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CHAPTER I 

 

INTRODUCTION 

 

 
1. Background and significance of the study 

 Nanotechnology is widely used to revolutionize drug delivery, drug 

manufacturing and medical diagnostic.  Recently, metallic nanoparticles such as gold 

and silver nanoparticles are studied for the medicinal purpose.  Gold nanoparticles 

(AuNPs) have been developed for many applications, including diagnostic, therapy, 

delivery application and as biomarkers.  AuNPs are attracted for delivery of various 

payloads into their targets.  The payloads could be small drug molecules or large 

biomolecules such as proteins, DNA or RNA (Han et al., 2007).  The release of the 

compounds could be triggered by internal or external stimuli.  The examples of 

internal stimuli are glutathione (GSH) and pH, while the external stimuli are light 

(Ghosh et al., 2008).  Recently, there are many researches in drug delivery system 

using nanobioconjugates.  For example, AuNPs with 2 nm core diameter could be 

conjugated with paclitaxel, a chemotherapeutic drug.  According to the hydrophobic 

nature of many anticancer drugs, the solubility of anticancer drugs in water is the 

major problems.  Therefore, AuNPs were developed for drug delivery to resolve this 

problem.  In addition, small structure of nano-size can avoid the opsonization by 

reticuloendothelial system (RES) and present the ability to accumulate in a broader 

range of tumors (Gibson, Khanal and Zubarev, 2007).  Therefore, the advantages for 

delivery system include the ability to remain in the bloodstream for a considerable 

time without being eliminated.  Conventional surface nonmodified nanoparticles are 

usually caught in the circulation by RES, such as liver and spleen, depending on their 
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size and surface characteristics.  In addition, size of AuNPs can be varied by the 

method and chemical used for synthesis.    Silver nanoparticles (AgNPs) have shown 

antimicrobial activity.  They can inhibit growth of various microorganisms, resulting 

in the different fields of applications such as using in medical devices and 

antimicrobial system.  According to the study of Kim et al. (2007), yeast and E.coli 

were inhibited at low concentration of AgNPs while the inhibitory effects on S. 

aureus were mild.  AgNPs also inhibited the growth of HIV-1 virus in vitro 

(Elechiguerra et al., 2005).   

 There are several methods for AuNP synthesis.  The principle of them is the 

reaction between Au3+ and reducer in the presence of varieties of stabilizers, such as 

citrate ion, polymers, dendrimers to generate AuNPs (Liu et al., 2006).  Nanoparticles 

tend to fairly unstable in solution due to small size, so stabilizer is used for avoiding 

the aggregation of the particles.  Stabilizer is absorbed at the particle surface to keep 

the nanoparticles suspended and prevent their agglomeration by providing charge or 

solubility properties (Wang, Yan and Chen, 2005).  Therefore, the charge of stabilizer 

could affect on the particle stability.  In addition, the charge of the particle could have 

an effect to cell transmission, which involving to CYP inhibition.  Hence, citrate, PEI 

and PVP, which show anionic, cationic and nonionic charges, are attracted to be the 

stabilizers of AuNPs in this study.   

In order to use AuNPs and AgNPs for nanomedicine, understanding of the 

properties and the biological effect of the nanoparticles is necessary.  Some biological 

studies have shown that the metallic nanoparticles lead to the alteration of the 

biological effects (Bhattacharya et al., 2008).  According to the study of Mukherjee et 

al. (2005), AuNPs could inhibit vascular endothelial growth factor (VEGF), hence 
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they could be used in cancer therapy.  AuNPs also interrupt the function of cell cycle 

by increasing in the percentage of cells in the G1-phase (Gap phase) and significant 

decreasing in the percentage of cells in the S-phase (Synthesis phase) (Bhattacharya et 

al., 2007).  In addition, AgNPs could bind to the glycoprotein subunits on the cell 

surface (Elechiguerra et al., 2005).   

Cytochrome P450 (CYP) is an important drug metabolizing enzymes in the 

liver and some other extrahepatic tissues.  It catalyzes the initial step in the 

biotransformation (known as phase I metabolism) of xenobiotics, including drugs, 

pollutants and endogenous compounds (Coleman, 2005).  Metabolites from phase I 

metabolism can be non-toxic and excreted or even more toxic (known as reactive 

meabolites) which are further metabolized by phase II metabolism.  Phase II 

metabolism deals with the conjugative reactions using endogenous co-substrates 

conjugated with the electrophilic functional group on the phase I metabolites or on the 

parent compound itself so as to be further readily excreted from the body.  Thus it is 

not necessary for any compounds to undergo both phases I and II metabolism. 

 Regarding CYP, there are more than fifty CYP isozymes present in humans.  

Approximately 70% of CYP expressed in adult human liver include CYPs 1A2, 2A6, 

2B6, the 2C subfamily (2C8, 2C9, 2C18 and 2C19), 2D6, 2E1 and the 3A subfamily 

(3A4 and 3A5).  Each type of isozymes possesses different functions as following: 

CYP1A2 metabolizes drugs with structures like aromatic amines such as caffeine, ß-

naphthylamine (carcinogen) and theophylline, while CYP2C9 metabolizes S-warfarin, 

phenytoin, etc. CYP2C19 metabolizes significant drugs such as omeprazole, 

diazepam, antidepressants, antimalarials, etc.  CYP3A4 which is the major isozyme in 

the liver metabolizes a large number of drugs such as most calcium channel blockers, 
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benzodiazepines, cyclosporine, etc.  All these isozymes of CYP can be inhibited by 

particular xenobiotics as called inhibitors while some isozymes can be induced by 

particular xenobiotics as called inducers.  Therefore, modulation of CYP isozymes by 

either inhibitors or inducers can influence metabolism of drugs that are metabolized 

by those CYP isozymes (Goshman, Fish and Roller, 1999; Coleman, 2005). 

In an attempt to develop AuNPs and AgNPs for clinical applications, effect of 

them on CYP is exclusively needed to be clarified in order to address whether these 

nanoparticles influence drug metabolism.  If the metallic nanoparticles inhibit any 

CYP isozymes, they would possibly cause drug interaction with particular medicines 

that are metabolized by those CYP isozymes.  Thus using AuNPs and AgNPs to 

deliver the interacting medicines or even administration of the metallic nanoparticles 

concomitantly with other interacting medicines should be concerned.  Therefore, the 

purpose of this study was to prepare AuNPs and AgNPs and their inhibitory effect 

investigate the effect of AuNPs and AgNPs on human CYPs which were involved in 

drug metabolism such as CYPs 1A2, 2C9, 2C19 and 3A4 using recombinant human 

CYP using an in vitro study. 

2. Objectives of the study 

2.1   To synthesize and characterize of gold and silver nanoparticles 

2.2 To investigate the inhibitory effect of synthesized gold and silver 

nanoparticles on human cytochrome P450 (CYP1A2, CYP2C9, CYP2C19 and 

CYP3A4) 
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CHAPTER II 

LITERATURE REVIEWS 

 

1. Nanoparticles 

 Nanoparticles are normally defined as particles with the size between 1 and 

100 nm.  They are able to disperse in water (hydrosol) or organic solvents 

(organosols), depending on the preparation conditions and stabilizing agents 

surrounding the particles.  Nanoparticles are attractive in medical purpose by using 

atomic scale tailoring of materials.  The structure and function of biosystems at the 

nanoscale lead to numerous researches, resulting in the improvement in biology, 

biotechnology, medicine and healthcare.  Recently, metallic nanoparticles are widely 

study due to their unique catalytic, electronic, magnetic and optical properties.  

Metallic nanoparticles with biological aspect have been developed for diagnostic 

devices, physical therapy applications and drug delivery vehicles (Singh et al., 2008; 

Zhou et al., 2009).   

 1.1 Gold nanoparticles (AuNPs) 

Gold is the highly functional metal developed in many applications, especially 

in the field of nanoscience and nanotechnology.  AuNPs are most stable metallic 

nanoparticles.  Colloidal gold was used to make ruby glass and for coloring ceramics 

and these are still continuing.  In 1618, colloidal gold was used for treatment in 

various diseases, such as heart and venereal problems, dysentery, epilepsy and tumor 

and for diagnosis of syphilis, published by philosopher and medical doctor Francisci 

Antonii.  In 1857, Michael Faraday reported the formation of deep red solutions of 

colloidal gold by reduction of aqueous solution of chloroaurate (AuCl4
-) using 
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phosphorus in carbon disulfide (CS2) (a two-phase system).  In the 20th century, 

various methods for the preparation of gold colloids were found (Daniel and Astruc, 

2004).  The conventional method to synthesize AuNPs is the reduction of Au (III) salt 

(HAuCl4) by sodium citrate in water.  This method was developed by Turkevich and 

co-workers in 1951, and later refined by Frens in the 1970s.  Sodium citrate acts as 

both of a weak reducer and stabilizer.  The color of the reaction mixture changes 

gradually during synthesis as the following order: pale yellow (AuCl4
-), colorless (Au 

atom), very dark blue, purple and finally ruby red (AuNPs) (Pong et al., 2007).  After 

that, the Brust-Schiffrin method (two-phase synthesis) was introduced in 1994.  Au 

(III) salt (HAuCl4) is reduced by sodium tetraborohydride (NaBH4) in the presence of 

organic stabilizer (e.g. alkanethiols, phosphines, quaternary ammonium salts, 

surfactants, polymers, etc.) (Nakamoto, Kashiwagi and Yamamoto, 2005).  Normally, 

colloidal solutions of spherical AuNPs are red with the surface plasmon resonance 

(SPR) band centered at 520 nm.  The plasmon resonance phenomenon occurs at 

metallic surfaces and nanoparticles are reflected by strong absorption of the incident 

light due to oscillating free electrons on metals.  The collective oscillations of free 

electrons are also known as plasmon.  Nevertheless, this phenomenon in nanoparticles 

can be also called in other terms such as localized surface plasmon resonance or 

particle plasmon resonance (PPR).  SPR band depends weakly on size of the particle 

and the reflective index of the surrounding media, but strongly on shape alteration and 

inter-particle distance (Lee and Pérez-Luna, 2005; Baptista et al., 2007).   

1.2 Silver nanoparticles (AgNPs) 

AgNPs have attracted interest from the chemical industry and medicine due to 

unique properties such as high thermal conductivity, high resistance of oxidation and 
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antibacterial activity.  AgNPs are widely used in numerous products, containing 

textiles, personal care products, food storage containers, home appliances, food 

supplements and medical applications (Navarro et al., 2008).  Normally, colloidal 

solutions of AgNPs are yellow with the surface plasmon resonance (SPR) band near 

400 nm.  There are several methods for the synthesis of AgNPs such as a chemical 

reduction method and a radiolytic process.  However, the chemical reduction method 

is widely used, according to the production of nanoparticles without aggregation, high 

yield and low preparation cost (Song et al., 2009).    

       

2. AuNPs and AgNPs for pharmaceutical application 

For therapeutic application, AuNPs themselves can be used for treatment in 

several diseases such as rheumatoid arthritis and cancer.  This is because AuNPs 

present antiangiogenic effect.  Angiogenesis exhibits the formation of new blood 

vessels, leading to the growth and progression of tumors and the promotion and 

maintenance of other diseases like neoplasia and rheumatoid arthritis.  AuNPs can 

inhibit vascular endothelial growth factor (VEGF) or vascular permeability factor 

(VPF) and basic fibroblast growth factor (bFGF), which are two critical cytokines for 

the induction of angiogenesis (Mukherjee et al., 2005).   AuNPs have been developed 

for use in clinical diagnostics specific detection because of their physical properties, 

consisting of unique optical properties and high surface areas.  The functional ligand 

on the surface of AuNPs exhibits the selective binding of biomarkers.  AuNP-based 

diagnostics can be divided into three approaches as following: 1) utilization of AuNP 

color change depending on aggregation; 2) utilization of surface functionalities of the 

gold core to provide highly selective nanoparticles for diagnosis; 3) utilization of 
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AuNPs in electrochemical based methods, coupled with metal deposition for signal 

enhancement (Baptista et al., 2007).   

AgNPs themselves have proved to be the most effective antimicrobial efficacy 

against bacteria, viruses and other eukaryotic microorganisms.  For centuries, silver 

has been used for the treatment of burns and chronic wounds.  The antimicrobial 

activity of silver involves in the amount of silver and the rate of silver released.  

Silver at metallic state is inert but ionized silver is highly reactive.  The ionized silver 

can bind to tissue proteins and result in structural changes in the bacterial cell wall 

and nuclear membrane, leading to cell distortion and death.  In addition, it binds to 

bacterial DNA and RNA, causing denaturing and inhibition of bacterial replication.  

AgNPs present efficient antimicrobial property compared to other silver salts 

according to their extremely large surface area, contributing to better contact with 

microorganisms.  The nanoparticles release silver ions in the bacterial cells, resulting 

in the enhancement of bactericidal activity.  According to the recent research, AgNPs 

with the size range of 1-10 nm demonstrate the capacity to interact with HIV-1 virus 

via preferential binding to the gp120 subunit of the viral envelope glycoprotein, as 

presented in vitro (Elechiguerra et al., 2005).  AgNPs also show microbial growth 

inhibition.  Yeast and E. coli are inhibited at low concentration of AgNPs, while the 

growth-inhibitory effects on S. aureus are mild (Kim et al., 2007).  Thus, AgNPs are 

widely used as consumer and clinical products.  However, AgNPs have some risks as 

the exposure to silver such as agyrosis and argyria, which are toxic to mammalian 

cells (Rai, Yadav and Gade, 2008; Singh et al., 2008).    

Currently, AuNPs can be developed for use as drug delivery as shown in 

Figure 1.  There are various payloads which can be delivered by nanoparticles  such 
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as small drug molecules or large biomolecules, proteins, DNA or RNA.  The release 

of the payloads could be triggered by internal (e.g. glutathione (GSH) or pH) or 

external (e.g. light) stimuli.  The advantages for using AuNPs as carrier in drug 

delivery include as following: 1) the gold core is essentially inert and non-toxic; 2) the 

synthesis is less complicated, resulting in forming monodisperse nanoparticles with 

core sizes ranging from 1 to 150 nm; 3) the surface of AuNPs can be tailored by 

functional ligand providing effective cellular uptake, controlled payload release and 

targeting a specific cell (Ghosh et al., 2008; Han et al., 2007).  AuNPs are used for 

drug delivery system by using nanobioconjugates.  From the study of Gibson et al. 

(2007), AuNPs could be conjugated with paclitaxel, which is a chemotherapeutic 

drug.  The small particles can avoid the reticuloendothelial system (RES) capture and 

accumulate in a broader range of tumor. 

 

                                              

 
    
 Gold nanoparticles 

                             

                                                                                 

 

 Gold nanoparticles                       

              
                                       Drug 

             Targeting molecule 

 

Figure 1  Gold nanoparticles used for drug delivery and targeted delivery system 
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Because AuNPs and AgNPs could be developed for treatment and drug 

delivery system, the effect of them on human metabolizing enzymes is necessary in 

order to determine the incidence of drug interaction during the co-administration with 

drugs.  The findings are useful for drug conjugation with AuNPs or AgNPs as 

delivery system.   

