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ABSTRACT 

 

Researches regarding application of nanoparticles (NPs) had unique physical 

and chemical characteristics in biomedical fields such as drug delivery, targeting 

specific cancer cell, and tissue regeneration have been progressed. In case of 

AuNPs known to be less toxic than other NPs, a colloidal form of AuNPs 

dispersed in liquid are widely used. Thus, AuNPs are synthesized with stabilizer 

to prevent electrochemical instability of AuNPs. AuNPs modified with stabilizer 

are applied in drug delivery system and diagnostic tools due to stability and 

easy combination with antibody. Moreover, AuNPs are investigated as 

therapeutic tools to stimulate differentiation of adult stem cells in tissue 

regeneration. However, the toxicity of AuNPs for cells according to the size, 

shape, and surface charge has been reported. Moreover, it is reported that the 

physiological and biological effects of AuNPs on cells are cell type dependent. 

In this study, cytotoxicity of AuNPs stabilized with citrate- and chitosan on 

human lung cancer cells were measured and the change of microRNA 

expression by exposure of AuNPs stabilized with citrate- and chitosan was 

predicted. Furthermore, the promoting effect of AuNPs stabilized with chitosan 

on osteogenic differentiation of human adipose-derived mesenchymal stem cells 

(hADSCs) was investigated. 

The results of this study revealed that differently charged AuNPs which 

were modified with citrate and chitosan showed toxicity in human lung cancer 

cells in dose-dependent manners through apoptosis and necrosis. Moreover, the 
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expression of microRNAs that were regarded as post-transcriptional regulators 

was altered by exposure to citrate- and chitosan-AuNPs in human lung cancer 

cells. The microRNAs up-regulated by citrate-AuNPs were related to migration 

and metastasis. The microRNAs up-regulated by chitosan-AuNPs were related 

to cell proliferation, apoptosis, and differentiaton. In addition, the microRNAs 

down-regulated by chitosan-AuNPs were related to proliferation, apoptosis, and 

development signaling pathway. In a study regarding cell differentiation, 

chitosan-AuNPs at the concentration that does not decrease cell viability 

stimulate the osteogenic differentiation of hADSCs through the activation of the 

Wnt/β-catenin signaling pathway. Therefore, results in this study suggest that 

AuNPs stabilized with citrate- and chitosan should be applied as therapeutic 

tools for regeneration of damaged tissue, and evaluating cytotoxicity of citrate- 

and chitosan-AuNPs should be estimated prior to biomedical application. 

This study focuses on (1) the cytotoxic effect of citrate- and chitosan-

AuNPs (Chapter I and II); (2) alteration in the expression of microRNAs by 

citrate- and chitosan-AuNPs (Chapter III) in human lung cancer cells; and (3) 

the promotion of osteogenic differentiation of hADSCs by chitosan-AuNPs 

(Chapter IV). 

                                                             

Keyword: citrate-gold nanoparticle, chitosan-gold nanoparticle, cytotoxicity, 

microRNA, human adipose derived mesenchymal stem cells, 

mineralization, Wnt/β-catenin 
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LITERATURE REVIEW 

 

Properties of gold nanoparticles 

Nanoparticles (NPs) with an average diameter of 1 to 100 nm are inorganic 

materials modified according to their surface, size, and composition (Alivisatos, 

1996; Tervonen et al., 2009). The surface of NPs is coated with polymers or 

biomolecules for improved stability and selective targeting of biological 

molecules (Fang et al., 2009; Sperling and Parak, 2010). The final size of NPs is 

dependent on the surfactant additives, temperatures, and solvents present during 

their synthesis (Peer et al., 2007). Thus, the chemical, electrical and optical 

characteristics of NPs can differ from those of the bulk solid type (Burda et al., 

2005). 

All NPs have a large ratio in terms of surface area to volume, which 

makes them advantageous as carriers since their surface is coated with many 

molecules (El-Sayed, 2004; Gupta and Gupta, 2005; Lee et al., 1999). Also, the 

behavior of NPs is determined by the electrons they contain (Godovski, 1995; 

Xu and Tanaka, 1999). NP electrons can generate light or heat after absorbing 

energy (Govorov and Richardson, 2007; Richardson et al., 2009). Moreover, the 

chemical composition of NPs determines the electron’s characteristics 

(McConnell et al., 2000). The larger magnetic fields of individual NPs, which 

are generated by the movement of electrons, can increase the contrast in 

magnetic resonance imaging (Blasiak et al., 2013; Issa et al., 2013; Kim et al., 

2010).  
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Of the various NP types, gold nanoparticles (AuNPs) have emerged as the 

most attractive nanomaterials for biomedical applications due to their physical 

and chemical properties (Eustis and el-Sayed, 2006; Jain et al., 2008; Zhang, 

2015). AuNPs absorb and scatter visible light upon excitation of their surface 

plasmon oscillation, and the light-scattering signal is consequently much 

brighter than fluorophores (Levy et al., 2010; Tong et al., 2009; Yguerabide and 

Yguerabide, 1998). Furthermore, AuNPs can be functionalized easily by 

anchoring thiol linkers in their monolayers (Ghosh et al., 2008a; Levy et al., 

2004; Levy, 2006; Tiwari et al., 2011). In some studies, functional nano-

conjugates have been obtained using peptides, antibodies, and nucleic acid 

(Boisselier and Astruc, 2009; Huang et al., 2013; Pantic and Markovic, 2011). 

