoCUR but without the addition of CUR, has comparable 

mean particle size to the two NanoCUR formulations, suggesting that the delivery 

platform in NanoCUR is the micellar assembly of Pluronic F127 molecules.  A high EE 

of 95.15 ± 1.97% can be achieved with NanoCUR, resulting in a CUR loading of 19.56 

mg/g of NanoCUR. 

Any potential scale-up method of production must also yield a nanoformulation 

whose physical characteristics would not change over an appropriate shelf life. 

NanoCUR stability is therefore an important issue to address in this project as it was 

desirable to bulk-produce the nanoformulation to ensure uniformity of CUR content and 

particle size distribution for samples applied across the different experiments. 

Moreover, for every batch of NanoCUR produced, considerable time and effort have to 

be expended on characterisation to ensure batch reproducibility. The NanoCUR 

formulation has a short shelf life of < 3 days when it is stored as a liquid dispersion 

without further processing. Post-production processing by filtration, followed by 

lyophilisation to obtain a dry purified NanoCUR has been found to procure a relatively 

high yield of 90.45 ± 2.61% w/w. The lyophilized NanoCUR upon reconstitution with 

water produces a dispersion with comparable mean particle size with that of freshly 

fabricated NanoCUR (23.83 ± 0.76 nm). Unlike the liquid dispersion however, the 

lyophilized NanoCUR powder is more stable, its shelf life is at least 12 months when 

stored protected from light, at either 4 °C or ambient temperature. Storage did not 

significantly broaden the size distribution of the NanoCUR particles, nor did it change 

the morphology and CUR content of the formulation. 
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The study was then extended into the evaluation of the stability of NanoCUR  in 

various aqueous media that mimic the in vitro and in vivo biological milieu encountered 

in the experimental models set up to determine the safety and efficacy of the 

formulations. The stability of nanoformulation in biological media is critical for the 

performance of the formulation in in vivo setting. It is particularly essential that the 

nanoformulation maintains their size, morphology and distribution under physiological 

condition in order to warrant their possible administration as formulation (d'Angelo et 

al., 2010). Nanotechnology based formulations are likely to undergo significant size, 

size distribution or morphological changes when transferred from the storage vehicle to 

a biological environment. Particles may aggregate due to the high ionic strength of 

physiological buffers, while proteins and other biomolecules may rapidly compete for 

binding to the nanoparticle surface, leading to the formation of a dynamic protein layer 

that can critically define the biological identity of the particle. Thus, the properties of 

the nanoformulation at the target biological interface may differ from its properties in 

the storage vehicle, and incomplete information on the in situ characteristics of a 

nanoformulation may lead to erroneous interpretation of its biological fate.  

Data in this study has indeed shown that the size, size distribution and 

morphology of NanoCUR are dependent on the constituents of the aqueous medium to 

which it is exposed. The NanoCUR characteristics are also influenced by the degree of 

its dilution by the medium. Lyophilized NanoCUR, which had mean particle size of 

23.83 ± 0.76 nm at the point of reconstitution in water, showed a significant decrease in 

size when it was reconstituted  in a pH 7.4 EMEM culture media supplemented with 

10% FBS. The reduction in mean particle size with concomitant broadening of the size 

distribution (PDI value 0.40 ± 0.04) may be attributed to the complex composition of 
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this medium, which in itself contained nanoparticulates, likely of the serum proteins. 

Reconstitution in EMEM without FBS supplementation was shown to increase the mean 

particle size to 27.34 ± 0.76 nm. In comparison, the mean size and size distribution of 

lyophilized NanoCUR reconstituted in HBSS-HEPES and PBS, both of which are bio-

relevant media devoid of proteins, were statistically comparable to the size 

characteristics of NanoCUR reconstituted in water. The collective data underscore the 

importance of NanoCUR characterisation in situ in the appropriate aqueous media in 

order to (1) ascertain the formulation is presented as intact nanoparticles at the 

biological interfaces; and (2) provide for a more accurate interpretation of its biological 

activities. 

The stability of the reconstituted NanoCUR following dilution in several bio-

relevant media was also evaluated. There was no significant shift in the mean particle 

size when the reconstituted NanoCUR was incubated for 72 h at the diluted CUR 

equivalent concentration of 0.02 mg/mL in SGF and SIF, prepared without enzymes. 

The particles were also observed under the TEM to retain their spherical morphology. 