 

3. Xenobiotic biotransformation 

 Metabolic process or xenobiotic biotransformation includes the elimination of 

drugs and other foreign compounds (xenobiotic) from the body by converting 

lipophilic compounds into more readily excreted polar metabolites.  The main 

biotransformating organ is the liver and the metabolizing enzymes exist in the 

hepatocytes.  Metabolic process is also occurred in other organs (extrahepatic 

metabolism) e.g. intestine, kidney, lung, brain, skin, etc.  Generally, drug 

metabolizing reaction can be divided into two phases: Phase I reactions involves in 

chemical alteration of drug structure by oxidation, reduction, hydrolysis, cyclization 

and decyclization reactions; Phase II reactions relates to conjugation of the drug 

molecule by glucuronidation, sulfation, acetylation, etc.  If the metabolites of phase I 

reactions are sufficiently polar, they may be ready to excrete from the body or they 

may be more active or toxic, called toxification or bioactivation.  Some of phase I 

metabolites are not eliminated and undergo to phase II reactions in order to form 

highly polar compounds.  Metabolites from these reactions are more hydrophilic 

molecules, excreting into urine or bile.  In addition, most of them can be less toxic or 

non-toxic, called detoxification as presented in Figure 2.   
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                   Drugs or Compounds 

 

        
                            Phase I                                          Phase II   

                 [Cytochrome P450 Enzymes]            [Conjugation Pathways]     
 
                          Oxidation                                          Sulfation         
                          Reduction    Glucoronidation 
                          Hydrolysis    Acetylation 
       Methylation   
  
                                           
                                                                                        Eliminated via:                        
                                                                               Gall bladder and kidney        
                           

 

Figure 2  Detoxification of the liver (Shimada et al., 1994) 

 

3.1 Cytochrome P450 (CYP) 

 CYPs are heam-containing proteins with molecular weight of 45-55 KDa, 

found in the endoplasmic reticulum and mitochondria.  CYPs are synthesized mainly 

in the liver and lesser in the small intestine, kidney, adrenals and other sites.  CYP 

content, which resides in human tissues, is shown in Table 1.   
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Table 1 Total CYP content in various human tissues (Pelkonen et al., 2008)  

          Tissue     CYP content 

                                                                      (nmol/mg microsomal protein) 

 
  Liver     0.30 - 0.60 

  Adrenal    0.23 - 0.54 

   Small intestine    0.03 - 0.21 

  Brain          0.10 

  Kidney          0.03 

  Lung          0.01 

  Testis          0.01 

  

The name of CYP450 enzymes is identified because they are bound to 

membranes within a cell (cyto) and contain a heme pigment (chrome and P), 

expressed an absorption spectrum peak at 450 nm when exposed to carbon monoxide 

(Lynch and Price, 2007).  CYPs are classified by their amino acid sequence 

homology.  If 40% or greater amino acid structure of enzymes is identified, they are 

included in the same family.  In the same family, enzymes with greater than 55% 

sequence identity are included in the same subfamily.  The abbreviation of CYP 

contains a number indicating the gene family, a letter signifying the subfamily and the 

last number denoting the enzyme such as 1A2, 2C9, 2C19, 3A4.  The CYP3A4 family 

is the most important enzyme because it constitutes approximately 30% of all 

microsomal species in human livers and has the widest substrate specificity of all 

CYPs.  There are many factors that may influence CYP activity such as age, gender, 

genetic and environmental factors.  These may lead to variability on CYP expression 

between individuals, known as genetic polymorphism.  Environmental factors (e.g. 

drugs, diet and lifestyle) also affect metabolic variability.  For example, CYP1A2 
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activity may be increased by smoking and consumption of cruciferous vegetables 

(Glue and Clement, 1997). 

 CYP structure includes hydrophobic pocket and heam moiety.  Hydrophobic 

pocket is the site where the substrate is bound.  It contains many amino acid residues 

that can bind a molecule.  Heam structure (ferriprotoporphoryn 9; F-9) is the highly 

specialized lattice structure, supporting a CYP iron molecule (Fe2+) which is the core 

of the enzyme as shown in Figure 3.  The iron is used to catalyze the oxidation of the 

substrate, requiring a supply of electrons which is carried initially by NADPH 

(Coleman, 2005). 

 

 

  

 

 

 

 

 

Figure 3  Structure of ferriprotoporphoryn 9 in cytochrome P450 

 

 From the CYP typical reaction (Figure 4), CYPs initially form complex with 

substrate (RH).  Then NADPH-dependent cytochrome P450 reductase supply one 

electron to CYP-substrate molecule.  Molecule of oxygen, an electron and two 

hydrogen ions combine with the reduced cytochrome P450-substrate complex, 
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providing the product (oxidized substrate; ROH), reoxidation of CYP, NADP+ and 

water (Gibson and Skett, 1996).      

 

            CYP 
Substrate (RH) + O2 + NADPH + H+          Product (ROH) + H2O + NADP+ 

 

Figure 4  Typical reaction by CYP enzyme 

 

NADPH cytochrome P450 reductase is essential to carry the electrons to CYP.  

It is resided next to the CYP in the endoplasmic reticulum membrane.  NADPH 

reductases are found in most tissue, especially in liver.  They are flavin-containing 

enzyme or flavoprotein, which includes two components, flavin adenine dinucleotide 

(FAD) and flavin mononucleotide (FMN).  NADPH is produced by the consumption 

of glucose by the pentose phosphate pathway in the cytoplasm.  NADPH reductase is 

acted as fuel pump by using NADPH to supply two electrons to CYP, which can 

receive only one electron.  The mechanism starts with FAD is reduced by NADPH, 

and then released as NADP+.  Next, FAD carries two electrons as FADH2, which 

passes to FMN to form FMNH2.  Finally, two electrons are passed to CYP.  The ratio 

of NADPH cytochrome P450 reductase to CYP is 1:5 (Coleman, 2005). 

 

3.2 The main human CYP isozymes 

There are three main families of CYPs, which are relevant to xenobiotic 

transformation, including family 1, 2 and 3.  CYP3A4 is responsible for the 

metabolism of the largest number of drugs followed by CYP2D6, the CYP2C family, 

CYP1A2 and CYP2E1, respectively (Table 2).  In addition, the CYP3A family 
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presents in the largest amounts in the liver followed by the CYP2C family, CYP1A2, 

CYP2E1 and CYP2D6, respectively.  CYP2D6 presents less than 2 percentage of the 

total content of CYPs in the liver; however, it is responsible for the metabolism of the 

large amount of drugs especially antidepressant (Coleman, 2005; Shimada et al., 

1994).        

CYP1A2 expresses from a gene on chromosome 15 in humans and it is linked 

with estrogen metabolism.  Drug substrates consist of caffeine, propranolol and 

theophylline.  CYP1A2 inducer includes polycyclic aromatic hydrocarbons (PAH) in 

cigarette smoke, leading to the decrease of theophylline level in smokers.  Drug 

inhibitors contain cimetidine, fluvoxamine, erythromycin, clarithromycin, especially 

in slow acetylators and oral contraceptives.  The increase of CYP1A2 leads to the 

incidence of breast (Hong et al., 2004), colorectal (Kiss et al., 2007) and lung cancers 

(Seow et al., 2001).     

 CYP2C9 exhibits the function related to its structure with small, acidic and 

lipophilic molecules.  Its substrates include tolbutamide, warfarin and diclofenac.  

Drugs that inhibit CYP2C9 constitute of sulphafenazole, fluoxetine and isoniazid.  

Drug inducers consist of rifampicin and phenobarbital (Goshman et al., 1999).     

 CYP2C19 presents genetic polymorphism.  Approximately 3-5% of 

Caucasians and 20% of Asians and African-Americans are poor metabolizers.  

CYP2C19 metabolizes amitriptyline, omeprazole and phenytoin.  It is inducible by 

carbamazepine and norethindrone.  Its inhibitors are cimetidine, fluoxetine and 

ketoconazole (Goshman et al., 1999; Hasler et al., 1999). 

 CYP2D6 metabolizes more than 80 drugs, including haloperidol, 

chlorpromazine, propanolol, codeine.  All antidepressants except fluvoxamine, 
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nefazodone, citalopram and bupropion either inhibit CYP2D6 or are metabolized by 

CYP2D6.  Its potent inhibitors contain quinidine, paroxetine, fluoxetine and 

norfluoxetine.  In contrast, this enzyme is non-inducible (Goshman et al., 1999; 

Hasler et al., 1999).  

 CYP2E1 metabolizes acetaminophen, ethanol, chlorzoxazone and halothane.  

Its strong inducers are ethanol and acetone.  CYP2E1 inhibitor contains disulfiram 

(Goshman et al., 1999).  

 CYP3A4 is responsible for the metabolism of more than 150 drugs, including 

most calcium channel blockers, benzodiazepines, cyclosporine and tacrolimus.  

CYP3A4 does not exhibit genetic polymorphism; however, there are large 

interindividual variations in isozyme levels.  These lead to complicated prediction of 

drug interactions.  Besides, about 70% of CYP3A4 appears in the gut to metabolize 

substrates before reaching to the liver.  This results in the decrease of bioavaiability.  

Potent inhibitors of CYP3A4 include macrolides and imidazole antibiotics and 

grapefruit juice.  Drug inducers consist of glucocorticoids, phenytoin and rifampin 

(Coleman, 2005; Goshman et al., 1999).   
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Table 2 Cytochrome P450 enzymes and their substrates, inhibitors and inducers 
(Goshman et al., 1999) 
 
  Isozyme    Substrates Inhibitors            Inducers 

 CYP1A2 

 

 

 

 

 
 

Clozapine 

Cyclobenzaprine 

Fluvoxamine 

Imipramine 

Mexiletine 

Propranolol 

Theophylline 

     Cimetidine 

     Ciprofloxacin 

     Clarithromycin 

      Enoxacin 

      Erythromycin 

      Fluvoxamine 

      Ofloxacin 

      Ticlopidine 

Polycyclic aromatic 

hydrocarbons  

(Cigarette Smoke) 

   Tetrachlorodibenzo- 

   dioxin (TCDD)  

 

 
 

 CYP2C9 

 

 

 
 
 
 
 
 

Diclofenac 

Flurbiprofen                               

Ibuprofen 

    Losartan  

Naproxen 

Phenytoin 

Piroxicam 

Sulfamethoxazole 

Tolbutamide 

Warfarin 

       Amiodarone 

       Fluconazole 

       Fluoxetine 

       Isoniazid 

       Paroxetine 

       Ticlopidine 

        

   Phenobarbital 

   Rifampin 

CYP2C19 

 

 

 
 
 
 
 
 

Amitriptyline 

Clomipramine 

Cyclophosphamide 

Diazepam 

Imipramine 

Lansoprazole 

Nelfinavir 

Omeprazole 

Phenytoin 

     Cimetidine         

     Fluoxetine 

     Fluvoxamine 

     Ketoconazole 

     Lansoprazole 

     Omeprazole 

     Paroxetine 

     Ticlopidine     

    Carbamazepine 

    Norethindrone 
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Table 2 (cont’) Cytochrome P450 enzymes and their substrates, inhibitors and 
inducers (Goshman et al., 1999) 
 

 

 

  Isozyme    Substrates Inhibitors Inducers 

CYP2D6 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Amitriptyline 

Codeine 

Desipramine 

Dextromethorphan 

Imipramine 

Metoprolol 

Nortriptyline 

Oxycodone 

Paroxetine 

Propranolol 

Risperidone 

Timolol 

     Amiodarone 

     Fluoxetine 

     Haloperidol 

     Indinavir 

     Paroxetine 

     Quinidine 

     Ritonavir 

     Sertraline 

    Rifampin 

CYP2E1 Acetaminophen 

Chlorzoxazone 

Ethanol  

Enflurane 

Isoflurane 

     Disulfiram      Ethanol 
     Isoniazid 

  CYP3A Alprazolam 

Astemizole 

Buspirone 

    Carbamazepine 

    Cisapride 

    Cyclosporine 

    Protease inhibitors 

    Lovastatin 

    Midazolam 

    Simvastatin 

     Amiodarone 

     Cimetidine 

     Clarithromycin 

     Erythromycin 

     Grapefruit juice 

     Itraconazole 

     Ketoconazole 

    Carbamazepine 

    Glucocorticoids 

    Phenytoin 

    Rifampin 

    Ritonavir 
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4.  Drug interaction 

Drug interaction is the result of an alteration of CYP metabolism.  Drugs 

interact with CYP in several ways.  Drugs may be metabolized by only one isozyme 

(e.g., metoprolol by CYP2D6) or by multiple isozymes (e.g., warfarin by CYP1A2, 

CYP2D6 and CYP3A4).  Drugs that result in CYP metabolic drug interactions 

involve in either inhibitors or inducers, which interrupt enzyme function.  Enzyme 

induction leads to acceleration of enzyme synthesis, causing faster drug metabolism 

and subtherapeutic drug concentration.  Enzyme inhibition results in accumulation of 

drug.  If the drug has a narrow therapeutic window, serious toxicity may occur in a 

short time (Lynch and Price, 2007; Goshman et al., 1999).       

4.1 Induction of drug metabolism 

 Enzyme induction is the process that the enzyme is synthesized in response to 

a specific inducer molecule, resulting in the translation of the gene of the enzyme by a 

chemical signal (Coleman, 2005).  Enzyme induction can result in accelerated enzyme 

synthesis, faster drug metabolism and subtherapeutic drug concentrations.  This effect 

mostly occurs gradually over day, rather than hours.   

4.2 Inhibition of drug metabolism     

 Inhibition of drug metabolism is more essentially serious than enzyme 

induction because the clinical situation of the patient can change in a short time after 

consuming the inhibitor, resulting in irreversible damage (e.g. stroke, heart attack, 

etc.).  Mechanisms of inhibition can be occurred in several ways.  Existed enzyme 

may be destroyed or lost the catalytic capacity, which induced by inhibitors.  

Moreover, inhibitors may reduce enzyme development.  The mechanism of CYP 

inhibition can be divided into 3 types: reversible, quasi-irreversible, and irreversible 
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inhibitions.  Type of inhibition depends on many factors such as drug concentration 

and the characteristics of CYP isozyme (Coleman, 2005; Lin and Lu, 1998). 

4.2.1 Reversible inhibition 

This type of inhibition is the most common mechanism of CYP inhibition.  

The effect of this inhibition type will be transient and reversible after releasing of the 

inhibitor.  Also, CYP can be function as the normal situation after the elimination of 

the inhibitor.  It occurs as a result of the binding of CYP and its inhibitor at the 

hydrophobic substrate binding site (Lin and Lu, 1998).   

4.2.2 Quasi-irreversible inhibition via metabolic intermediate 

complexation 

This inhibition causes a reactive metabolite, called metabolite-intermediate 

(MI) complex which is formed after binding tightly or inhibited to the CYP heme.  It 

leads to the inactivation of CYP function.  This inhibition can be reversible for in 

vitro drug metabolism by adding highly lipophilic compounds for dislocating MI from 

CYP.  However, MI is stable for in vivo, resulting in the irreversible CYP, so new 

enzyme need to synthesize to restore activity (Hasler et al., 1999; Lin and Lu, 1998).  