These properties allow AuNPs to act as multifunctional platforms for 

therapeutic and diagnostic purposes (Khan et al., 2014; Mieszawska et al., 2013; 

Paciotti et al., 2006). 

 

Applications of gold nanoparticles in the biomedical fields 

Nanomaterials have already been approved by the Food and Drug 

Administration (FDA) for use in humans (Kim et al., 2010). Iron oxide of the 

type contained in the commercial products, Feridex® and Resovist®, is applied 

in magnetic resonance imaging diagnoses targeting the liver, while paclitaxel 

albumin-stabilized NPs are applied to treat lung cancer (Bose et al., 2014; Wang 

et al., 2013b). Therefore, many NPs are studied in vitro and in vivo for use as 

drug carriers or as contrast agents for diagnosis purposes (Huang et al., 2015a; 
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Lu et al., 2009; Palombo et al., 2014). First, NPs can easily penetrate the blood-

brain barrier and cytoplasm, and can accumulate in tumors owing to their 

enhanced permeability and retention effect, as well as their tailored composition 

(Ferrari, 2005; Murphy et al., 2005; Oberdorster et al., 2004). The high ratio of 

surface area to volume in the case of NPs permits a high loading of therapeutic 

agents and drug molecules within a single carrier particle (Mahapatro and Singh, 

2011; Tosi et al., 2013). Moreover, the fine-tuned composition of NPs can 

increase their half-life in the blood circulation (Kamaly et al., 2012; Zhang and 

Saltzman, 2013). Also, the use of NPs can minimize the adverse effects of drugs 

by preventing nonspecific uptake in tissue (De Jong and Borm, 2008; Kim et al., 

2010; Zapol and Curtiss, 2007). Second, in cancer imaging, NPs are used to 

amplify detection in diagnostic tests (Castro-Sesquen et al., 2014; Nie et al., 

2007). Super paramagnetic iron oxide nanoparticles are used in cancer imaging 

owing to a difference in the frequency of the protons, and a contrast is observed 

between tissues using super paramagnetic iron oxide nanoparticles (Alwi et al., 

2012; Harisinghani et al., 2003).  

For application in biomedical fields, a colloidal form of AuNPs dispersed 

in a liquid medium is prepared through the reduction of gold salts in the 

presence of stabilizing agents like sodium citrate and chitosan to prevent 

agglomeration and to control growth (Daniel and Astruc, 2004; Turkevich et al., 

1951). Sodium citrate (Figure 1A) is both reducing agent and stabilizer to 

provide long-term stability and to control the size of AuNPs (Kumar et al., 

2007). In addition, chitosan (Figure 1B) as reducing and stabilizing agent has 

biocompatible and biodegradable characteristics. Moreover, AuNPs stabilized 
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with chitosan will not introduce toxicity and biological hazard to environment 

(Huang and Yang, 2004). The colloid AuNPs, together with the stabilizing agent, 

allow AuNPs to be functionalized easily by means of polymer linkers on their 

surfaces (Delong et al., 2010; Sharma et al., 2009; Uehara, 2010). The uses of 

functionalized AuNPs include single-molecule targeting, sensing, drug delivery, 

and diagnostics (Boisselier and Astruc, 2009; Ghosh et al., 2008a; Ghosh et al., 

2008b; Levy et al., 2010). In addition, functionalized AuNPs can be engineered 

to accumulate in tumor cells using targeting ligands, thus providing a tool for 

cancer diagnosis and gene therapy (Ghosh et al., 2008a; Kodiha et al., 2015; 

Levy et al., 2010). Also, the optical properties of AuNPs, such as strong elastic 

light scattering, can be applied in photothermal therapy for cancer (Alkilany and 

Murphy, 2010; Dembereldorj et al., 2014).  

Furthermore, AuNPs are used in genomic detections without polymerase 

chain reaction (PCR) amplification, a method that has been approved by the 

FDA for genetic screening (Bakthavathsalam et al., 2012; Nam et al., 2003; Su 

et al., 2015). The citrate-AuNPs directly detect deletion mutation in exon 19 and 

L858R point mutation in exon 21 of epidermal growth factor receptor in non-

amplified genomic deoxyribonucleic acids (Lee et al., 2010). This colorimetric 

method using AuNPs has advantages due to its high speed and low cost. 

AuNPs-DNA biosensors also detect non-PCR amplified genomic Salmonella 

enterica serovar Enteritidis (S. enterica ser. Enteritidis) DNA (Vetrone et al., 

2012). 
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FIGURE 1. Molecular formulas of sodium citrate and chitosan. (A) sodium 

citrate (B) chitosan. The formulas were quoted from Sigma-aldrich (St. Louis, 

USA). 