The stability of NanoCUR in the SGF and SIF may have been conferred by the strong 

hydrophobic interactions between the loaded CUR and the PPO region in the core of the 

Pluronic F127 micelles. The characterization of NanoCUR following its dilution with 

aqueous medium containing albumin protein has proven to be challenging. While DLS 

analysis suggested a substantial reduction in mean particle size to 8.55 ± 0.79 nm when 

NanoCUR was diluted with PBS containing 4% BSA, this was not corroborated by 

TEM analyses, which showed no apparent changes in the particle size and aggregation 

status. Strangely enough, the blank BSA solution also registered a comparable mean 

particle size when analysed by DLS, yet this was corroborated by TEM micrographs 
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showing of small particles in the same size range. The discrepancy between the TEM 

and DLS data may be attributed to the state of the test samples measured. TEM provides 

direct information on the actual size and morphology of the particles, but samples for 

TEM analysis must be dehydrated and immobilized onto a solid support, and this can 

lead to structural distortion and contraction of hydrated particles (Ito et al., 2004). DLS, 

on the other hand, measures the extent of light scattering by dispersed nanoparticles in 

suspension, the measurement being influenced by the Brownian motion of particles 

(Min et al., 2002). DLS is non-discriminatory; if the dispersing medium contains 

soluble macromolecules, such as BSA in this case, light scattering by these 

macromolecules could contribute to the final distribution of particle sizes (Graf et al., 

2012). Further research into the particle metrology of nanoformulations in biological 

systems is therefore warranted. 

As nanoformulations are often exposed to biological milieu for prolonged 

periods during cell culture and in vivo experiments, the effect of incubation time on the 

characteristics of NanoCUR diluted in biologically relevant media was also evaluated.  

The reconstituted NanoCUR was shown to be stable in terms of size and size 

distribution when incubated for up to 72 h in the diluted concentration range of 2 to 120 

µM in EMEM. These findings are important as they confirmed NanoCUR was present 

as nanosized particles in the cell-based systems used in this study. In contrast, a large 

increase in particle size, accompanied by a broadening of the size distribution, was 

observed when the reconstituted NanoCUR was incubated for 24 h at diluted 

concentrations  15 M in HBSS-HEPES. The presence of FBS, a known stabilizer for 

nanoparticle dispersions, may have contributed to the stability of the NanoCUR 

formulation, with no apparent aggregation in EMEM.  
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In terms of efficacy, NanoCUR was found to possess weaker anti-

cytoproliferative activities compared to CUR when evaluated against the Caco-2 and 

HepG2 cells. The weaker activity of NanoCUR may be correlated to a slower cellular 

uptake and accumulation of CUR from this formulation. NanoCUR also displayed a 

greater time-dependent efficacy, which may again be related to the delayed availability 

of CUR from the formulation. In vitro dissolution experiments across a dialysis 

membrane suggested that NanoCUR released only 27.21 ± 3.00% of its CUR load in 3 h 

compared to 95% from sCUR. It is not known whether a further prolongation of the 

exposure time beyond 72 h would eventually lead to NanoCUR achieving the same 

level of anti-cytoproliferation effect as sCUR.  

The Caco-2 and HepG2 cells exhibited different degrees of tolerability towards 

NanoCUR exposure. A comparison of the IC50 data indicates that the liver cells may be 

2-fold more resilient towards NanoCUR, perhaps because the liver, being the main 

detoxifying organ in human, has a greater capacity to tolerate toxic agents, and to 

degrade exogenous particles. This study has also confirmed that the Pluronic F127, 

whether presented as dissolved molecules in solution or as Bm nanoparticles, is an 

innocuous excipient to both the Caco-2 and HepG2 cells. The implication is that the 

anti-cytoproliferative effect of NanoCUR against the cells can be attributed solely to the 

CUR present in the formulation.  

The incorporation of CUR into the Pluronic F127 micelles also affects its 

activity as a modulator of CYP enzymatic functions, which has been implicated as the 

basis for some of the chemotherapeutic activities of CUR. This is partly because the 

Pluronic F127 micelles appear to have moderate modulating effects on the CYP2C9 and 

CYP3A4 activities, the respective IC50 values being 99.26 ± 7.27 µM and 61.84 ± 4.03 
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µM. Thus, the higher sensitivity of CYP3A4 towards NanoCUR relative to sCUR may 

be explained by the synergistic actions of Pluronic F127. Pluronic F127 is a known P-gp 

modulator, but this is believed to be the first report on the CPY-modulating activity of 

micellar Pluronic F127. The combined actions of CUR and Pluronic F127 may render 

NanoCUR the potential to enhance the bioavailability of anticancer drugs whose entry 

into the cellular system was adversely limited by the cooperative actions of P-gp-

mediated efflux and CYP3A-mediated metabolism. Pluronic F127 also affected the 

effects of CUR on the CYP2C9 enzyme. sCUR at 15 µM, but  not 5 µM, was found to 

significantly inhibit the expression of CYP2C9 expression in the HepG2 cells. 