 4.2.3 Irrevesible inhibition 

 This inhibition causes the irreversible inhibition of substrate and 

enzyme binding.  It results in a reactive intermediate, which can destroy CYP, leading 

to the irreversible inactivation of CYP when it releases from CYP.  The intermediate 

is classified as mechanism-based inactivators or suicide substrate.  It can bind with 

either heam or apoprotein or both of them of CYP structure (Lin and Lu, 1998).   
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CHAPTER III 

 

MATERIALS AND METHODS 
 
 

1. Materials 

1.1 Equipments 

1. De-ionized water (DI water) system (ELGAStat Option 3B) 

(ELGA, England) 

2. Fluorescence, absorbance and luminescence reader Victor3 V 

model (PerkinElmer, USA) 

Light source  :  Tungsten-halogen lamp  

                                                      (λ = 340-850 nm) 

Detection unit  : Photomultiplier tube 

Fluorometry  : Fluorescein 

Optical emission filter : 450/10 nm 

Optical excitation filter : 390/20 nm 

3. Micropipettes SL-20 (2-20 µL), SL-200 (20-200 µL) and SL-1000 

(100-1,000 µL) (Rainin Instrument, USA) 

4. Micropipettes tips (Gibson, France) 

5. Multichannel pipettes (12 channels)  20 and 100 µL (Rainin 

Instrument, USA) 

6. Multichannel tips RT-L250 (250 µL), TR-222-C (200 µL) (Rainin 

Instrument, USA) 

7. Reagent reservoir (Rainin Instrument, USA) 

8. Refrigerated centrifuge (Hitachi, Japan) 
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9. Spectrophotometer (Evolution 300, USA) 

Light source  :  Xenon lamp  

(λ = 190-1100 nm) 

        Bandwidths  : 0.5, 1.0, 1.5, 2.0, 4.0 nm 

        Detector   : Silicon photodiode 

10. Timer (Citizen, Japan) 

11. Transmission Electron Microscopy (JEM-2100) (Jeol, Japan) 

Magnification  : 50 – 1,500,000 X 

Accelerating voltage : 80, 100, 120, 160, 200 kV 

Resolution (HR)  :  Point to point 0.23 nm 

     Lattice 0.14 nm 

12. Ultra-purifier water system (Maxima UF, England) 

13. Vortex mixer (Clay Adams, USA) 

14. Zetasizer NanoZS (Malvern, UK) 

Laser   : 4 mW He-Ne (633 nm) 

Laser attenuator  : Automatic  

(transmission 100% to 0.0003%) 

        Detector   : Avalanche photodiode  

       (O.E. > 50% at 633 nm)  

15. Ultracentrifugal filter 3 kDa (Millipore, USA) 

16. 96-well black plates (PerkinElmer, USA) 

1.2 Chemicals 

1. Acetonitrile anhydrous (ACN) (C2H3N, MW = 41.05) (Labscan 

Asia, Thailand) 
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2. α-naphthoflavone (C19H12O2, MW = 272.3) (Sigma-Aldrich, USA) 

3. Dimethylsulfoxide (DMSO) (C2H6OS, MW = 78.13) (Sigma-

Aldrich, USA) 

4. Hydrochloric acid (HCl, MW = 36.45) (Carlo Erba Reagents, Italy) 

5. Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4.3H2O, MW = 

393.83) (Sigma-Aldrich, USA) 

6. Ketoconazole ( C26H28Cl2N4O4, MW = 531.43) (Siam 

Pharmaceutical, Lot no. 06092115664 , Thailand) 

7. Miconazole (C18H14Cl4N2O, MW = 479.1) (Government 

Pharmaceutical Organization, Thailand) 

8. Nitric acid (HNO3, MW = 63.01) (Carlo Erba Reagents, Italy)  

9. Polyethyleneimine (PEI) ((CH2CH2NH)n , MW ~ 750 kDa) 

(Sigma-Aldrich, USA) 

10. Polyvinylpyrrolidone K30 (PVP K30) ((C6H9NO)n, MW ~ 45-55 

kDa) (BASF, Germany) 

11. Silver nitrate (AgNO3, MW = 169.87) (Sigma-Aldrich, USA) 

12. Sodium borohydride (NaBH4, MW = 37.83) (Merck, Germany) 

13. Sulfaphenazole (C15H14N4O2S, MW = 314.36) (Sigma-Aldrich, 

USA) 

14. Tris(hydroxymethyl)aminomethane (Tris base) (C4H11NO3, MW = 

121.14) (Sigma-Aldrich, USA) 

15. Trisodium citrate dihydrate (Na3C6H5O7.2H2O, MW = 294.07) 

(Sigma-Aldrich, USA) 

16. Ultrapure water (18.2 MΩ) (Elga, UK) 
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17. Vivid® CYP450 blue screening kits (Invitrogen, USA), including 

five components as shown in Table 3. 

 

Table 3  The components of Vivid® CYP450 screening kit 

Components Composition Size 

Reaction buffer CYP1A2 and CYP3A4: 

  Potassium phosphate buffer (200 mM, pH 8.0) 

CYP2C9 and CYP2C19: 

  Potassium phosphate buffer (100 mM, pH 8.0) 

50 mL 

BACULOSOMES® 

Reagent 

CYP1A2: CYP1A2 and NADPH-P450 reductase 

(P450-specific content 0.9-1.1 µM) 

CYP3A4: CYP3A4 and NADPH-P450 reductase 

(P450-specific content 0.9-1.1 µM) 

CYP2C9: CYP2C9 and NADPH-P450 reductase 

(P450-specific content 0.9-1.1 µM) 

CYP2C19: CYP2C19 and NADPH-P450 

reductase (P450-specific content 0.9-1.1 µM) 

0.5 mmol 

Regeneration 

System 

333 mM glucose-6-phosphate (G-6-P) and 30 

U/mL glucose-6-phosphate dehydrogenase (G-6-

PD) in 100 mM potassium phosphate buffer (pH 

8.0) 

0.5 mL 

Substrate CYP1A2 and CYP2C19: EOMCC  

(7-ethyloxymethyloxy-3-cyanocoumarin) 

CYP2C9 and CYP3A4: BOMCC  

(7-benzyloxymethyloxy-3-cyanocoumarin) 

0.1 mg 

NADP+ NADP+ solution (10 mM) in potassium 

phosphate buffer (100 mM, pH 8.0) 

0.5 mL 
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2. Methods 

  2.1 Preparation of AuNPs and AgNPs  

    2.1.1  Preparation of AuNPs 

  Fifty milliter of citrate and polyethyleneimine (PEI) stabilized AuNPs 1,015 

µM (200 ppm of Au atom) and polyvinylpyrrolidone (PVP) stabilized AuNPs 2,031 

µM (400 ppm of Au atom) were prepared according to the method described by 

Kimling et al. (2006).  Trisodium citrate dihydrate (Na3C6H5O7.2H2O), 

polyethyleneimine (CH2CH2NH)n, polyvinylpyrrolidone K30 (C6H9NO)n and 

hydrogen tetrachloroaurate (III) trihydrate (HAuCl4.3H2O) were used.  All glassware 

was cleaned in aqua regia consisting 3 parts of HCl and 1 part of HNO3, rinsed with 

ultrapure water and then oven dried prior to use.   

2.1.1.1 Preparation of citrate stabilized AuNPs 

Citrate stabilized AuNPs were prepared by the classical Turkevich method 

(Kimling et al., 2006).  Na3C6H5O7.2H2O was used as a reducer and stabilizer.  Thirty 

percent of HAuCl4.3H2O and ultrapure water were added into the flask.  Then the 

mixture was stirred and heated to 90 ºC while the flask was closed.  Next, 0.202 M 

Na3C6H5O7.2H2O was added and continued stirring for 15 minutes (Figure 5).  The 

molar ratios of citrate solution to gold solution were varied to receive the proper 

condition and the products were characterized by UV- visible spectroscopy.  After 

obtaining the 50 mL AuNPs, the colloid was kept at room temperature and light 

protected for 24 hours, and then kept at 3-5°C. 
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Adding 30% HAuCl4.3H2O + ultrapure water 
 
 

Stirring and heating to 90°C 
 

 
Adding 0.202 M Na3C6H5O7.2H2O 

 
 

     Stirring for 15 min 
 
 

      Deep red colloidal gold 
 
 

Figure 5  Preparation of citrate stabilized AuNPs 
 
 
 

2.1.1.2 Preparation of PEI stabilized AuNPs 

PEI stabilized AuNPs were synthesized as described by Turkevich method 

(Kimling et al., 2006).  PEI acted as a reducer and stabilizer.  Thirty percent of 

HAuCl4.3H2O and ultrapure water were added into the flask.  Then the mixture was 

stirred and heated to 90 ºC while the flask was closed.  Next, 0.01 M PEI was added 

and continued stirring for 15 minutes (Figure 6).  The molar ratios of PEI solution to 

gold solution were varied to obtain the optimal condition, detected by UV- visible 

spectroscopy.  AuNPs were kept at room temperature and light protected for 24 hours, 

and then kept at 3-5°C. 
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Adding of 30% HAuCl4.3H2O + ultrapure water 
 
 

Stirring and heating to 90°C 
 
 

Adding 0.01 M PEI 
 
 

     Stirring for 15 min 
 
 

      Deep red colloidal gold 
 
 

Figure 6  Preparation of PEI stabilized AuNPs 

 
 

2.1.1.3 Preparation of PVP stabilized AuNPs 

Brust-Schiffrin method was adapted to prepare PVP stabilized AuNPs (Brust 

et al., 1998).  PVP K30 was used for stabilization whereas sodium borohydride 

(NaBH4) was used as a reducer.  Thirty percent of HAuCl4.3H2O and ultrapure water 

were added into the flask.  The mixture was stirred.  Next, 5% PVP K30 was added 

and 0.035 M NaBH4 was dropped (1 drop per second).  The mixture was stirred for 15 

minutes (Figure 7). The various molar ratios of gold and PVP concentration were 

studied to attain the optimal condition, characterized by UV- visible spectroscopy.  

The colloid was kept at room temperature and light protected for 24 hours, and then 

kept at 3-5°C. 
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Adding 30% HAuCl4.3H2O + ultrapure water 
  
 

Stirring 
 
 

Adding 5% PVP K30 
 
 

Dropping 0.035 M NaBH4 
 
 

Stirring for 15 min 
 
 

Deep red colloidal gold 
 
 

Figure 7  Preparation of PVP stabilized AuNPs 
 

 

2.1.2 Preparation of AgNPs 

A 50-mL of 500 µM (54 ppm) AgNPs was synthesized by adding 1.25 mM 

NaBH4 into the flask.  Then the mixture was chilled with ice (0 °C) and stirred for 30 

minutes.  Next, 2.5 mM AgNO3 was dropped about 1 drop per second as shown in 

Figure 8 (Solomon et al., 2007).  The various concentration ratios of sodium 

borohydride (NaBH4) to silver solution were observed to gain the suitable condition. 

AgNPs were kept at room temperature and stored in a closed container, and then kept 

at 3-5°C. 
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Adding 1.25 mM NaBH4 
 
 

Chilling and stirring for 30 min 
 
 

Dropping 2.5 mM AgNO3 
 
 

Bright yellow colloidal silver 
 
 

Figure 8  Preparation of AgNPs 

 

2.2 Characterization of AuNPs and AgNPs 

AuNPs and AgNPs were characterized after preparation and 1 month storage 

using UV-visible spectroscopy (Evolution 300, USA) for observing the surface 

plasmon resonance (SPR).  The particle size and size distribution were examined 

using Transmission Electron Microscopy (TEM) (Jeol, Japan) technique.   

Additionally, the zeta potential of AuNPs and AgNPs was for determined for the 

surface charge of the nanoparticles by using Zetasizer NanoZS (Malvern, UK).      

2.2.1 UV – visible spectroscopy 

The optical spectra were obtained with Xenon lamp in single beam.  UV 

quartz cuvette with path length of 10 mm was used for the experiment.  The range of 

the wavelength was observed between 300 to 800 nm.  Ultrapure water was used as a 

reference standard.  The absorbance of UV-visible spectra is related to the excitation 

of a surface plasmon resonance (SPR) (Kimling et al., 2006).  The excitation of 

surface plasmon resonance is due to the collective oscillations of electron at the 

metallic nanoparticles - dielectric medium interface such as AuNPs or AgNPs and 

their solvent, which is associated with the electromagnetic field of the coming light.  
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The color appearance of metallic nanoparticles depends on the surface plasmon band, 

which occurs from their surface plasmon resonance.  The peak extinction 

(absorbance) wavelength of this band (λmax) is dependent upon the size, shape, 

material and dielectric environment of the nanoparticles (Yonzon, Zhang and Van 

Duyne, 2003).  The UV-visible absorbance is also associated with size and the 

number density of the metallic nanoparticles per unit volume.  The calculated value 

for extinction efficiency (Qext) can be related to the observed absorbance (A) as 

presented in the following equation (Haiss et al., 2007): 

 

                     ¶ R2 Qext d0 N  
                          A   =                                                                                             (1) 

                            2.303               
 
 

with A = absorbance 

 R =  radius of the spherical particle (nm) 

Qext      = extinction efficiency (M-1cm-1) 

d0  = path length of the spectrometer (cm) 

 N = number density of particles per unit volume (g/cm3) 

 

 The plasmon absorption is clearly visible and its maximum red-shifts (the 

increase of λmax) with increasing particle diameter.  This equation also expresses the 

optical property of AuNPs.  The feature of SPR is the dependence of the position and 

width on the particle size.  The spherical AuNPs with 10-40 nm diameter appear as 

red color, whereas non-spherical AuNPs or the particles above 40 nm diameter appear 

as blue color (Haiss et al., 2007; Kimling et al, 2006).   
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2.2.2 Size and size distribution 

The particle size and size distribution were studied using Transmission 

Electron Microscopy (TEM) (Jeol, Japan) technique.  The samples were prepared by 

droping 10 µL into a carbon-coated 200-mesh copper grid.  The grid was air-dried.  

Then the copper grid with the nanoparticle was examined by TEM measurement.  

Size distribution was determined by calculation of a number of particle sizes obtained 

from a TEM image. 

2.2.3 Zeta potential measurement 

The zeta potential of AuNPs and AgNPs was also measured the surface charge 

of the nanoparticles by Zetasizer NanoZS (Malvern, UK).  Zeta potential is measured 

by using laser doppler electrophoresis.  An electric field is applied to the 

nanoparticles, resulting in the acceleration of the particles.  Light, scattered by 

moving particles, alters frequency.  The interference between the scattered light and 

original beam provides a modulated signal.  Then the frequency analysis leads to 

electrophoretic mobility (UE) and the zeta potential is calculated by using the Henry’s 

equation as following (SjÖblom, 2006): 

 

     2  ε  ζ  f (κ a) 
        UE     =                                                                                (2) 
                                                   3 η   

ζ  = zeta potential (millivolt; mV) 

ε  =  dielectric constant (Farads per meter; F/m) 

η  = viscosity (Pascal second; Pa s) 

f (κ a) = Henry’s function 
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Disposable zeta cell was used for the experiment.  Ultrapure water was used as 

a reference standard.  The nanoparticles were determined for the zeta potential at the 

effective shear plane between the movable and non-movable part of the double layer.  

According to the study, zeta potential was used to detect the charges of AuNPs and 

AgNPs due to the stabilizers.  It also presents the stability effect due to the repulsive 

electrostatic forces between the particles protecting them against agglomeration and 

sedimentation in the water suspension (Note, Kosmella and Koetz, 2006). 