 

 

 

 

 



6 

Toxicity of gold nanoparticles in cells 

Although the investigation of NPs has become more extensive in the biomedical 

field, the impact of NPs on human health remains unclear (Bouwmeester et al., 

2009; Lan and Yang, 2012; Maynard et al., 2006; Nel et al., 2006). An 

increasing number of scientific reports suggest that nanomaterial has a toxic 

effect on cell viability (Hussain et al., 2005; Karlsson et al., 2009; Sohaebuddin 

et al., 2010). The metal oxide particles show toxicity in human lung cancer cells 

(Karlsson et al., 2009; Sahu et al., 2013; Yildirimer et al., 2011), and NPs such 

as titanium dioxide (TiO2) and silver reduce rat liver cell viability (Hussain et 

al., 2005; Kawata et al., 2009; Shi et al., 2013). 

According to several recent studies, AuNPs known to be non-toxic have a 

cytotoxic effect on cell viability depending on the size, shape, and type of cell 

(Khlebtsov and Dykman, 2011; Uboldi et al., 2009; Yah, 2013). For example, a 

cetyl trimethylammonium bromide-AuNPs have a toxic effect depending on the 

shape and size of the AuNPs in mammalian cells (Chithrani et al., 2006). 

AuNPs with a diameter of 15 nm are not toxic, but AuNPs of 1.2 nm in 

diameter induce apoptosis in human prostate cancer cells (Pan et al., 2007). 

Also, AuNPs with a diameter of 1.9 nm have less toxicity in normal cells but 

significant cytotoxicity in radiated cells (Coulter et al., 2012). In addition, 

AuNPs have little toxicity depending on type of stabilizer such as starch and 

Gum Arabic, and have a non-toxic for sodium citrate and chitosan (Jena et al., 

2012; Pokharkar et al., 2009; Vijayakumar and Ganesan, 2012). Moreover, 

AuNPs decrease cell viability depending on the surface charge (Arnida et al., 
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2010; Schaeublin et al., 2011). Negatively or positively charged AuNPs trigger 

mitochondrial in human keratinocyte cells, but neutral AuNPs do not 

(Schaeublin et al., 2011). Also, the surface charge of AuNPs influences toxicity 

and the distribution of AuNPs in organ (Hirn et al., 2011; Khlebtsov and 

Dykman, 2011). 

Recently, several studies have suggested that the exposure of NPs alters 

the microRNAs expression profiles relating to disease in cells (Bollati et al., 

2010; Bourdon et al., 2012; Burklew et al., 2012; Frazier et al., 2014). Metal-

rich particles, for example, modify the expression of miR-222, 21, and 146, 

which relate to inflammations in peripheral blood leukocytes (Bollati et al., 

2010), while the inhalation of diesel particles disrupts the expression of 

microRNAs that is linked to tumorigenesis-associated pathways in human 

airway cells (Jardim et al., 2009). Further examples are carbon black NPs, 

which change the expression of the microRNAs (miR-135b) relating to disease 

in mouse lung (Bourdon et al., 2012), and TiO2 NPs, which affect the cell 

growth and microRNA expression of tobacco (Burklew et al., 2012). 

 

Tissue regeneration using gold nanoparticles 

Mesenchymal stem cells (MSCs) are considered a useful strategy in 

regenerative medicine because of their many properties including self-renewal 

and multipotency (Pittenger et al., 1999; Ren et al., 2012; Vemuri et al., 2011). 

MSCs are obtained from bone marrow, adipose tissue, and umbilical cord blood, 

and they are capable of differentiation into specific cell fates, such as 
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osteoblasts, adipocytes, and chondrocytes, depending on their induction 

(Halleux et al., 2001; Kern et al., 2006; Pittenger et al., 1999). In particular, 

stem cells isolated from the adipose tissue, called adipose-derived stem cells, 

have great potential due to less expensive acquisition and greater available 

quantities than bone marrow (Toupadakis et al., 2010; Wagner et al., 2005). 

In tissue engineering, various types of nanomaterial have recently been 

estimated as tools to control the specific differentiation of MSCs (Heymer et al., 

2008; Kim et al., 2013; Ricles et al., 2011; Spadaccio et al., 2009). 

Biodegradable and biocompatible NPs with the ability to target stem cells and 

release their pay-load into the cytoplasm activate signaling cascades (Ilie et al., 

2012). Human MSCs show chondrocyte-like phenotypes when placed in a 

culture together with poly-L-lactic acid loaded with hydroxyapatite scaffold 

(Spadaccio et al., 2009). The multiwall carbon nanotubes (MWCNT) induce the 

adipogenic differentiation of mouse myoblastic cells (C2C12 cells) through 

lipid accumulation in the cytoplasm (Tsukahara and Haniu, 2011), and graphene 

oxides accelerate the differentiation of MSCs toward adipogenic differentiation 

(Lee et al., 2011). The poly-L-ornithine-CNTs and poly(methacrylic acid)-

grafted CNTs promote the differentiation of human embryonic stem cells into 

neurons (Chao et al., 2009; Chao et al., 2010). Moreover, TiO2 and polyethylene 

glycol-MWCNT support the osteogenic differentiation of MSCs (Nayak et al., 

2010; Park et al., 2009). 