Conversely, while NanoCUR, like sCUR, was an inhibitor of CYP2C9 activity, it was 

shown to up-regulate the cellular expression level of CYP2C9. This surprising result 

can again be attributed to the Pluronic F127 micelles, as the Bm formulation was also 

observed to up-regulate the cellular mRNA levels of CYP2C9 at 5 µM and 15 µM. 

While this may appear controversial, the opposing effects are not without precedent 

(Zhang et al., 2007). Moreover, the discrepancies between NanoCUR effects on the 

enzyme function and mRNA expression level could be attributed to the different 

systems used, with the enzyme activity of CYP2C9 studied using recombinant human 

enzyme, while the CYP2C9 mRNA expression was studied in HepG2 cells. Future 

studies may want to explore the effects of NanoCUR on the CYP2C9 function in the 

HepG2 cells. However, Bm, as well as NanoCUR and sCUR, did not modulate the 

cellular expression level of CYP3A4, which suggests that the modulating effects of 

these samples on the  functional status of CYP3A4 was not driven  at the transcriptional 

level. Further study is therefore required to investigate whether the effect was governed 

by the changes in the translational level. 
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The collective data suggest that NanoCUR may find applications as an adjuvant 

in anti-cancer chemotherapy. However, until there is evidence of appropriate in vitro-in 

vivo correlations of the applied CUR concentration, the significance of these data in the 

clinical settings remains questionable. Further studies should be conducted to 

investigate whether the NanoCUR-mediated inhibition of CYP enzyme could be 

translated to enzyme modulation in vivo. Previous studies conducted by our laboratory 

have demonstrated the capability of sCUR in modulating the CYP3A4-mediated 

metabolism of MDZ in HLM (Zhang and Lim, 2008), and influencing the 

pharmacokinetic profile of MDZ in Sprague Dawley rats (Zhang et al., 2007). On this 

basis, it is prudent to conduct similar studies to determine whether CUR when 

formulated as NanoCUR would retain such activities.  

The present study is then followed by a PK study of NanoCUR, in order to 

evaluate whether the incorporation of CUR into Pluronic F127 micelles could improve 

the plasma concentration of CUR when administered in vivo. Prior to the in vivo 

experiments, NanoCUR was characterized in SGF, SIF and rodent plasma to gather 

information of its in situ properties. Simulated IV administration of NanoCUR at the 

intended dosage of 10 mg/kg into rodent blood plasma was found not to affect its CUR 

content. The residual CUR content of NanoCUR was 91% upon incubation for 8 h in 

rodent plasma at 37 °C compared with only 58% in sCUR. The protection conferred by 

the NanoCUR formulation may be the reason why the IV administration of NanoCUR 

led to a prolonged persistence of CUR in the rat plasma compared to the administration 

of sCUR at equivalent doses. Despite the relative in vitro stability of sCUR in the rodent 

plasma, it did not yield a detectable CUR plasma concentration beyond 2 h post-IV 

administration. From the PK profile, it seems NanoCUR may serve as a protective 
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vehicle to allow a higher concentration of CUR to be delivered to vascular circulation 

and also it may provide some degree of slow release. Thus, NanoCUR could therefore 

be potentially developed as an excellent intravenously injectable aqueous formulation 

of CUR.  