 

2.3 Human cytochrome P450 inhibition assay for AuNPs and AgNPs 

  The CYP inhibition test was processed in 96-well plate using fluorescent 

Victor3 V plate reader for quantitative detection of light emitting, or light absorbing 

following the interaction of CYP and AuNPs or AgNPs.  The metallic nanoparticles 

were analyzed in tetraplicated (n=4) for the production of the fluorescent signal in the 

reactions using Vivid® CYP450 blue screening kit, containing Baculosome CYP450, 

which are prepared from insect cells expressing a particular human CYP isozyme and 

rabbit NADPH-P450 reductase.  Four isozymes, CYP1A2, CYP2C9, CYP2C19 and 

CYP3A4, were tested in this experiment.  Baculosome CYP450 cleaves the blocked 

dye substrate, which has two potential sites for metabolism.  The oxidation at either 

site releases the highly fluorescent metabolite, which is quantitatively determined as 

shown in Figure 9 (Invitrogen Corporation, 2008). 
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      Blocked dye                                                        Fluorescent metabolite 
         substrate 
 

Figure 9  Schematic diagram of fluorescent dye assay on CYP activity 
  

 
 

 Figure 10 shows the structure of the Vivid® substrates which are BOMCC (10 

µM for CYP2C9 or 5 µM for CYP 3A4) and EOMCC (3 µM for CYP1A2 or 10 µM 

for CYP 2C19).  The structures are metabolized by specific CYP into fluorescent 

metabolite as present in Figure 11.  If test compound has ability to inhibit CYP, the 

formation of fluorescent metabolite is less or absence. 

 
 
 
 

                           

   

 

                        BOMCC                          EOMCC 

Figure 10  The structures of Vivid® BOMCC (7-benzyloxymethyloxy-3 
cyanocoumarin) and EOMCC (7-ethyloxymethyloxy-3-cyanocoumarin) substrates 
 
 
 
 
 
 
 
 
 
 

R1 R2 

CYP 

+ R1
’ +  R2

’  
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                                                                            CYP 
 
 

                                         

 Vivid® substrate          Fluorescent metabolite 
         (BOMCC or EOMCC) 

 

Figure 11  Schematic diagram of metabolism of blocked dye substrate into 
fluorescent metabolite (Marks and Larson, 2009) 
 
 

2.3.1 Preparation of Vivid
® 

CYP450 screening kit and assay procedure for 

inhibition test 

Vivid® CYP450 screening kit consists of reaction buffer (potassium phosphate 

buffer), Baculosome® reagent (CYP and NADPH-reductase), regeneration system 

(333 mM glucose-6-phosphate and 30 U/mL glucose-6-phosphate dehydrogenase in 

100 mM potassium phosphate buffer (pH 8.0)), substrate (EOMCC: 

ethyloxymethyloxy-3-cyanocoumarin or BOMCC: 7-benzyloxymethyloxy-3-

cyanocoumarin) and NADP+ as shown in Table 3.  The assay protocol was followed 

according to the manufacturer’s instruction (Invitrogen Corporation).   

 2.3.1.1 Preparation of Vivid
® 

CYP450 screening kit for inhibition assay

 The preparation of Vivid® CYP450 screening kit started with thawing the 

frozen kit components and then keeping them on ice until use.  Vivid® substrates of 

0.1 mg were reconstituted by using acetonitrile anhydrous in the various amounts as 

presented in Table 4.  The mixture was mixed using vortex mixer.  The reconstituted 

substrate was kept at room temperature; otherwise, it should be kept at -20ºC. 
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Table 4  Reconstitution of Vivid® substrates 

Isozyme 

type 

Vivid
®

 CYP substrate, 

mg per container 

Anhydrous acetonitrile added 

(µL)  

1A2 EOMCC, 0.1 205 

2C9 BOMCC, 0.1 160 

2C19 EOMCC, 0.1 205 

3A4 BOMCC, 0.1 160 

 

After that, CYP Baculosomes® reagent, regeneration system and buffer were 

mixed for preparing of master pre-mix.  The amount of components per 100 well is 

shown in Table 5.  The master pre-mix solution was mixed by inversion in the 

container and stored on ice before use.  

 
Table 5  Component of master pre-mix per 100 well 

Isozyme 

type 

Vivid
®

 CYP 

reaction buffer added 

(µL per 100 well) 

Regeneration 

system added 

(µL per 100 well) 

CYP  Baculosome
®

 

added 

(µL per 100 well) 
1A2 4850 (Buffer I) 100 50 

2C9 4800 (Buffer II) 100 100 

2C19 4850 (Buffer II) 100 50 

3A4 4850 (Buffer I) 100 50 

Reaction buffer I was 200 mM potassium phosphate buffer 
Reaction buffer II was 100 mM potassium phosphate buffer 
 

Next, the mixture of pre-mix reconstitution of Vivid® substrate, NADP+ and 

buffer were prepared and the amount of components per well is shown in Table 6. 
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Table 6  Pre-mix Vivid® CYP substrate and NADP+ per 100 well 

Isozyme 

type 

Vivid
®

 CYP 

reaction buffer added 

(µL per 100 well) 

Reconstitued 

substrate added 

(µL per 100 well) 

NADP
+
 added 

(µL per 100 well) 

1A2 885 (Buffer I) 15 100 

2C9 850 (Buffer II) 50 100 

2C19 850 (Buffer II) 50 100 

3A4 850 (Buffer I) 50 100 

Reaction buffer I was 200 mM potassium phosphate buffer 
Reaction buffer II was 100 mM potassium phosphate buffer 
 
 

2.3.1.2 Preparation of stop solutions 

 Stop solution was prepared to terminate the reaction between enzymes and 

substrates.  0.5 M Tris base (pH 10.5) solution was prepared by weighing 15.1425 g 

of Tris base to a 250-mL volumetric flask and then adjusting the volume with water.  

pH of the solution was adjusted to 10.5 by using NaOH and HCl.  The solution was 

kept at 4 ºC.   

 2.3.1.3 Assay procedure 

The assay condition was established for setting up the microplate (96-well 

plate) according to Figure 12.  The control well included the solvent controls 

containing the solvent of sample solutions.  Background of test compound and solvent 

control were used for preventing fluorescent error in the system by subtracting 

background fluorescence during data analysis.  The inhibition test were analyzed in 

tetraplicate (n=4) by using two microplates.  Each microplate included duplicate 

(n=2) of the sample solution.       
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 1 2 3 4 5 6 7 8 9 10 11 12 

A             

B             

C             

D             

E             

F             

G             

H             

 

Figure 12  Schematic diagram of microplate organization for Vivid® CYP450 
screening kit protocol 
 

First of all, the blank plate was measured for the fluorescence on Victor3 V 

plate reader using filter with wavelength of 409 and 460 nm for excitation and 

emission, respectively.  The reaction was processed in black, flat-bottomed, 96-well 

plates with a mixture volume of 100 µL per well.  Fourty microliter of sample 

solutions were added into the sample solution or its background wells while the 

solvent of each sample solution was added into the solvent control or its background 

wells.  Then 50 µL of master pre-mix solution was added into the test compound or 

solvent control wells whereas the reaction buffer was added into the background 

wells.  The incubation time was required for 20 minutes at room temperature to allow 

sample solutions to interact with CYP.  After that, 10 µL of Pre-mix Vivid® CYP 

substrate and NADP+ solution was added to start the reaction.  Then the mixing 

compounds were incubated for 30 minutes (CYP3A4, CYP2C19 and CYP1A2) or 40 

minutes (CYP2C9) at room temperature and protected from light.  The incubated time 

Sample solution in 
various concentrations 

Background of inhibitor solution 

Solvent 
control 

 

Background 
of solvent 
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of CYP2C9 was longer than the others because this CYP has less fluorescent 

sensitivity than other CYPs.  Next, 10 µL of the stop solution was added to quench 

the reaction.  The process of enzyme inhibition assay is shown in Figure 13.  Finally, 

the fluorescence was measured to acquire the results for analysis.     

 
                    Step 4 

                                                                                                       Stop solution                                                                                                      
       Step 1           Step 2         Step 3    

Test compound       CYP BACULOSOME       Substrate 

            Regeneration system 
                                                                                                                 

                                                                                                          Inhibition 
                                                                                                    No fluorescence 
 

 

 

               No inhibition 
                                                                                                 High fluorescence 

Figure 13  Four steps of enzyme inhibition assay 

 

2.3.1.4 Data analysis 

The relative fluorescence unit (RFU) was obtained from the measurement of 

the fluorescence of the final mixture.  The percent inhibition was calculated using this 

following equation: 

 

% inhibition =   1 -  (RFU test compound – RFU background of test compound)  x 100      (3) 

                                (RFU solvent control – RFU background of solvent control) 
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The percentages of inhibition for each test compound concentration were 

plotted versus log value of each test compound concentration to produce inhibitory 

curve.  The GraphPad Prism 4.03 program (San Diago, CA) was used to generate 

nonlinear regression curve by using an equation for sigmoidal dose-response (variable 

hill slope). The concentration with 50% of CYP inhibition (median inhibition 

concentration, IC50) was determined and the data were presented as mean+ SD.  The 

goodness of fit of the inhibitory curve (R2) was also calculated. 

2.3.2 Verification of CYP inhibition test 

The known standard inhibitors of CYPs were used for validating the assay 

procedure.  P450 inhibitors used in the assay included α-naphthoflavone, 

sulfaphenazole, miconazole and ketoconazole for CYP1A2, CYP2C9, CYP2C19 and 

CYP3A4, respectively (Marques-Soares et al., 2003; Monostory, Hazai and 

Vereczkey, 2004).  DMSO of 2.5% was used as drug solvent for CYP1A2, CYP2C9 

and CYP2C19 assay, while 2.5% ACN was used as drug solvent for CYP3A4 assay.   

 2.3.2.1 Preparation of inhibitor solutions 

  A. Preparation of α-naphthoflavone solutions 

  α-Naphthoflavone of 10 mM in DMSO was prepared.  Then 25 µL of 

drug stock solution and 975 µL of water were mixed to obtain the solution of 250 µM 

α-naphthoflavone containing 2.5% DMSO.  The concentrations of α-naphthoflavone 

were varied by serially diluted with 2.5% DMSO for use in the assay. 

  B. Preparation of sulfaphenazole solutions         

  Sulfaphenazole was dissolved in DMSO to obtain the drug 

concentration of 3 mM.  After that, 25 µL of stock solution and 975 µL of water were 
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mixed to obtain the final concentration of 75 µM in 2.5% DMSO.  The serial 

concentration of sulfaphenazole was prepared by diluting with 2.5% DMSO. 

  C. Preparation of miconazole solutions   

  One hundred micromolar of miconazole in DMSO was prepared.  The 

mixture of 25 µL of stock solution and 975 µL of water were prepared to generate 2.5 

µM miconazole in 2.5% DMSO.  The concentrations of miconazole were varied by 

serially diluted with 2.5% DMSO for the inhibition assay. 

  D. Preparation of ketoconazole solutions 

  Ketoconazole of 4.585 mM in acetronitrile (ACN) was prepared.  The 

mixture of 25 µL of stock solution and 975 µL of water were prepared to produce 

114.63 µM ketoconazole in 2.5% ACN.  The concentrations of ketoconazole were 

serially diluted with 2.5% ACN for enzyme assay. 

 It was noted that the concentrations of the inhibitor and their solvent 

used in the reaction were decreased for 2.5 times of their prepared concentrations as 

shown in Table 7.  This is because 40 µL of sample solutions were added into the test 

well, containing 100 µL of the total reaction volume.  Therefore, the solvent for 

CYP1A2, CYP2C9 and CYP2C19 were 1% DMSO and for CYP3A4 was 1% ACN, 

in reaction volume. The known inhibitors were tested for CYP inhibition using the 

previously described procedure and the IC50 values of each drug solution were 

determined. 
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Table 7  Concentration of CYP inhibitors per reaction volume (100 µL) 

Concentration of CYP inhibitors (µM) 

CYP1A2 CYP2C9 CYP2C19 CYP3A4 

α-Naphthoflavone Sulfaphenazole Miconazole Ketoconazole 

0.005 

0.010 

0.025 

0.050 

0.100 

0.250 

0.500 

1.000 

0.001 

0.010 

0.050 

0.250 

2.000 

10.000 

30.000 

0.010 

0.025 

0.050 

0.100 

0.250 

0.500 

1.000 

0.110 

0.275 

0.550 

2.200 

11.000 

55.000 

 

 2.3.3 CYP inhibition of AuNPs and AgNPs 

 2.3.3.1 Preparation of test compounds 

AuNPs and AgNPs were 2 times repetitively centrifuged (20 minutes, 5000 x 

g) by using 3 kDa ultracentrifugal filters to get rid of the excess stabilizer. 

Concentrations of the test compounds were varied ranging between 0.05 and 2,031 

µM by diluting with water which was used as a control.  The 40 µL of sample 

solutions were added into the test well, containing 100 µL of the total reaction 

volume.  The final concentrations of AuNPs and AgNPs are shown in Table 8.   

2.3.3.2 Assay procedure 

The assay condition was performed in microplate (96-well plate) as previously 

described.  The reaction was processed in black, flat-bottomed, 96-well plates with a 

mixture volume of 100 µL per well.  Fourty microliter of AuNPs or AgNPs was 

added into the test compound or its background well whereas ultrapure water was 

added into the solvent control or its background well.  Then 50 µL of Master Pre-Mix 
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solution was added into the test compound or solvent control well while the reaction 

buffer was added into the background well.  The incubation time was required for 20 

minutes at room temperature to allow AuNPs and AgNPs to interact with CYP.  After 

that, 10 µL of Pre-mix Vivid® CYP substrate and NADP+ solution was added to start 

the reaction.  The mixing compounds were incubated for 30 minutes (CYP3A4, 

CYP2C19 and CYP1A2) or 40 minutes (CYP2C9) at room temperature and protected 

from light.  After that, 10 µL of the stop solution was added to quench the reaction.  

The fluorescence was determined to obtain the results for analysis as described 

previously.     

 

2.3.3.3 Statistical analysis 

 The IC50 values of nanoparticles on CYP were setermined as previously 

described. The mean differences of the IC50 on four CYPs of AuNPs stabilized by 

each stabilizer and AgNPs were compared by using one-way analysis of variance 

(ANOVA) and p<0.05 was considered to be significant.  Then bonferroni post hoc 

test was used for determining significant different among IC50 values. 
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Table 8  Concentration of AuNPs and AgNPs in reaction volume (100 µL) for CYP assay 

Concentration of test compounds for CYP assay 

Citrate stabilized AuNPs (µM) PEI stabilized AuNPs (µM) PVP stabilized AuNPs (µM) AgNPs (µM) 

1A2 2C9 2C19 3A4 1A2 2C9 2C19 3A4 1A2 2C9 2C19 3A4 1A2 2C9 2C19 3A4 

203 

406 

 

203 

406 

20 

203 

406 

203 

406 

2 

10 

20 

30 

51 

152 

254 

406 

0.2 

2 

4 

6 

10 

20 

203 

406 

0.2 

2 

4 

6 

10 

20 

203 

2 

4 

6 

10 

20 

203 

406 

2 

20 

203 

406 

609 

812 

0.2 

2 

20 

203 

406 

609 

812 

2 

20 

203 

406 

609 

812 

2 

20 

203 

406 

609 

812 

10 

20 

30 

40 

60 

80 

10 

14 

20 

26 

30 

40 

2 

10 

14 

20 

30 

40 

2 

10 

14 

20 

30 

40 
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CHAPTER IV 

RESULTS AND DISCUSSION 

 
1.  Preparation of AuNPs and AgNPs  

 AuNPs and AgNPs could be prepared by the chemical reduction method.  