Recently, AuNPs have been reported to be an osteogenic inducing agent 

for bone tissue regeneration and also a suitable material for tissue engineering 

because of their non-toxic characteristics (Shevach et al., 2014; Zhang et al., 
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2008a). The AuNP-decellularized matrix hybrids promote the contraction forces 

of cardiac cells during culture (Shevach et al., 2014). In particular, the citrate-

AuNPs stimulate the osteogenic differentiation of bone marrow-derived 

mesenchymal stem cells through the mitogen-activated protein kinase signaling 

pathway (Yi et al., 2010). Also, AuNPs with a diameter of both 20 and 40 nm 

lead to an increase in the osteogenic differentiation rate of the primary mouse 

osteoblast (Zhang et al., 2014). 

 

Hypothesis and purpose 

Several reports suggest that AuNPs can be applied as therapeutic tools in the 

biomedical fields, such as delivery of drugs and genes into tumor cells. 

Moreover, many reports in regenerative medicine show that NPs stimulate the 

differentiation of hMSCs toward a specific lineage including osteoblasts, 

adipocytes, chondrocytes, and neurons. 

Although NPs stimulate the regeneration of damaged tissue, NPs, 

including AuNPs, also have negative effects on cells such as cell growth 

inhibition and cell death through apoptosis or necrosis. Thus, it is important that 

the toxicity of NPs is evaluated prior to applying NPs to tissue regeneration. In 

view of the positive and negative effects of NPs, I hypothesized that negatively 

or positively charged AuNPs through stabilizing with citrate and chitosan have 

toxic effects on cell viability and positively charged AuNPs stabilized with 

chitosan can promote osteogenic differentiation of hMSCs at the concentration 

that does not decrease cell viability. Accordingly, the research regarding the 
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cytotoxic effect of AuNP stabilized with citrate and chitosan in concentration-

dependent manner was measured (Chapter I and II), as was the change in the 

expression profile of microRNAs by comparing the expression of microRNAs 

in non-treated cells and in AuNP stabilized with citrate- and chitosan-treated 

cells (Chapter III). The promoting effect of chitosan-AuNPs on the osteogenic 

differentiaton of MSCs (Chapter IV) was also investigated. 
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CHAPTER I 

 

In vitro toxicity of citrate-gold nanoparticles in 

human lung adenocarcinoma cells 
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ABSTRACT 

 

Gold nanoparticles (AuNPs) have a potential cytotoxic effect on cells. In the 

present study, the cytotoxicity effect of citrate-AuNPs in the human lung 

carcinoma (A549) cells was examined. Negatively charged citrate-AuNPs were 

prepared by chemical reduction using citrate. To investigate the uptake of 

citrate-AuNPs in cells, transmission electron microscopy was perfomed. Also, 

both methylthiazol tetrazolium and lactate dehydrogenase assays revealed that 

the citrate-AuNPs were toxic, as determined by their half-maximal inhibitory 

concentration. A flow cytometric and real-time RT-PCR analysis of apoptotic 

genes suggested that citrate-AuNPs induce cell damages through extrinsic and 

intrinsic apoptotic pathways. 

These results demonstrate that citrate-AuNPs decrease cell viability and 

increase the expression of the marker genes related to apoptosis. Therefore, the 

cytotoxic effect of citrate-AuNPs should be considered in nano-biotechnology 

applications. 
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INTRODUCTION 

 

Numerous studies show that nanoparticles (NPs) are efficient to drug, protein 

and gene delivery for cancer therapies (Duchesne et al., 2008; Sperling et al., 

2008). In addition, gold nanoparticles (AuNPs) have been studied because of 

size- and shape-dependent physiochemical properties which are applied to 

biomedicine (Daniel and Astruc, 2004; Sardar et al., 2009). The synthesis of 

AuNPs base on the single phase aqueous reduction of tetracholoauric acid by 

sodium citrate still remains the most commonly aqueous method possible to 

control the size of AuNPs by simple reaction conditions (Bastus et al., 2011). 

Some report shows the biocompatibility, uptake, and subcellular distribution of 

citrate-AuNPs in biological applications (Patra et al., 2007). 

Despite the increasing interest of NPs in biomedical applications, there 

has been a growing concern of the potential risks and adverse effects of NPs on 

living systems (Haynes, 2010). Among various types of NPs, silver 

nanoparticles using in antimicrobial process induce toxic effects to plant 

through reactive oxygen species (ROS) production (Panda et al., 2011). In 

addition, exposure of silver nanoparticles causes impairment of mitochondrial 

function of rat liver cells (Teodoro et al., 2011). Thus, to develop successful 

biomedical applications for nano-biotechnology, an understanding of the 

cytotoxic effects of NPs (Vamanu et al., 2008) should be essential.  

Recently, the cytotoxicity of AuNPs toward alveolar type II cell lines was 

reported (Uboldi et al., 2009). Moreover, the surface charge of AuNPs was 
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found to modulate the membrane potential of different cell types and 

subsequent downstream intracellular events (Arvizo et al., 2010). 

However, the report regarding the mechanism of toxicity induced by 

negatively charged AuNPs stabilized with citrate in human lung 

adenocarcinoma cells has not been reported in details. Therefore, in order to 

investigate the effect of negatively charged citrate-AuNPs on cell viability, in 

vitro cytotoxicity and apoptosis induced by citrate-AuNPs were studied using 

cell viability assay, flow cytometric and mRNA expression analysis. 
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MATERIALS AND METHODS 

 

Preparation of AuNPs 

Citrate-AuNPs were provided by Dr. Sang-woo Joo (Soongsil University). 