In summary, the in vitro and in vivo studies indicate that Pluronic F127 micelles 

may serve as a promising carrier for the local delivery of CUR. Compared to CUR, the 

NanoCUR formulation has a lower cellular uptake and more sustained release of CUR, 

which in turn can affect the onset and maximum level of anti-cytoproliferative and CYP 

activities attainable. NanoCUR does not improve the peroral bioavailability of CUR, 

and is best advocated as a parenteral aqueous formulation of CUR for use as an adjuvant 

in anti-cancer chemotherapy. The collective data in the present study also suggest that it 

is imperative to characterise nanoformulations in the appropriate bio-relevant medium at 

the applied concentrations which would allow for an accurate correlation of biological 

activity to the physical properties of the nanoformulation.  
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7.1 Future direction 

 

Data in the present study have demonstrated the capability of Pluronic F127, an 

FDA approved surfactant to facilitate the production of a nanoformulation of CUR with 

promising stability upon exposure to various in vitro and in vivo environments. The 

stability of the micellar formulation as revealed in the collective data is affected by 

several factors which demand proper and detailed investigations in order for the 

formulation to progress into the clinical setting. One factor that has always been a major 

concern is the release of the drug once the formulation is administered in a bio-relevant 

media and in vivo. In the second chapter of this thesis, the release of CUR from 

NanoCUR was evaluated in PBS supplemented with 50% of ethanol, which though 

providing for sink conditions was not a true reflection of the physiological milieu. The 

in vivo system comprises a more complex environment which could both stabilize 

and/or destabilize the formulation. Future studies should consider looking into studying 

the drug release profile of the formulation in SGF or SIF, with a view to mimic the GIT 

environment in vitro.  

The present study has also extended the characterisation of the NanoCUR in situ 

with a view to correlate these characteristics to the biological properties of the 

formulation in in vitro and in vivo experiments. Characterization of NanoCUR in 

Chapter 3 involved only the measurements of particle size at different concentrations 

using the DLS technique. This could be supplemented by TEM analyses, in particular 

for NanoCUR dispersed in EMEM and HBSS-HEPES as the data could provide a 

different perspective into the characterization of the formulation, such as the 
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aggregation behaviour of the NanoCUR, which could significantly influence the 

biological properties of the formulation.  

The effects of NanoCUR on the function and expression of major human CYP 

enzymes were evaluated in Chapter 4. Despite the interesting results obtained for the 

functional study, in particular the potent inhibition of CYP3A4 by NanoCUR, 

NanoCUR was not found to induce significant changes in the mRNA level of CYP3A4, 

analysed via qPCR analysis. Given that the modulation of CYP3A4 function could be 

driven at the translational level, it will be worthwhile to confirm whether NanoCUR did 

in fact modify the CYP3A4 expression at the protein level, via Western blot analysis.  

Data in the present study have shown that the physiochemical behaviours of 

NanoCUR were affected by the presence of serum proteins in dispersion media. Further 

investigation is vital in order to determine the degree of interactions of NanoCUR with 

different plasma proteins. NanoCUR interactions with proteins are expected to be 

complex, and further studies using specific proteins found in human plasma are needed 

to verify the binding affinity of NanoCUR with each of the proteins. Understanding the 

alteration in the structure and functionality of NanoCUR as a result of any such protein 

interactions is critical in providing insights into in vitro biological assays of NanoCUR, 

such as its uptake and toxicity by specific cell types, as well as the in vivo fate of 

NanoCUR. The analyses should include measuring the surface charge (zeta potential) of 

the NanoCUR particles, and identifying the proteins by relative binding using the 

Western blot analysis.  

The relatively low drug loading in the NanoCUR formulation (19.56 mg CUR/g 

NanoCUR) is a major drawback for the advancement and further development of the 

proposed formulation. The formulation may have to be reworked without sacrificing the 



Chapter 7 

 

 212 
 

stability of the formulation, possibly with the improvement of Pluronic F127 as the 

carrier with a view to increase CUR loading, which could lead to a smaller excipient 

load administered in vitro and in vivo. It is also interesting to develop a binary mixed 

micelles system in the future for a more stable formulation.  

In the final experimental chapter, CUR was found to be below the detection 

level when administered orally at a dose of 60 mg/kg either as sCUR or NanoCUR to 

the male Sprague Dawley rats. This was not in agreement with the in vitro stability data 

obtained of the NanoCUR and sCUR formulations in SGF and SIF. The methodology 

may be improved by using a more sensitive assay for CUR detection, for example by 

using the LC-MS technique. Also, a more representative simulation of the GIT fluids 

may be required, e.g. by the appropriate addition of surfactants, enzymes, bile acids and 

hormones (Berlin et al., 2014). Such more sophisticated bio-relevant media may better 

reflect the in vivo performance of the NanoCUR formulation; while NanoCUR might 

not have been adversely affected by the harsh acidic and alkaline conditions of the GIT, 

it might have been degraded by the other GIT components, particularly the enzymes. 
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