Au3+ and Ag+ are reduced to obtain Au0 and Ag0.  The stabilizers used for synthesis of 

AuNPs were citrate (in form of trisodium citrate dihydrate), polyethyleneimine (PEI) 

and polyvinylpyrrolidone (PVP).  The molar ratios of stabilizer (citrate, PEI and PVP) 

to hydrogen tetrachloroaurate (HAuCl4) were varied from 0.2 : 1 to 135 : 1.  The 

molar ratio of stabilizer (NaBH4) to silver was also varied from 9 : 5 to 11 : 5 to 

receive the most stable condition and the products were characterized by UV- visible 

spectroscopy (Table 9).  It was noted that the concentrations of hydrogen 

tetrachloroaurate (HAuCl4) and silver nitrate (AgNO3) were kept constant at 1.0 mM 

and 0.5 mM, respectively.  The appearances of prepared AuNPs and AgNPs after 

preparation and after 1 month storage are presented in Figure 14.  The color of AuNPs 

was pink red and of AgNPs appeared yellow.  The molar ratios of trisodium citrate to 

hydrogen tetrachloroaurate were varied from 8 : 1 to 40 : 1 for synthesis of citrate 

stabilized AuNPs.  This is because the molar ratio of trisodium citrate to hydrogen 

tetrachloroaurate at around 8 : 1 showed the surface plasmon resonance (SPR) of 520 

nm and diameter of 17 nm (Kimling et al., 2006).  According to the citrate stabilized 

AuNPs results, it was found that the suitable concentration ratio of trisodium citrate to 

hydrogen tetrachloroaurate might be 16 : 1 (condition 2).  The condition 1 showed the 

settled particles on the bottom after 1 month storage whereas the condition 3 was 

unsuccessful for synthesis.   The molar ratios of PEI and hydrogen tetrachloroaurate 
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were varied from 0.2 : 1 to 1.4 : 1 for PEI stabilized AuNPs synthesis.  According to 

the study of Sun et al. (2003), the molar ratio of PEI and hydrogen tetrachloroaurate 

with 0.68 : 1 presented stable AuNPs with SPR of 520 nm and diameter of 12 nm.  

Therefore, the molar ratio of PEI and hydrogen tetrachloroaurate was at least 0.68 : 1 

might produce the stable AuNPs.  From the result of PEI stabilized AuNPs, the 

concentration ratios of PEI to hydrogen tetrachloroaurate of 0.7 : 1 and 1.4 : 1 

(conditions 2 and 3) could preduce the stable PEI stabilized AuNPs.  However, which 

of   0.7 : 1 was chosen for cytochrome P450 inhibition study due to less amount of 

stabilizer used.  AuNPs prepared using condition 1 presented the alteration of λmax and 

the color of suspension from red to purple, indicating the change of the particle size 

(Kimling et al., 2006).  In addition, the molar ratios of polyvinylpyrrolidone (PVP) to 

hydrogen tetrachloroaurate were varied from 45 : 1 to 135 : 1.  According to previous 

study, the molar ratio of PVP to hydrogen tetrachloroaurate of 45 : 1 provided stable 

AuNPs with SPR of 521 nm while the lower molar ratio presented the aggregation of 

the nanoparticles (Pardiňas-Blanco et al., 2007).  However, in the present study, the 

molar ratios of PVP to hydrogen tetrachloroaurate of 90 : 1 and 135 : 1 (condition 2 

and 3) were the concentrations that could form stable AuNPs.  Nonetheless, that of 90 

: 1 was selected for further study owing to less amount of stabilizer used.  The AuNPs 

prepared using condition 1 demonstrated the precipitation after 1 month storage.  

From the results, PEI presented the most effective stabilizer since the lowest amount 

was used for AuNP synthesis.  This is because PEI is polyelectrolytes, which are 

capable of combining both steric and electrostatic stabilization (Sun et al., 2003).  In 

addition, PVP (nonionic stabilizer) was used at the largest amount for the synthesis 

followed by citrate and PEI, which exhibited negatively and positively charged 
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stabilizers.  Citrate provides electrostatic stabilization whereas PVP, which is 

polymer, presents steric stabilization.  According to AgNP synthesis, sodium 

borohydride (NaBH4) acts as both a reducer and electrostatic stabilizer.  From the 

study of Solomon et al. (2007), the molar ratio of sodium borohydride to silver nitrate 

at 2 : 1 produced the most stable AuNPs.  Therefore, the molar ratio of sodium 

borohydride to silver nitrate was varied from 9 : 5 to 11 : 5.  From AgNP results, the 

concentration of sodium borohydride should be twice which of silver nitrate 

(condition 2) to receive the stable nanoparticles.  The conditions 1 and 3 were 

unsuccessful for synthesis.  In conclusion, the citrate, PEI and PVP stabilized AuNPs 

and AgNPs prepared using condition 2 were chosen for use in enzyme inhibition 

assay.  The condition 2 of citrate, PEI and PVP stabilized AuNPs and AgNPs were 

also shown the stability after 6 month storage as presented in Figure 15.          

  
Table 9  The stability of AuNPs and AgNPs with varying concentrations of stabilizers 

 

Citrate stabilized AuNPs 

Condition [trisodium citrate] : [HAuCl4] Stability after 1 month 
1 
2 
3 

 8 : 1 
16 : 1 
40 : 1 

unstable 
stable 

unstable 
PEI stabilized AuNPs 

Condition [PEI] : [HAuCl4] Stability after 1 month 
1 
2 
3 

0.2 : 1 
0.7 : 1 
1.4 : 1 

unstable 
stable 
stable 

PVP stabilized AuNPs 

Condition [PVP] : [HAuCl4] Stability after 1 month 
1 
2 
3 

45 : 1 
90 : 1 

135 : 1 

unstable 
stable 
stable 

AgNPs 

Condition [NaBH4] : [AgNO3] Stability after 1 month 
1 
2 
3 

9 : 5 
10 : 5 
11 : 5 

unstable 
stable 

unstable 
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Figure 14  The appearances of nanoparticles prepared according to conditions 1,2 and 
3 of, citrate stabilized AuNPs after preparation (A) and after 1 month storage (B), PEI 
stabilized AuNPs after preparation (C) and 1 month storage (D), PVP stabilized 
AuNPs after preparation (E) and 1 month storage (F) and AgNPs after preparation (G) 
and 1 month storage (H)    
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                                       A                  B                C                  D 

Figure 15  The appearances of citrate stabilized AuNPs (A), PEI stabilized AuNPs 
(B), PVP stabilized AuNPs (C) and AgNPs (D) after 6 month storage    
 
 
2. Characterization of AuNPs and AgNPs 

2.1 UV – visible spectroscopy 

The surface plasmon resonances of AuNPs and AgNPs prepared previously with 

varied molar ratios of stabilizer and hydrogen tetrachloroaurate (for AuNPs) and 

silver nitrate (for AgNPs) after preparation and 1 month storage are represented in 

Figures 16 - 27.  The maximal absorption wavelength of AuNPs and AgNPs after 

preparation and 1 month storage are presented in Table 10.  The characteristics of the 

UV – visible absorption peak were related to particle diameter, degree of aggregation 

and particle concentration (Haiss et al., 2007; Song et al., 2009).  Normally, the peak 

absorbance wavelength of surface plasmon band (λmax) of AuNPs and AgNPs were 

approximately in the range of 520 and 400 nm, respectively (Daniel and Astruc, 2004; 

Solomon et al., 2007).  Thus, the λmax of AuNPs and AgNPs found in the present 

study (520 – 525 nm for AuNPs and 420 nm for AgNPs) were in agreement with 

other studies.  The absence of peak was reported for AuNPs with core diameter less 

than 1 nm, as well as for bulk gold (Daniel and Astruc, 2004).  According to Figures 
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16 and 22, the peak heights of AuNPs reduced after 1 month storage due to the 

precipitation of AuNPs because of the decrease of AuNP concentration in the upper 

layer.  The unchange of absorption peak of AuNPs and AgNPs after storage could be 

observed for nanoparticles prepared by using optimum molar ratio of stabilizer to gold 

and silver solutions as seem in Figures 17, 20, 21, 23, 24 and 26.  However, the 

absorption peak of AgNPs became broader after 1 month storage, possibly indicating 

some aggregation of the nanoparticles (Song et al., 2009).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16  UV absorption spectra of citrate stabilized AuNPs prepared with condition 
1 after preparation and 1 month storage  
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Figure 17  UV absorption spectra of citrate stabilized AuNPs prepared with condition 
2 after preparation and 1 month storage  
 

 

 

 

Figure 18  UV absorption spectra of citrate stabilized AuNPs prepared with condition 
3 after preparation and 1 month storage  
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Figure 19  UV absorption spectra of PEI stabilized AuNPs prepared with condition 1 
after preparation and 1 month storage  
 

 

 

 

Figure 20  UV absorption spectra of PEI stabilized AuNPs prepared with condition 2 
after preparation and 1 month storage  
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Figure 21  UV absorption spectra of PEI stabilized AuNPs prepared with condition 3 
after preparation and 1 month storage 
 

 

 

 

Figure 22  UV absorption spectra of PVP stabilized AuNPs prepared with condition 1 
after preparation and 1 month storage  
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Figure 23  UV absorption spectra of PVP stabilized AuNPs prepared with condition 2 
after preparation and 1 month storage  
 

 

 

 

Figure 24  UV absorption spectra of PVP stabilized AuNPs prepared with condition 3 
after preparation and 1 month storage  
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Figure 25  UV absorption spectra of AgNPs prepared with condition 1 after 
preparation and 1 month storage  
 

 

 

 

Figure 26  UV absorption spectra of AgNPs prepared with condition 2 after 
preparation and 1 month storage  
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Figure 27  UV absorption spectra of AgNPs prepared with condition 3 after 
preparation and 1 month storage  
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absorbance observed might be due to the aggregation of AgNPs occurred after 1 

month storage.  In fact, the SPR is due to the collective oscillations of electron at the 

surface of the nanoparticles that is correlated with the electromagnetic field of the 

coming light.  The SPR are dependent on the size and shape of the particle and inter-

particle distance (Baptista et al., 2007).  The shift of the peak to longer wavelength 

means the particle size is larger (Daniel and Astruc, 2004; Jensen et al., 2000).  In 

addition, hydrogen tetrachloroaurate and silver nitrate solutions were observed by 

UV-visible spectroscopy for approving that Au3+ and Ag+ were completely reduced to 

be Au0 and Ag0 after synthesis of nanoparticles by chemical reduction method 

(Figures 30 and 31).  Hydrogen tetrachloroaurate and silver nitrate solutions were 

exhibited surface plasmon bands at 310 and 305 nm, respectively, which did not 

appear in synthesized nanoparticles.  This can be concluded that hydrogen 

tetrachloroaurate and silver nitrate were transformed to nanoparticles by chemical 

reduction method.     
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Table 10  The spectral features of AuNPs and AgNPs with varying concentrations of 
stabilizers 

 

Citrate stabilized AuNPs 

Condition [trisodium citrate] : [HAuCl4] λmax (nm) 
after 

preparation 

λmax (nm) 
after 1 month  

1 
2 
3 

8 : 1 
16 : 1 
40 : 1 

525 
525 
ND 

525 
525 
ND 

PEI stabilized AuNPs 

Condition [PEI] : [HAuCl4] λmax (nm) 
after 

preparation 

λmax (nm) 
after 1 month  

1 
2 
3 

0.2 : 1 
0.7 : 1 
1.4 : 1 

520 
520 
520 

550 
520 
520 

PVP stabilized AuNPs 

Condition [PVP] : [HAuCl4] λmax (nm) 
after 

preparation 

λmax (nm) 
after 1 month  

1 
2 
3 

45 : 1 
90 : 1 

135 : 1 

525 
525 
535 

535 
525 
535 

AgNPs 

Condition [NaBH4] : [AgNO3] λmax (nm) 
after 

preparation 

λmax (nm) 
after 1 month  

1 
2 
3 

9 : 5 
10 : 5 
11 : 5 

ND 
420 
420 

ND 
430 
ND 

ND = can not be detected or unstable 
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Figure 28  UV absorption spectra of citrate, PEI and PVP stabilized AuNPs after 
preparation (A) and 1 month storage (B) 
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Figure 29  UV absorption spectra of AgNPs after preparation (A) and 1 month 
storage (B) 
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Figure 30  UV absorption spectra of hydrogen tetrachloroaurate solution 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 31  UV absorption spectra of silver nitrate solution 
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2.2 Size and size distribution 

 AuNPs and AgNPs were characterized for their size and appearance of the 

particles by using Transmission Electron Microscopy (TEM) after preparation and 1 

month storage. TEM images of spherical shape of AuNPs and AgNPs after preparing 

and 1 month storage are exhibited in Figures 32 and 33.  Size distribution of AuNPs 

and AgNPs were determined as shown in Figures 34 – 41.  The average particle 

diameters of citrate, PEI and PVP stabilized AuNPs and AgNPs were 8.36 ± 1.94, 

2.67 ± 1.04, 5.05 ± 1.51 and 12.42 ± 2.48 nm in orderly for freshly prepared systems.  

From the previous study, the average particle diameters of citrate, PEI and PVP 

stabilized AuNPs and AgNPs were 13 - 15, 2.3 ± 0.9, less than 10 and 12.0 ± 3.4 nm, 

respectively, for freshly synthesized nanoparticles (Pong et al., 2007; Thomas and 

Klibanov, 2003; Kim, Kim and Lee, 2008; Solomon et al., 2007).  The results showed 

that the average particle sizes of the nanoparticles from previous studies and present 

study were similar.  The average sizes of nanoparticles after 1 month storage were 

found to be 11.38 ± 3.32, 5.71 ± 1.65, 6.48 ± 1.64 and 15.46 ± 4.58 nm for citrate, 

PEI and PVP AuNPs and AgNPs, respectively.  An increase in the particle sizes of the 

nanoparticles after 1 month storage was considered to agglomeration of the particles 

and the decreased inter-particle distance.    
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Figure 32  TEM images of citrate stabilized AuNPs (A), PEI stabilized AuNPs (B), 
PVP stabilized AuNPs (C) and AgNPs (D) after preparation 
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Figure 33  TEM images of citrate stabilized AuNPs (A), PEI stabilized AuNPs (B), 
PVP stabilized AuNPs (C) and AgNPs (D) after 1 month storage 
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Figure 34  Size distribution of citrate stabilized AuNPs after preparation 
 
 
 
 
 

 
Figure 35  Size distribution of citrate stabilized AuNPs after 1 month storage 
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Figure 36  Size distribution of PEI stabilized AuNPs after preparation 

 
 
 
 
 
 

 
 

Figure 37  Size distribution of PEI stabilized AuNPs after 1 month storage 
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Figure 38  Size distribution of PVP stabilized AuNPs after preparation 

 
 
 
 
 

 
Figure 39  Size distribution of PVP stabilized AuNPs after 1 month storage 
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Figure 40  Size distribution of AgNPs after preparation 
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Figure 41  Size distribution of AgNPs after 1 month storage 
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2.3 Zeta potential measurement 

The zeta potential of the particles was measured by using Zetasizer NanoZS in 

order to detect the surface charge of the nanoparticles.  The values of surface potential 

of AuNPs and AgNPs are given in Table 11.  As the results, citrate stabilized AuNPs 

and AgNPs demonstrated negative charges and the charge slightly decreased after 1 

month storage.  The charge of PVP stabilized AuNPs was slightly negative and little 

increased after 1 month storage.  PEI stabilized AuNPs presented positive charge and 

the charge decreased after 1 month storage.  The charges of the nanoparticles are 

related to their stabilizers, surrounding the particles.  Sodium citrate and sodium 

borohydride provide negative charges whereas PEI presents positive charge.  PVP is a 

nonionic stabilizer; however, PVP stabilized AuNPs present slightly negative charge, 

which could be from a reductant, sodium borohydride.  The results from this study 

were agreement with the study of Goodman et al. (2004) and Solomon et al. (2007).         