Colloidal dispersions of negatively charged AuNPs were prepared using the 

citrate reduction method (Lee and Meisel, 1982). Transmission electron 

microscropy (TEM) was used to observe the morphology of the AuNP 

aggregates. Quantum electronics and laser science and zeta potential 

measurements monitored the hydrodynamic radius and surface potential of the 

particles, respectively, with a Malvern Nano-ZS instrument and an Ostuka ELS 

Z2 analyser. The percentage of Au in the NP solutions was measured using the 

Perkin-Elmer OPTIMA 4300DV ICP-AES. The shape of citrate-AuNPs was 

nearly spherical, and the average diameters of citrate-AuNPs were 17.0 ± 1.7 

nm. The zeta potentials of citrate-AuNPs were measured to be -37.5 ± 6.3 mV. 

The hydrodynamic diameters of citrate-AuNPs were 36.0 ± 1.7 nm from 

dynamic light scattering measurements. 

 

Cell culture 

Human lung carcinoma cells (A549; ATCC CCL-185, NCI-H1975; ATCC CRL-

5908) and human epidermoid carcinoma cells (A431; ATCC CRL-2592) were 

cultured in RPMI 1640 medium, supplemented with 10% fetal bovine serum 

(FBS) and antibiotics at 37°C in a 5% CO2 incubator. For the methylthiazol 

tetrazolium (MTT) and lactate dehydrogenase (LDH) assays, the cells were 
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seeded in 96-well plates at a concentration of 1 × 104 cells/well. They were 

cultured for one day (90% confluence) before the assays. RPMI 1640 and FBS 

were obtained from WelGene (Daegu, Korea). Antibiotics (antibiotic-

antimycotic stabilized solution), MTT, and dimethyl sulfoxide (DMSO) were 

purchased from Sigma-Aldrich (St. Louis, USA). Lactate, 2-p-iodophenyl-3-p-

nitrophenyl tetrazolium chloride, phenazine methosulfate, and 1.3 mM 

nicotineamide adenine dinucleotide used to examine LDH leakage was 

purchased from Sigma-Aldrich (St. Louis, USA). Karnovsky’s fixative, 0.05 M 

sodium carcodylated buffer, 1% osmium tetroxide, 0.5% uranyl acetate, 

propylene oxide, and Spurr’s resin were obtained from the National 

Instrumentation Center for Environmental Management (NICEM) at Seoul 

National University, Korea. For the cell cycle analysis, propidium iodide (PI) 

and RNase A were purchased from Sigma-Aldrich (St. Louis, USA) and 

Amresco (OH, USA), respectively. For the annexin V/PI double staining, a 

fluorescein isothiocynate annexin V apoptosis detection kit was purchased from 

BD science (CA, USA). Finally, M-MLV for reverse transcription and GoTaq 

were purchased from Invitrogen (NY, USA) and Promega (WI, USA), 

respectively. 

 

TEM 

The uptake of citrate-AuNPs was also examined using transmission electron 

microscopy (TEM). Before exposure to the citrate-AuNPs, the A549 cells were 

plated at a concentration of 1 × 106 cells per dish on a 100-mm culture dish 
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(SPL, Korea) containing growth medium. The citrate-AuNPs were then added, 

and the cells were incubated at 37°C with 5% CO2. After 24 h, the cells were 

washed twice with dulbecco’s phosphate buffered saline (DPBS), fixed with 

Karnovsky’s fixative for 24 h, and post-fixed with 0.5 M osmium tetroxide. 

After fixation, the specimens were rinsed and dehydrated in a graded series of 

30%, 50%, 70%, 80%, and 90% ethanol and treated three times with 100% 

ethanol for 15 min each. The samples were then embedded in a mixture of resin 

in propylene oxide polymerized at 80°C. Ultrathin sections for TEM were 

prepared using a diamond knife and the samples were analyzed using a 

transmission electron microscope. Raman spectra were obtained using a Raman 

confocal system model 1000 spectrometer (Renishaw, United Kingdom) 

equipped with an integral microscope (Leica DM LM, Germany). 

 

ICP-MS measurements  

The relative uptake amounts for citrate-AuNPs were determined by inductively 

coupled plasma-mass spectrometry (ICP-MS). A549 cells were plated at a 

concentration of 1 × 106 cells per dish on a 100 mm cell culture dish (SPL, 

Korea) containing growth medium. Citrate-AuNPs were added and the cells 

were incubated at 37°C with 5% CO2. After 24 h, the cells were harvested and 

washed with DPBS. After DPBS was removed, the cell pellet was stored at -

20°C. The samples were analyzed using a Varian inductively coupled plasma-

mass spectrometer. 
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MTT and LDH release assay  

Cell viability was assessed using the MTT assay. Briefly, the culture medium 

was removed, and 0.5 mg/mL of MTT solution was added. The 96-well plates 

were then incubated at 37°C for 4 h to allow for the formation of MTT 

formazan. The MTT solution was replaced with 200 μL of DMSO to dissolve 

the formazan crystals, and the optical density (OD) at 570 nm was determined 

using a microplate analyzer (Bio-Rad, CA, USA). The results were presented as 

a percentage of the control values.  

LDH release from damaged cells was measured using a colorimetric 

assay that quantitatively measures LDH, a stable cytosolic enzyme that is 

released upon cell lysis (Mitchell et al., 1980).The released LDH in culture 

supernatants is measured with a 30-min coupled enzymatic assay resulting in 

the conversion of a tetrazolium salt into a red formazan product. The intensity 

of the color produced is proportional to the number of lysed cells. Twenty-four 

hours after seeding, the cells were treated with the citrate-AuNPs at different 

concentrations and incubated for another 24 h. Then, 50 μL of cell culture 

medium was collected from each well and plated on a new microtiter plate. 

Next, 50 μL of substrate mixture (54 mM L(+) lactate, 0.66 mM 2-p-

iodophenyl-3-p-nitrophenyl tetrazolium chloride, 0.28 mM phenazine 

methosulfate, and 1.3 mM nicotinamide adenine dinucleotide in 0.2 M Tris 

buffer, pH 8.2) was added to the wells, and the plates were incubated for 30 min 

at room temperature. The OD at 490 nm was measured with a standard 

microplate reader. Each experiment was performed in triplicate. The LDH 
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release (%) relative to the control wells containing cells culture medium without 

NPs, was calculated as ((sample OD – control OD)/(maximum OD-control OD)) 

× 100, where sample OD was the absorbance of the citrate-AuNPs treated cells 

and control OD was the absorbance of the untreated control cells. Maximum 

OD was the absorbance of the lysed cells with triton-x. 

 

Analysis of cell cycle by flow cytometry 

For cell cycle analysis, cellular DNA was stained with PI, then fluorescence was 

measured using flow cytometry. Approximately 105 A549 cells were placed in 

six-well culture plates (SPL, Korea). The cells treated with citrate-AuNPs for 24 

h were washed in 1 × trypsinized DPBS. The pellet was washed in DPBS, fixed 

in ice-cold ethanol (70%), and stored at –20°C. Before flow cytometric analysis, 

the cells were stained with PI in RNase A (40 μg/mL PI and 50 μg/mL RNase A) 

at 37°C for 40 min. Flow cytometric analysis was performed with FACS 

Calibur (Becton Dickinson, Canada). Data collected for 104 cells were analyzed 

using WinMDI 2.8 (Scripps Research Institute, USA). Data from raw 

histograms were extracted using WinMDI 2.8 software and the percentage of 

cells in each phase of the cell cycle was compared with the number of cells in a 

control group. 

 

Real-time RT-PCR analysis 

cDNA was synthesized using 1 μg of total RNA from cells both treated and not 

treated with citrate-AuNPs for 24 h by using M-MLV (Invitrogen, NY, USA) 



20 

reverse transcriptase and random primers (Promega, WI, USA). Real-time RT-

PCR was performed with cDNAs and gene-specific primers mixed with SYBR 

Green premix (Takara, Japan) by using ABI STEPONE PLUS (Applied 

Biosystems, USA). The PCR conditions were an initial step at 95°C for 10 sec 

and 40 denaturation cycles of 95°C for 15 sec and annealing at 60°C for 30 sec. 

A step at 95°C for 15 sec, 60°C for 1 min, and 95°C for 15 sec was added to 

minimize nonspecific products. The results were analyzed by comparing the 2–

[delta][delta]Ct values of the mRNA of cells treated with NPs to those of the control 

test. Table 1 represents the list of primers used for real-time RT-PCR. 
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Table 1. Primers for real-time RT-PCR analysis 

Gene 

(Acc. No.) 
Sequences 

Product 

size (bp) 

bak 
(NM_001188) 

F 5’-ATCCCGTCCTCCACTGAGAC-3’ 
R 5’-AACCTCCTCTGTGTCCTGGG-3’ 

135 

bax 
(NM_138764) 

F 5’-GAGGTCTTTTTCCGAGTGGC-3’ 
R 5’-AGGAAGTCCAATGTCCAGCC-3’ 

164 

caspase-3 
(NM_004346) 

F 5’-AGGATGGCTCCTGGTTCATC-3’ 
R 5’-CTGTTGCCACCTTTCGGTTA-3’ 

111 

caspase-8 
(NM_001228) 

F 5’-TTCAGCAAAGGGGAGGAGTT-3’ 
R 5’-TATCCCCGAGGTTTGCTTTT-3’ 

126 

GAPDH 
(NM_002046.4) 

F 5’- CTCTGCTCCTCCTGTTCGAC -3’ 
R 5’- ACGACCAAATCCGTTGACTC-3’ 

112 
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Statistical analysis  

Each experiment was repeated three times with at least six replicates per 

experiment. The results were expressed as a percentage of the non-treated cells. 