 
 
 

Table 11  Zeta potential (mean ± SD, n=3) of citrate, PEI and PVP stabilized AuNPs 
and AgNPs after preparation and 1 month storage. 
 
 Zeta potential (mV) 

 After preparation After 1 month storage 

Citrate stabilized AuNPs -34.1 ± 1.3 -33.1 ± 3.0 
PEI stabilized AuNPs 28.7 ± 2.2 19.5 ± 2.4 
PVP stabilized AuNPs -3.3 ± 0.7 -4.3 ± 0.3 
AgNPs -43.6 ± 0.7 -33.9 ± 1.0 
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3. Human cytochrome P450 inhibition of AuNPs and AgNPs 

 The basic reaction of CYP catalysis is a monooxygenase reaction.  Vivid® 

substrates used in this study were EOMCC (ethyloxymethyloxy-3-cyanocoumarin) 

and BOMCC (7-benzyloxymethyloxy-3-cyanocoumarin).  Specific CYP 

Baculosomes® reagent is microsome prepared from insect cells expressing a human 

P450 isozyme mixed with rabbit NADPH-P450 reductase.  The cleavage of CYP 

Baculosomes® reagent and Vivid® substrates yields blue fluorescent product (7-

hydroxy-3-cyanocoumarin).  Citrate, PEI and PVP stabilized AuNPs and AgNPs were 

tested for inhibitory effect by the decrease in fluorescent products.  It is notably that 

the stabilizer of AgNPs was not varied in this study and only common AgNPs were 

used, since the main application of AgNPs were for external use which was 

unnecessary to CYP inhibition test.   

 

3.1 Verification of the Vivid
®

 CYP450 inhibition test 

The IC50 and 95% confidence interval of the known inhibitors of each CYP 

isozyme were determined for comparison to the IC50 as reported in the previous 

studies to verify the method before using the inhibition test for the sample.  P450 

inhibitors used in the assay included α-naphthoflavone, sulfaphenazole, miconazole 

and ketoconazole for CYP1A2, CYP2C9, CYP2C19 and CYP3A4, respectively.  The 

IC50 and 95% confidence interval of the particular CYP are presented in Table 12.  

The percentages of inhibition of each inhibitor are shown in Appendix B. 

According to the results (Table 12), IC50 values of sulfaphenazole and 

ketoconazole on CYP1A2, CYP2C9 and CYP3A4 were 0.11, 0.26 and 0.27 µM, 

respectively, were similar to the values from other studies (Marks and Larson, 2009; 
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Turpeinen et al., 2006; Marques-Soares et al., 2003; Monostory et al., 2004).  The 

IC50 values of CYP2C19 seemed to be different from others.  However, the IC50 

values among previous reports appeared to be different too.  The differences in IC50 

among groups of researcher might be due to several experimental factors e.g. type of 

probe substrate, source of enzyme, instrument, temperature condition, etc.  The 

enzyme in this study was obtained from human CYP expressed in insect cell whereas 

other studies used human lymphoblast CYP (Kleiner, Reed and DiGiovanni, 2003), 

human liver tissue (Monostory, et al., 2004; Turpeinen et al, 2006), human CYP 

expressed in yeast microsome (Marques-Soares, et al., 2003) and cDNA-directed 

human CYP (Chang, Gonzalez and Waxman, 1994).  The probe substrates were 

differed among studies, which could affect the result of different IC50 values.  The 

probe substrates used in this study were 7-ethyloxymethyloxy-3-cyanocoumarin 

(EOMCC) for CYP1A2 and CYP2C19 and 7-benzyloxymethyloxy-3-cyanocoumarin 

(BOMCC) for CYP2C9 and CYP3A4.  In contrast, other studies used (S)-

mephenytoin 4’- hydroxycoumarin and nifedipine for CYP2C19 and CYP3A4 

(Monostory, et al., 2004), resorufin ethyl ether (EROD) for CYP1A2 (Kleiner et al., 

2003), 7-methoxy-4-coumarin and omeprazole sulphoxidation for CYP2C9 and 

CYP3A4 (Turpeinen et al, 2006), progesterone for CYP2C9 (Marques-Soares, et al., 

2003).    

In the assay, test compounds with IC50 values ≤ 10 µM are concerned to be 

potent inhibitor while test compounds with IC50 value of 10-50 µM are considered to 

be moderate inhibitor (Zou, Harkey and Henderson, 2002).  Therefore, all known 

inhibitors, used for verification of the Vivid® CYP450 inhibition test, acted as potent 

inhibitors. 
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Table 12  IC50 and 95% confidence interval of the known inhibitors  

Isozyme 

 

Inhibitor 

 

IC50 (µM) from 

other studies 

IC50 (µM)  

from this study 

(95% CI) 

CYP1A2 α-Naphthoflavone 0.03a 
0.04 ± 0.02c 

0.4 - 0.5f 

0.11 
(0.10 to 0.11) 

CYP2C9 Sulfaphenazole 0.31a 
0.3b 
0.6d 

0.26 
(0.08 to 0.78) 

CYP2C19 Miconazole 0.07a 

1.78 ± 0.84e 
0.39 

(0.26 to 0.57) 
CYP3A4 Ketoconazole 0.13a 

0.01b 
0.40 ± 0.16e 

0.27 
(0.18 to 0.41) 

a = Marks and Larson, 2009;b = Turpeinen et al., 2006; c = Kleiner et al., 2003;  
d = Marques-Soares et al., 2003; e = Monostory et al., 2004; f = Chang et al., 1994. 
 

 

After test, AuNPs and AgNPs were examined for inhibitory effect on 

CYP1A2, CYP2C9, CYP2C19 and CYP3A4.  The dose-response curves of citrate, 

PEI and PVP stabilized AuNPs and AgNPs for each CYP are presented in Figures 41-

52.  IC50 values of citrate, PEI and PVP stabilized AuNPs and AgNPs are shown in 

Table 15.   The % inhibitions of AuNPs and AgNPs on various CYPs are shown in 

Appendix A.     

 

 3.2 CYP inhibition of citrate stabilized AuNPs  

 Citrate stabilized AuNPs inhibited CYP1A2, CYP2C9, CYP2C19 and 

CYP3A4 at 9.75 ± 1.45 %, 34.42 ± 4.67 %, 46.01 ± 2.05 % and 31.22 ± 3.55 % at the 

highest concentration of AuNPs that could be prepared (406 µM).  Therefore, their 

IC50 values were expected to be higher than 406 µM.  However, the IC50 values of 

citrate stabilized AuNPs could not be determined due to inability to synthesis the 

nanoparticles at the higher concentrations.  Compared at the same concentration, 
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citrate stabilized AuNPs showed the lower CYP inhibitory effect compared to PEI and 

PVP stabilized AuNPs (Table 13).   The inhibitory effect of citrate stabilized AuNPs 

was highest for CYP2C19 followed by CYP2C9, CYP3A4 and CYP1A2, 

respectively.  In contrast, AgNPs presented more inhibitory effect than the AuNPs for 

all CYPs at 10 times lower concentration (Table 14).     

 

Table 13  Percentages of inhibition of AuNPs on CYP isozymes at 406 µM (n=4) 

% Inhibition at 406 µM (Mean ± SD)  

Isozyme 
Citrate 

stabilized AuNPs 

PEI 

stabilized AuNPs 

PVP 

stabilized AuNPs 

CYP1A2 

CYP2C9 

CYP2C19 

CYP3A4 

9.75 ± 1.45 

34.42 ± 4.67 

46.01 ± 2.05 

31.22 ± 3.55 

95.02 ± 0.37 

91.17 ± 1.53 

98.02 ± 0.05 

86.40 ± 3.50 

28.61 ± 3.83 

59.36 ± 1.35 

61.25 ± 2.26 

78.38 ± 2.64 

 

Table 14  Percentages of inhibition of AgNPs on CYP isozymes at 40 µM (n=4) 

Isozyme 
% Inhibition of AgNPs at 40 µM 

(Mean ± SD) 

CYP1A2 

CYP2C9 

CYP2C19 

CYP3A4 

33.62 ± 6.00 

101.61 ± 1.47 

99.87 ± 2.09 

97.44 ± 1.12 

 

 3.3 CYP inhibition of PEI stabilized AuNPs 

 IC50 values of PEI stabilized AuNPs on CYP1A2, CYP2C9, CYP2C19 and 

CYP3A4 inhibition were 64.34 ± 0.05, 4.47 ± 0.03, 4.84 ± 0.01 and 16.89 ± 0.02 µM, 

respectively.  In addition, PEI stabilized AuNPs inhibited CYP1A2, CYP2C9 and 
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CYP3A4 activities for 95.02%, 91.17% and 86.40% of the control at the 

concentrations of 406 µM (Table 13).    PEI stabilized AuNPs inhibited CYP2C19 

activity for 97.28% of the control at the concentration of 203 µM.  The curves of 

%inhibition of CYP activity versus logarithmic concentrations of PEI stabilized 

AuNPs are shown as Figures 42-45.    

 

 

 

 

                                                                                        
 

 

 

 

 

 

 

 

                                                                                         IC50     = 64.34 ± 0.05 µM 
                                                                                         95%CI = 51.88 to 79.79 µM 
                                                                                         R2        = 0.9786 
 

 

 

                                

Figure 42  Inhibition curve of PEI stabilized AuNPs on CYP1A2 
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                                                                                        IC50     = 4.47 ± 0.03 µM 
                                                                                        95%CI = 3.96 to 5.04 µM 
                                                                                        R2         = 0.9601 
 
 
 
 
 
 

 

Figure 43  Inhibition curve of PEI stabilized AuNPs on CYP2C9 
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Figure 44  Inhibition curve of PEI stabilized AuNPs on CYP2C19 
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IC50     = 16.89 ± 0.02 µM 

                                                                                       95%CI = 15.51 to 18.38 µM 
                                                                                       R2        = 0.9894 
  
 
 
 
 
 

 

Figure 45  Inhibition curve of PEI stabilized AuNPs on CYP3A4 
                      
 
 From the results, PEI stabilized AuNPs exhibited the higher CYP inhibition 

than citrate and PVP stabilizied AuNPs as compared at the same concentration of 406 

µM (Table 13).  The inhibitory effect of PEI stabilized AuNPs was highest for 

CYP2C9 followed by CYP2C19, CYP3A4 and CYP1A2, respectively, as compared 

by the IC50 values.  

3.4 CYP inhibition of PVP stabilized AuNPs 

 IC50 values of PVP stabilized AuNPs on CYP1A2, CYP2C9, CYP2C19 and 

CYP3A4 were 449.6 ± 0.02, 339.3 ± 0.04, 418.8 ± 0.12 and 233.4 ± 0.03 µM, 

respectively.  In addition, PVP stabilized AuNPs inhibited CYP1A2, CYP2C9, 

CYP2C19 and CYP3A4 activities for 84.39%, 85.28%, 97.87% and 99.45% of the 

control at the concentration of 812 µM.  The curves of %inhibition of CYP activity 

versus logarithmic concentrations of PVP stabilized AuNPs are shown as Figures 46-

49.   
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                                                IC50     = 449.6 ± 0.02 µM 
                                                95%CI = 405.9 to 497.9 µM 
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Figure 46  Inhibition curve of PVP stabilized AuNPs on CYP1A2 
 
 
 
 
 
 

 

                                                IC50     = 339.3 ± 0.04 µM 
                                                95%CI= 281.8 to 408.6 µM 
                                                R2        = 0.9913 
 

  

 

 

 

 

                            

Figure 47  Inhibition curve of PVP stabilized AuNPs on CYP2C9 
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                                                IC50     = 418.8 ± 0.12 µM 
                                                95%CI = 234.7 to 747.1 µM 
                                                R2        = 0.983  
 

 
 

 
 
 
 

 
 
 
 
 
 
 
 

Figure 48  Inhibition curve of PVP stabilized AuNPs on CYP2C19 
 
 
 
 
 
 
 

                                                  IC50     = 233.4 ± 0.03 µM 
                                                  95%CI = 200.0 to 272.5 µM 
                                                  R2        = 0.9948 
          
        

 
                                                            
                                                              

 
 
 
 
 
 
 
 
 

 
Figure 49  Inhibition curve of PVP stabilized AuNPs on CYP3A4 
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The result showed that PVP stabilized AuNPs exhibited less inhibitory effect 

as compared to PEI stabilized AuNPs and AgNPs (Table 15).  The inhibition of PVP 

stabilized AuNPs was highest for CYP3A4 followed by CYP2C9, CYP2C19 and 

CYP1A2, respectively.   

 3.5 CYP inhibition of AgNPs 

 IC50 of AgNPs on CYP1A2, CYP2C9, CYP2C19 and CYP3A4 inhibition 

were 43.51 ± 0.03, 26.46 ± 0.00, 14.31 ± 0.01 and 13.52 ± 0.01 µM, respectively 

(Table 15).  In addition, AgNPs inhibited CYP1A2 activity for 95.44% of the control 

at the concentration of 80 µM (Table 30).  AgNPs inhibited CYP2C9, CYP2C19 and 

CYP3A4 activities for 101.61%, 99.87% and 97.44% of the control at the 

concentrations of 40 µM (Tables 31-33).  The curves of %inhibition of CYP activity 

versus logarithmic concentrations of PVP stabilized AuNPs are shown as Figures 50-

53.   