This study used a student’s t-test to analyze the statistical significance of the 

data. Differences were considered significant when p < 0.05. The concentrations 

in the NP-response (cell viability) curves were analyzed using the Boltzmann 

function (Y = 1/1 + exp(IC50 – X/slope factor) (Origin 5.0, OriginLab 

Corporation, USA) where IC50 represents a half-maximal inhibitory 

concentration. 
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RESULTS 

 

Internalization of negatively charged citrate-AuNPs in A549 

cells 

The uptake of citrate-AuNPs was examined by TEM experiment added 2.43 

g/mL of citrate-AuNPs. The TEM images of the cells showed that citrate-

AuNPs were internalized into the cytosol within 24 h (Figure 1A). According to 

the TEM images, we observed the citrate-AuNPs into cytosol loaded into 

several endosomal vesicles as shown in Figure 1B. Also, we measured the 

amount of citrate-AuNPs taken into the cells using an ICP-MS method. The 

result showed that the uptake rate of citrate-AuNPs is 2.27% as summarized in 

Table 2. 

 

Cytotoxicity of negatively charged citrate-AuNPs  

The cytotoxicity of citrate-AuNPs was examined by determining their IC50 

values in a MTT assay, which represented the mitochondrial function in live 

cells. The relative cytotoxicity (%) was expressed as a percentage of the non-

treated cells (100% cell viability). The results of the MTT viability assay 

showed that citrate-AuNPs were significantly cytotoxic toward the A549, NCI-

H1975, and A431 cells that were exposed for 24 h. When the cells were exposed 

to the citrate-AuNPs for 24 h, their viability was reduced by 47% (A549), 47.7% 

(NCI-H1975), and 34.8% (A431) at 48.1 g/mL. In dose-response curve fitting, 
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Table 2. ICP-MS data for cellular uptake of citrate-AuNPs 

Concentration of 
NPs 

ICP-MS Uptake Rate 

36.7 μg 0.834 μg 2.27% 
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Figure 1. TEM images of cells exposed to citrate-AuNPs. A549 cells were 

exposed to citrate-AuNPs for 24 h and then fixed for TEM. (A) citrate-AuNPs 

were internalized in cytosol. (B) citrate-AuNPs were located in endosomal 

vesicles. Figure B was magnified from figure A. The scale bars represent 0.5 

μm (A) and 0.1 μm (B). 
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IC50 values were calculated at 48.94 g/mL (A549), 52.3 g/mL (NCI-H1975), 

and at 65.2 g/mL (A431), respectively, as shown in Figure 2A. The IC50 values 

were also calculated based on the surface area (mm2) because when cytotoxicity 

is determined, the number of citrate-AuNPs in contact with the cell surface 

could be more important than the fluid (culture media) volume in the petri dish 

as summarized in Table 3. Although not shown here, the cell viability exposed 

for 72 h appeared to be not significantly different from that of the cell viability 

that was exposed for 24 h.  

In addition to mitochondrial function, LDH release was measured as 

another indicator of citrate-AuNP-induced cytotoxicity. LDH release, due to 

membrane damage, was noted after cells were exposed to citrate-AuNPs for 24 

h as shown in Figure 2B. As shown in Figure 2B, LDH release was increased in 

the A549 (n = 3), NCI-H1975 (n = 9), and A431 cells (n = 4) treated with 

citrate-AuNPs. As described in the Method section, the relative LDH release (%) 

was expressed as a percentage of the non-treated cells (0% LDH release). 

 

Cell death mechanisms by negatively charged citrate-AuNPs 

in A549 cells  

To examine citrate-AuNPs-induced cell viability loss, cell cycle analysis was 

performed after treatment with citrate-AuNPs. As shown in Figure 3, most cell 

populations of non-treated cells were found to be in the G1 phase (55.7% ± 1.89) 

(n = 3). In addition, when treated with 0.3 × IC50 of citrate-AuNPs, most cell 

populations were found to be in the G1 phase (39.7% ± 6.82) (n = 3). 
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Table 3. IC50 values calculated based on fluid volume and surface area 

A549 NCI-H1975 A431 

g/mL g/mm2 g/mL g/mm2 g/mL g/mm2 

48.9 0.3 52.3 0.32 65.2 0.4 
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Figure 2. Cytotoxicity induced by citrate-AuNPs. (A) MTT cell viability 

assay. A549 (n = 3), NCI-H1975 (n = 8) and A431 cells (n = 6) were exposed to 

different concentrations of citrate-AuNPs for 24 h. The value of the control 

(unexposed) cells was taken as 100% and the percentage decrease in the optical 

density of the citrate-AuNPs-exposed cells was calculated. (B) LDH assay as an 

index of cytotoxicity. LDH release was measured after 24 h of exposure to 

citrate-AuNPs. The value of the control (not exposed) cells was taken as 0% and 

the value of positive control (triton-x exposed) cells was taken as 100%. The 

percentage increase of the optical density of citrate-AuNPs-exposed cells was 

then calculated accordingly. The data are expressed as mean ± standard error of 

three and four independent experiments. *Significant difference (p < 0.05) 

compared to control. Origin version 5.0 software for Windows was used for the 

statistical analysis. 
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Also, Figure 3 shows that in the citrate-AuNP-treated cells, the sub-G1 

population was significantly larger (p < 0.05). The sub-G1 population in the 

non-treated cells was 0.66% ± 0.14 (n = 3), while 37.53% ± 6.93 (n = 3) in 

citrate-AuNP-treated cells. Our flow cytometry results suggest that citrate-

AuNPs induced apoptosis since the population of the sub-G1 phase increased, 

indicating damage to cell proliferation. 