 

 

 

 

                                                                                                                                                                                               
                                                                                                    
                                                                                             IC50     = 43.51 ± 0.03 µM 
                                                                                             95%CI= 37.66 to 50.26 µM 
                                                                                             R2        = 0.9526 

 

 

 

Figure 50  Inhibition curve of AgNPs on CYP1A2 
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                                                                                       IC50     = 26.46 ± 0.00 µM 
                                                                                       95%CI= 26.14 to 26.78 µM 
                                                                                       R2        = 0.9943 
 
 
 
 
                                                                                           
 

 

Figure 51  Inhibition curve of AgNPs on CYP2C9 
 
 
 

 
 
 
 
 

 

 

 

                                                                                                                                                                                        
                                                                                          IC50     = 14.31 ± 0.01 µM 
                                                                                          95%CI= 13.41 to 15.27 µM 
                                                                                          R2        = 0.9832                               
                                             
 

 

 

 

Figure 52  Inhibition curve of AgNPs on CYP2C19 
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                                                                                     IC50     = 13.52 ± 0.01 µM 
                                                                                     95%CI= 13.00 to 14.06 µM 
                                                                                     R2        = 0.9883 

 
 
 
 
 
 
 

                                                  
Figure 53  Inhibition curve of AgNPs on CYP3A4 

 
 

 
According to the results, AgNPs presented higher CYP inhibition than citrate 

and PVP stabilized AuNPs (Table 15).  AgNPs had more potent inhibitory effect for 

CYP1A2 and CYP3A4 than AuNPs, but they had less potent inhibitory effect for 

CYP2C9 and 2C19 compared to PEI stabilized AuNPs.  The inhibitory effect of 

AgNPs was highest for CYP3A4 followed by CYP2C19, CYP2C9 and CYP1A2, 

respectively.  The overall IC50 ± SD (n=4) of citrate, PEI and PVP stabilized AuNPs 

and AgNPs are summarized in Table 15.  For statistical analysis, one-way analysis of 

variance (ANOVA) was carried out to compare the effect of each nanoparticles on 

different CYPs and different nanoparticles on each CYP isozyme.  Then bonferroni 

post hoc test was used for determining significant different among IC50 values.  Three 

kinds of AuNPs stabilizer (citrate, PEI and PVP) were also tested for CYP inhibition 

to approve that the inhibitory effect of AuNPs were not related to their excess 
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stabilizers.  The concentrations of the stabilizers (16.2 µM, 0.7 µM and 90.1 µM for 

citrate, PEI and PVP, in orderly), used for the test, were the same as concentration 

used for AuNPs preparation.  The percentage of inhibition of citrate, PEI and PVP at 

the mentioned concentrations are shown in Table 16.  In addition, AuNPs and AgNPs 

were 2 times repetitively centrifuged (20 minutes, 5000 x g) by 3 kDa ultracentrifugal 

filters in order to get rid of the excess stabilizer before the enzyme inhibition test.  

This is to confirm that the inhibition of AuNPs were not associate with the excess 

stabilizer.   

   

Table 15  IC50 values on CYP inhibition of citrate, PEI and PVP stabilized AuNPs 
and AgNPs (n=4) 

IC50 ± SD (µM)  

Chemicals CYP1A2 CYP2C9 CYP2C19 CYP3A4 

Citrate 
stabilized 
AuNPs 

PEI 
stabilized 
AuNPs 

PVP 
stabilized 
AuNPs 

   AgNPs 

ND 

 
 

64.34 ± 0.05aA 
 
 

 
449.6 ± 0.02aB 

 
 
 

43.51 ± 0.03aC 

ND 

 
 

4.47 ± 0.03bA 
 
 
 

339.3 ± 0.04bB 
 
 
 

26.46 ± 0.00bC 

ND 

 
 

4.84 ± 0.01 cA 
 
 
 

418.8 ± 0.12 cB 
 
 
 

14.31 ± 0.01 cC 

ND 

 
 

16.89 ± 0.02 dA 
 
 
 

233.4 ± 0.03 dB 
 
 
 

13.52 ± 0.01 dC 

a, b, c and d Significantly different among IC50 of the individual CYP of each nanoparticle, 
p<0.05 
A, B and C Significantly different among IC50 of the nanoparticles of each CYP isozyme, 
p<0.05 
ND = could not determine 
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Table 16  Percentage of inhibition of citrate, PEI and PVP solutions (n=2) 
 

% Inhibition 

 
 

Isozyme 

 
Citrate  

 

PEI  

 

PVP  

 

CYP1A2 

CYP2C9 

   CYP2C19 

CYP3A4 

0 

0 

0 

0 

36.96 

62.89 

92.34 

51.35 

0 

7.68 

5.73 

58.26 

 
 

CYPs have a significant responsibility for the oxidative metabolism of drugs 

and other xenobiotics.  CYP1A2, CYP2C9, CYP2C19 and CYP3A4 are the common 

isozymes for drug metabolism in human.  The inhibition of CYPs-mediated 

metabolism is the important mechanism for drug-drug interactions.   

According to Zou et al. (2002), test compound with IC50 value ≤ 10 µM are 

concerned to be potent inhibitor while test compounds with IC50 value of 10-50 µM 

are considered to be moderate inhibitor.  If the assumption was applied for comparing 

concentration of Au in the system studied, PEI stabilized AuNPs present potent 

inhibitor of CYP2C9 and CYP2C19 and moderate inhibitor of CYP3A4.  AgNPs 

demonstrate moderate inhibitor of CYP1A2, CYP2C9, CYP2C19 and CYP3A4.  As 

the CYP inhibition of AuNPs results, PEI stabilized AuNPs caused the efficient P450 

inhibition rather than citrate and PVP stabilized AuNPs.  It can be seen that cationic 

nanoparticles had clearly more potent inhibitory effect than the nonionic and anionic.  

The negative surface coating might not effectively interact with the cell membrane, 

contained the overall negative charge of the lipid bilayer   (Goodman et al., 2004).  

Recently, the study reported that the nanoparticles with positive charge exhibited 
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greater interaction with human breast cancer cells than the nanoparticles with negative 

charge (Osaka et al., 2009).  Miller et al. (1998) observed the effect of liposome 

surface charge on liposomal binding and endocytosis in a human ovarian carcinoma 

cell line (HeLa) and a murine derived mononuclear macropharge cell line (J774).  The 

positively charged liposomes had a greater endocytosis than either neutral or 

negatively charged liposomes.  Moreover, the size of the nanoparticles had an impact 

on the interaction of the particles and cell membrane.  The relation between size of the 

particles and percentage of inhibition are exhibited in Table 17.  From the study, the 

smallest particle size (PEI stabilized AuNPs) presented the greatest CYP inhibition 

followed by PVP and citrate stabilized AuNPs.  The earlier study examined the uptake 

into dendritic cells of model fluorescent polystyrene particles with varied size range 

and charge.  Particles with diameter of 0.5 µm or below presented the greater cell 

uptake compared to larger particles.  However, the particles with positively charged 

surface better enhanced cell interaction than the particles with negatively charged 

surface (Foged et al., 2005).  Smaller particles were dispersed quickly to almost all 

tissues while larger particles were not broadly dispersed into tissues (Aillon et al., 

2009).  Therefore, the results from this study are in agreement with the results found 

by Foged et al. (2005) and Aillon et al. (2009). 
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Table 17  The sizes of AuNPs and percentage of CYP inhibition at 406 µM 

% Inhibition at 406 µM (Mean ± SD, n=4) 

AuNPs 

Size of particle 

after preparation (nm) 

(Mean ± SD, n= 19-27)  
CYP1A2 CYP2C9 CYP2C19 CYP3A4 

Citrate stabilized AuNPs 

 

PEI stabilized AuNPs 

 

PVP stabilized AuNPs 

 

8.36 ± 1.94 

 

2.67 ± 1.04 

 

5.05 ± 1.51 

 

9.75 ± 1.45 

 

95.02± 0.37 

 

28.61 ± 3.83 

34.42 ± 4.67 

 

91.17 ± 1.53 

 

59.36 ± 1.35 

 

46.01 ± 2.05 

 

98.02 ± 0.05 

 

61.25 ± 2.26 

 

 

31.22 ± 3.55 

 

86.40 ± 3.50 

 

78.38 ± 2.64 
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It could be seen that CYP inhibitory effect of PEI stabilized AuNPs was 

associated the combination effect of the smaller size and positively charged 

properties.  PEI stabilized AuNPs have been used for increasing the transfected 

efficiencies into monkey kidney (COS-7) cells (Thomas and Klibanov, 2003).  They 

could interact with the DNA backbone, inhibiting transcription by T7 RNA 

polymerase in vitro (McIntosh et al., 2001).  Because cationic polymer stabilized 

AuNPs present transfected capabilities, they have been developed for several 

applications e.g. transfection vectors, DNA-binding agents, protein inhibitor, etc 

(Goodman et al., 2004).  For example, mixed monolayer protected gold clusters 

(MMPCs) functionalized with quaternary ammonium chains had the ability to 

transfect mammalian cell cultures, as determined through beta-galactosidase transfer 

and activity (Sandhu et al., 2002).  In addition, anionically functionalized amphiphilic 

MMPCs were used for the binding and inhibition of chymotrypsin for studying the 

mechanism of inhibition (Fischer et al., 2002).   It can be seen that AuNPs with 

cationic polymer surface can effectively interact with negative charged cell 

membrane. 

From this study, AgNPs exhibited negatively charged surface because their 

particles were stabilized by tetrahydridoborate (III) ion (BH4
-), which was formed 

from sodium borohydride (NaBH4).  The inhibitory effect of AgNPs is compared to 

which of citrate stabilized AuNPs due to the close proximal zeta potential values.  

IC50 values of AgNPs on CYP1A2, CYP2C9, CYP2C19 and CYP3A4 were 43.51 ± 

0.03, 26.46 ± 0.00, 14.31 ± 0.01 and 13.52 ± 0.01 µM, respectively whereas of citrate 

stabilized AuNPs were expected to be higher than 406 µM.  From the results, AgNPs 

provide the greater inhibitory effect than citrate stabilized AuNPs.  Therefore, CYP 
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inhibition of AgNPs could be from Ag atom.  According to the study of Sondi and 

Salopek-Sondi (2004), both of positively charged Ag ions and negatively charged 

AgNPs were permeable and accumulated in bacterial membrane, leading to cell death.  

This study confirmed that the charge of AgNPs is not involved to the transfection of 

cell membrane.  Additionally, the transfected efficiency of AgNPs depends on size of 

the particle.  The smaller size of the nanoparticle the greater potential toxicity was 

examined in zebrafish embryos (Bar-llan et al., 2009).  Moreover, there are previous 

studies reported that AgNPs can interact with other cell membrane.    AgNPs 

interacted with HIV-1 virus by binding to the gp 120 glycoprotein knobs 

(Elechiguerra et al., 2005).  AgNPs could interact with platelet or fibroblast cells 

(Chung, Chen and Chen, 2008).   

In this study, several CYP isozymes were examined owing to the individual 

different inhibitory effect on different substances.  CYP1A2 is significant for the 

bioactivation of procarcinogens.  It metabolizes drugs that resemble aromatic amines, 

including caffeine, β-naphthylamine (carcinogen), theophylline and tricyclic 

antidepressants (TCAs).  It also oxidizes estrogen and this series of hormones.  The 

increase of this CYP isozyme is related to the risk of breast cancer (Hong et al., 2004) 

colon cancer (SaebØ et al., 2008) and lung cancer (Seow et al., 2001). As the results, 

PEI and PVP stabilized AuNPs and AgNPs present less inhibitory effect on CYP1A2.  

This may decrease xenobiotic-induced carcinogenesis.  However, this might reduce 

the biotransformation of drugs, acted as CYP1A2 substrates, causing drug interaction 

(Coleman, 2005; Manzi and Shannon, 2005).   

CYP2C9 metabolizes several common drugs, including phenytoin, warfarin, 

losartan, tolbutamide, plipizide and non-steroidal anti-inflammatory drugs (e.g. 
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diclofenac, ibuprofen, etc.).  CYP2C19 presents genetic polymorphism.  

Approximately 3-5% of Caucasians and 20% of Asians and African-Americans are 

poor metabolizers.  Unpredictable drug level could be occurred because of genetic 

polymorphism.  CYP2C19 oxidizes antidepressants (TCAs and SSRIs), 

anticonvulsants, anxiolytics and benzodiazepines.  According to the results, the 

function of CYP2C is more potent inhibited by PEI stabilized AuNPs.  In addition, 

AgNPs exhibit moderate inhibitory effect (IC50 value of 10-50 µM (Zou et al., 2002)) 

on CYP2C.  This may cause toxicity of drugs that metabolized by CYP2C, especially, 

drugs with narrow therapeutic window (phenytoin and warfarin) (Goshman et al., 

1999).  In contrast, the inhibitory effect on CYP2C may be beneficial in term of 

toxicity protection from xenobiotic-bioactivation. 

CYP3A4 are responsible for the metabolism of more than 150 drugs, including 

antiarrhythmics, calcium antagonists, psychotropics, opioid analgesics, antihistamines 

benzodiazepines, antimicrobial agents, antiretroviral agents, antiulcer agents, 

anticonvulsants and immunosuppressants.  In addition, about 70% of CYP3A4 

appears in the gut to metabolize substrates before reaching to the liver, resulting in the 

decrease of bioavailability.  From the result, PEI stabilized AuNPs and AgNPs 

exhibited the moderate inhibitory effect on CYP3A4.  Also, PVP stabilized AuNPs 

had less inhibitory effect.  The concomitant administration of the drugs with PEI 

AuNPs and AgNPs should be concerned in term of drug interaction resulting in 

serious medical consequences (Coleman, 2005; Gibson and Skett, 1996; Goshman et 

al., 1999). 

The results obtained from CYP inhibition provides the suggestion on the 

consideration of drug to be delivered by AuNPs and AgNPs.  Due to the lack of drug 
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interaction, the nanoparticles exhibited no CYP inhibitory effect could be used for 

drug delivery.  The CYP inhibition potency seemed to depend upon the charge and 

size of the Nanoparticles.  According to the study results, citrate and PVP stabilized 

AuNPs can be used for further developed for delivery of drug metabolized by 

CYP1A2, CYP2C9, CYP2A19 and CYP3A4.  PEI stabilized AuNPs potentially 

inhibit the metabolism of co-administered medication which passes CYPs as primary 

route of elimination according to positive charged surface and very small particle size.  

Also, AgNPs exhibited potent CYP inhibitory effect may possibly cause drug 

interaction. The study the mechanism of CYP inhibition and the effect in vivo should 

be further investigated. 
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CHAPTER V 

 

CONCLUSION 

 

 
 AuNPs are recently interested for medical applications such as drug and gene 

delivery, diagnosis and therapy.  This is because AuNPs show physical properties, 

including unique optical properties and high surface areas.  In general, colloidal 

solutions of spherical AuNPs are red with SPR band centered approximately at 520 

nm.  This band is dependent on size, shape and inter-particle distance of the particles.  

AgNPs present antimicrobial activity which would be employed for varied fields of 

application e.g. external use, medical devices, etc.  Typically, colloidal solutions of 

spherical AgNPs are yellow with SPR band centered approximately at 400 nm.  As 

AuNPs and AgNPs are widely used for different applications, the effect of them on 

biotransformation enzymes is determined in order to gain the information regarding 

less therapeutic effect or toxicity during co-administration.  Citrate, PEI and PVP 

stabilized AuNPs and AgNPs were synthesized for investigating the inhibitory effect 

on CYP isozymes for phase I drug metabolisms, CYP1A2, CYP2C9, CYP2C19 and 

CYP3A4.   

 The citrate, PEI and PVP stabilized AuNPs (1,015 µM) and AgNPs (500 µM) 

were prepared by using various molar ratios of stabilizer solution to Au or Ag 

solution.   According to the result of citrate stabilized AuNPs, the concentration ratio 

of trisodium citrate to hydrogen tetrachloroaurate of 16 : 1 was found to be suitable 

for preparing the stable AuNPs.  The PEI stabilized AuNPs could be prepared using 

the concentration ratio of polyethyleneimine to hydrogen tetrachloroaurate of higher 

than 0.7 : 1.  The concentration ratio of polyvinylpyrrolidone to hydrogen 
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tetrachloroaurate of higher than 90 : 1 was recommended for preparing the PVP 

stabilized AuNPs.  Additionally, the concentration of sodium borohydride was twice 

which of silver nitrate for the suitable condition for AgNP preparation. 

 The average particle diameters of citrate, PEI and PVP stabilized AuNPs and 

AgNPs for freshly prepared systems were 8.36 ± 1.94, 2.67 ± 1.04, 5.05 ± 1.51 and 

12.42 ± 2.48 nm, respectively.  The particle sizes of AuNPs and AgNPs seemed to 

slightly increase after 1 month storage.  From the results of zeta potential 

measurement, citrate stabilized AuNPs and AgNPs presented negative charges, which 

were slightly decreased after storage for a month.  The charge of PVP stabilized 

AuNPs was slightly negative and little increased after 1 month storage.  PEI stabilized 

AuNPs presented positive charges which were decreased after storage time.   

From the result of CYP inhibition, PEI stabilized AuNPs demonstrated potent 

inhibitory effect on CYP2C9 and CYP2C19 with IC50 values of 4.47 ± 0.03 and 4.84 

± 0.01 µM and moderate inhibition on CYP3A4 with IC50 value of 16.89 ± 0.02 µM.  

In contrast, they had mild inhibition for CYP1A2 with IC50 value of 64.34 ± 0.05 µM.  

PVP stabilized AuNPs exhibited less CYP inhibitory effect.   They had the greatest 

inhibition on CYP3A4 followed by CYP2C9, CYP2C19 and CYP1A2, in orderly, 

with IC50 values of 233.4 ± 0.03, 339.3 ± 0.04, 418.8 ± 0.12 and 449.6 ± 0.02 µM.  

AgNPs showed the moderate CYP inhibition.  The inhibitory effect of AgNPs was 

highest for CYP3A4 (IC50 = 13.52 ± 0.01 µM) followed by CYP2C19 (IC50 =14.31 ± 

0.01 µM), CYP2C9 (IC50 = 26.46 ± 0.00 µM) and CYP1A2 (IC50 = 43.51 ± 0.03 µM), 

respectively.  For citrate stabilized AuNPs the IC50 values were expected to be higher 

than 406 µM.  From the results, CYP inhibitory effect of the nanoparticles 

corresponds to their charges and particle sizes.  PEI stabilized AuNPs exhibited the 
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highest CYP inhibition compared to AuNPs with other stabilizers. It was possibly due 

to their smaller size and positively charged particle.  Although AgNPs showed the 

negatively charged particles, they inhibited the CYP activities more strongly than the 

negatively charged AuNPs stabilized by citrate.   The inhibitory effect of AgNPs was 

considered to be from Ag atom.    

         The overall of the study concluded that PEI stabilized AuNPs and 

AgNPs probably would promote drug interaction involved in phase I metabolism 

during concomitant administration.  Nevertheless, citrate and PVP stabilized AuNPs 

were considered to possibly cause low occurrence of drug interaction.  The 

mechanism of CYP inhibition and in vivo study should be investigated for further use 

of nanoparticles. 
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APPENDIX A 

PERCENTAGE OF INHIBITION ON VARIOUS CYPs OF  

AuNPs AND AgNPs 

 

Table 18  Percentage of inhibition of citrate stabilized AuNPs on CYP1A2 activity 
(n=4) 

 
 

Table 19  Percentage of inhibition of citrate stabilized AuNPs on CYP2C9 activity 
(n=4) 

 
 

Table 20  Percentage of inhibition of citrate stabilized AuNPs on CYP2C19 activity 
(n=4) 

 
 

 

 

% Inhibition Concentration of                        
citrate stabilized AuNPs in 
the reaction mixture (µM) 

1 2 3 4 Mean ± S.D. 

203 0 0 0 0 0 

406 11.49 8.01 9.41 10.09 9.75 ± 1.45 

% Inhibition Concentration of                        
citrate stabilized AuNPs in 
the reaction mixture (µM) 

1 2 3 4 Mean ± S.D. 

203 0 0 0 0 0 

406 39.21 29.70 31.22 37.56 34.42 ± 4.67 

% Inhibition Concentration of                        
citrate stabilized AuNPs in 
the reaction mixture (µM) 

1 2 3 4 Mean ± S.D. 

20 -2.74 0.54 0 0 -0.55 ± 1.48 

203 38.12 37.16 32.95 38.49 36.68 ± 2.55 

406 44.20 44.81 46.22 48.81 46.01 ± 2.05 
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Table 21  Percentage of inhibition of citrate stabilized AuNPs on CYP3A4 activity 
(n=4) 

 

Table 22  Percentage of inhibition of PEI stabilized AuNPs on CYP1A2 activity 
(n=4) 

% Inhibition Concentration of                        
PEI stabilized AuNPs in the 

reaction mixture (µM) 
1 2 3 4 Mean ± S.D. 

2 0 0 0 0 0 

10 0 0 0 0 0 

20 0 0 0 0 0 

30 28.56 23.76 27.85 25.19 26.34 ± 2.25 

51 42.57 47.90 37.02 30.73 39.56 ± 7.37 

152 74.49 80.24 73.20 67.26 73.80 ± 5.33 

254 87.74 86.73 86.61 87.35 87.11 ± 0.53 

406 95.51 95.51 94.78 95.02 95.02 ± 0.37 

 

Table 23  Percentage of inhibition of PEI stabilized AuNPs on CYP2C9 activity 
(n=4) 

% Inhibition Concentration of                        
PEI stabilized AuNPs in the 

reaction mixture (µM) 
1 2 3 4 Mean ± S.D. 

0.2 0 0 0 0 0 

2 0 0 0 0 0 

4 28.79 29.10 32.71 31.26 30.47 ± 1.86 

6 60.71 62.71 62.85 61.18 61.86 ± 1.08 

10 61.46 62.67 68.13 67.01 64.82 ± 3.25 

20 68.31 69.31 70.67 74.05 70.59 ± 2.50 

203 78.65 79.45 82.44 83.50 81.01 ± 2.33 

406 92.28 92.24 91.14 89.01 91.17 ± 1.53 

 

 

% Inhibition Concentration of                        
citrate stabilized AuNPs in 
the reaction mixture (µM) 

1 2 3 4 Mean ± S.D. 

203 0 0 0 0 0 

406 33.36 31.81 26.03 33.67 31.22 ± 3.55 
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Table 24  Percentage of inhibition of PEI stabilized AuNPs on CYP2C19 activity 
(n=4) 

% Inhibition Concentration of                        
PEI stabilized AuNPs in the 

reaction mixture (µM) 
1 2 3 4 Mean ± S.D. 

0.2 0 0 0 0 0 

2 0 0 0 0 0 

4 35.52 37.3 30.49 25.12 32.11 ± 5.48 

6 63.8 63.41 69.56 63.75 65.13 ± 2.96 

10 81.39 83.93 85.18 86.05 84.14 ± 2.03 

20 95.66 95.32 96.76 96.76 96.13 ± 0.75 

203 97.58 97.52 97.00 97.00 97.28 ± 0.32 

406 98.04 97.96 98.01 98.07 98.02 ± 0.05 

 

 

 

Table 25  Percentage of inhibition of PEI stabilized AuNPs on CYP3A4 activity 
(n=4) 

% Inhibition Concentration of                        
PEI stabilized AuNPs in the 

reaction mixture (µM) 
1 2 3 4 Mean ± S.D. 

2 0 0 0 0 0 

4 0 0 0 0 0 

6 0 0 0 0 0 

10 17.63 27.26 11.92 19.66 19.12 ± 6.34 

20 54.94 50.81 41.93 49.09 49.19 ± 5.43 

203 84.06 83.44 80.69 82.97 82.79 ± 1.47 

406 88.95 88.68 81.39 86.59 86.40 ± 3.50 
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Table 26  Percentage of inhibition of PVP stabilized AuNPs on CYP1A2 activity 
(n=4) 

% Inhibition Concentration of                        
PVP stabilized AuNPs in the 

reaction mixture (µM) 
1 2 3 4 Mean ± S.D. 

2 0 0 0 0 0 

20 0 0 0 0 0 

203 18.95 19.62 23.34 20.25 20.54 ± 1.94 

406 26.79 24.07 31.88 31.68 28.61 ± 3.83 

609 81.38 80.76 78.46 82.83 80.86 ± 1.82 

812 84.21 84.39 84.84 84.12 84.39 ± 0.32 

 

 

Table 27  Percentage of inhibition of PVP stabilized AuNPs on CYP2C9 activity 
(n=4) 

% Inhibition Concentration of                        
PVP stabilized AuNPs in the 

reaction mixture (µM) 
1 2 3 4 Mean ± S.D. 

0.2 0 0 0 0 0 

2 0 0 0 0 0 

20 10.49 5.31 3.19 9.55 7.14 ± 3.46 

203 27.55 23.08 31.14 33.52 28.82 ± 4.55 

406 57.52 59.66 60.76 59.48 59.36 ± 1.35 

609 78.95 80.71 83.05 80.89 80.90 ± 1.68 

812 85.42 84.58 87.91 83.20 85.28 ± 1.98 
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Table 28  Percentage of inhibition of PVP stabilized AuNPs on CYP2C19 activity 
(n=4) 

% Inhibition Concentration of                        
PVP stabilized AuNPs in the 

reaction mixture (µM) 
1 2 3 4 Mean ± S.D. 

2 0 0 0 0 0 

20 0 0 0 0 0 

203 31.25 37.03 40.38 41.41 37.52 ± 4.58 

406 58.12 61.81 63.53 61.53 61.25 ± 2.26 

609 97.52 98.28 97.48 97.41 97.67 ± 0.41 

812 97.77 98.23 97.87 97.61 97.87 ± 0.26 

 

 

 

Table 29  Percentage of inhibition of PVP stabilized AuNPs on CYP3A4 activity 
(n=4) 

% Inhibition Concentration of                        
PVP stabilized AuNPs in the 

reaction mixture (µM) 
1 2 3 4 Mean ± S.D. 

2 0 0 0 0 0 

20 0 0 0 0 0 

203 53.95 56.10 47.40 48.51 51.49 ± 4.20 

406 78.31 82.12 76.31 76.77 78.38 ± 2.64 

609 99.19 99.17 99.21 99.26 99.21 ± 0.04 

812 99.48 99.38 99.56 99.39 99.45 ± 0.08 
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Table 30  Percentage of inhibition of AgNPs on CYP1A2 activity (n=4) 

% Inhibition Concentration of                        
AgNPs in the reaction 

mixture (µM) 
1 2 3 4 Mean ± S.D. 

10 0 0 0 0 0 

20 0 0 0 0 0 

30 28.63 35.68 24.68 34.82 30.95 ± 5.23 

40 30.48 42.60 30.15 31.26 33.62 ± 6.00 

60 94.14 96.32 95.71 95.17 95.34 ± 0.92 

80 94.40 95.16 94.82 97.38 95.44 ± 1.33 

 

 

 

Table 31  Percentage of inhibition of AgNPs on CYP2C9 activity (n=4) 

% Inhibition Concentration of                        
AgNPs in the reaction 

mixture (µM) 
1 2 3 4 Mean ± S.D. 

10 0 0 0 0 0 

14 0 0 0 0 0 

20 0 0 0 0 0 

26 44.42 37.64 52.98 44.34 44.85 ± 6.29 

30 77.87 83.77 89.72 90.63 85.50 ± 5.93 

40 100.01
11 

101.79 103.51 101.12 101.61 ± 1.47 
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Table 32  Percentage of inhibition of AgNPs on CYP2C19 activity (n=4) 

% Inhibition Concentration of                        
AgNPs in the reaction 

mixture (µM) 
1 2 3 4 Mean ± S.D. 

2 0 0 0 0 0 

10 16.25 20.47 12.43 8.44 14.40 ± 5.15 

14 51.97 58.49 51.52 52.37 53.59 ± 3.29 

20 71.36 79.65 78.18 69.57 74.69 ± 4.97 

30 92.94 101.03 98.12 103.50 98.90 ± 4.54 

40 97.42 102.38 99.23 100.46 99.87 ± 2.09 

 

 

 

Table 33  Percentage of inhibition of AgNPs on CYP3A4 activity (n=4) 

% Inhibition Concentration of                        
AgNPs in the reaction 

mixture (µM) 
1 2 3 4 Mean ± S.D. 

2 0 0 0 0 0 

10 0 0 0 0 0 

14 41.17 68.71 65.39 58.95 58.56 ± 12.28 

20 95.85 91.09 92.04 91.22 92.55 ± 2.24 

30 97.00 96.47 96.82 96.29 96.65 ± 0.32 

40 98.36 98.36 96.09 96.93 97.44 ± 1.12 
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APPENDIX B 

VERIFICATION OF THE VIVID
®

 CYP450 INHIBITION TEST 

 

Table 34  Inhibitory effect of α-naphthoflavone on CYP1A2 activity (n=2) 

 

% Inhibition Concentration of                        
α-naphthofavone in the        
reaction mixture (µM) 

1 2 Mean  

0.001 0 0 0 

0.010 0 0 0 

0.025 0 0 0 

0.050 2.28 9.06 5.67  

0.100 40.24 48.95 44.60  

0.250 100.32 97.71 99.01  

1.000 100.61 104.37 102.49  

 

 

 

                                                                       
 

  

                                             IC50     = 0.11 µM 

                                            95%CI = 0.10 to 0.11 µM 
                                            R2        = 0.9973                       

 

 

 

 

 

Figure 54  Inhibition curve of α-naphthoflavone on CYP1A2 
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Table 35  Inhibitory effect of sulfaphenazole on CYP2C9 activity (n=2) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                                                                                                               

                                                                                             IC50     = 0.26 µM 

                                                                                             95%CI = 0.08 to 0.78 µM 
                                                                                             R2        = 0.9652 

 

  

 

Figure 55  Inhibition curve of sulfaphenazole on CYP2C9 
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Table 36  Inhibitory effect of miconazole on CYP2C19 activity (n=2) 

 

% Inhibition Concentration of                        
miconazole in the        

reaction mixture (µM) 
1 2 Mean 

0.005 0 0 0 

0.010 0 0 0 

0.025 0 0 0 

0.050 6.41 0.11 3.26 

0.100 3.77 19.39 11.58 

0.250 23.64 43.48 33.56 

0.500 66.31 80.16 73.23 

1.000 98.48 99.12 98.80 

 

 

 

 

 

 

                                            IC50     = 0.39 µM 

                                            95%CI = 0.26 to 0.57 µM 
                                            R2        = 0.979 

          

                         

             

 

 

Figure 56  Inhibition curve of miconazole on CYP2C19 
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Table 37  Inhibitory effect of ketoconazole on CYP3A4 activity  (n=2) 

 

% Inhibition Concentration of                        
ketoconazole in the        

reaction mixture (µM) 
1 2 Mean 

0.001 0 0 0 

0.010 0 0 0 

0.050 0 0 0 

0.100 26.11 37.91 32.01 

0.250 27.69 33.14 30.42 

0.500 82.17 76.04 79.11 

2.000 91.03 91.85 91.44 

10.000 92.74 93.84 93.29 

 

 

 

 

 

 

 

                                          IC50     = 0.27 µM 

                                          95%CI = 0.18 to 0.41 µM 
                                          R2        = 0.9467 

 

 

 

 

 

Figure 57  Inhibition curve of ketoconazole on CYP3A4 
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APPENDIX C 

VIVID
®

 CYP450 SCREENING KITS PROTOCOL 
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