We compared the expression levels of the apoptotic genes of bax, bak, 

caspase-3, and caspase-8 after citrate-AuNPs treatment. As shown in Figure 4, 

according to the real-time RT-PCR analysis of apoptosis-related genes, citrate-

AuNPs induced an increase in the mRNA expression of bax and bak, which are 

pro-apoptotic members of the Bcl-2 family. Citrate-AuNPs also induced the 

caspase-8 expression, which is associated with an extrinsic apoptotic pathway. 

Citrate-AuNPs provoked the expression of caspase-3, which is a common 

downstream effector of both extrinsic and intrinsic apoptosis pathways. Based 

on result, citrate-AuNPs also evoked an extrinsic apoptotic pathway in addition 

to an intrinsic pathway. Therefore, the apoptosis induced by citrate-AuNPs is 

mediated by both intrinsic and extrinsic pathways as illustrated in Figure 5. 
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Figure 3. Cell cycle analysis. Cellular DNA was stained with PI, and the 

fluorescence was then flow cytometrically analyzed. (A) control without 

treatment (0.3 × IC50) with (B) citrate-AuNPs. Among the citrate-AuNPs treated 

cells, the number of cells in the sub-G1 phase was increased. The plot (C) was 

generated by WinMDI 2.8 software.  
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Figure 4. mRNA expression analysis of apoptosis-related genes after cells 

were treated with a 1 × IC50 of citrate-AuNPs. (A) bak (n = 3) (B) bax (n = 5) 

(C) caspase-3 (n = 3), and (D) caspase-8 (n = 3). *Significant difference (p < 

0.05) compared to control. Origin version 5.0 software for Windows was used 

for the statistical analysis.  
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Figure 5. Schemes of cell death induced by negatively charged citrate-

AuNPs. Citrate-AuNPs provoke apoptotic pathway. The exposure of citrate-

AuNPs on cells induces cell membrane damage. The viability of cells with 

citrate-AuNPs is decreased through activation of extrinsic and intrinsic 

apoptosis. 
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DISCUSSION 

 

In the present study, citrate-AuNPs were internalized into A549 cell. And, 

viability of A549, NCI-H1975, and A431 cells was reduced by citrate-AuNPs 

through apoptotic pathway. 

Many putative mechanisms may explain the uptake of NP into cells, 

including phagocytosis, clathrin-mediated endocytosis, caveolae-mediated 

endocytosis, non-clathrin, and non-caveolae-mediated endocytosis (Unfried et 

al., 2007). Negatively charged quantum dots enter cells via an endocytosis 

mediated by a low-density lipoprotein receoptor and G-protein-coupled 

receptor-associated proteins. Their uptake is not primarily mediated by either 

clathrin or cavelolae (Zhang and Monteiro-Riviere, 2009). In our result, most of 

the internalized citrate-AuNPs were observed in membrane-bound vesicles. 

Uptake of other NPs such as silver induces releasing metal ion in cells, resulting 

in cytotoxicity (Beer et al., 2012; Kim et al., 2009). However, in case of AuNPs, 

blockade of vesicular trafficking by AuNPs, not releasing ion, induces cell death 

(Albanese and Chan, 2011; Brandenberger et al., 2010). 

Sodium citrate using in synthesis of AuNPs as a stabilizer has known to 

be a non-toxic agent (Agawane et al., 2012). In colloidal AuNPs, citrate as a 

common stabilizer induces negative charge to surface of AuNPs (Darlington et 

al., 2009). AuNPs with negative charges are appeared to be toxic in 

macrophages depending on endocytotic pathways (Frohlich, 2012; Yen et al., 
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2009). The differences in the sizes and charges of the AuNPs induce different 

toxic effect on cells (Yen et al., 2009). Moreover, there is different toxicity of 

the NPs depending on plasma membrane surface charges between J774 A1 

macrophages and adenocarcinoma or epithelial carcinoma cells (Clift et al., 

2008; Geiser et al., 2005). In this study, negatively charged citrate-AuNPs 

decrease cell viability of human lung adenocarcinoma cells and epidermoid 

carcinoma cell. 

Numerous reports have proposed a mechanism of NP-induced 

cytotoxicity (Arora et al., 2008; Cregan et al., 1999; Kang et al., 2010; Khan et 

al., 2007). Irreversible cell damage may undergo apoptosis and may lead to an 

increase in the cell population in the sub-G1 phase (Banker et al., 1997; Shen et 

al., 2008; Wang et al., 2009; Ye et al., 2001). Corresponding with previous 

studies, most cell populations of citrate-AuNPs-treated cells were found in sub-

G1 phase.  

Bax and bak, which are pro-apoptotic members of the Bcl-2 family, are 

responsible for the induction of intrinsic mitochondria apoptosis (Orrenius et al., 

2003). Caspase-8 expression is increased in activation of extrinsic apoptotic 

pathway (Boatright and Salvesen, 2003). The results indicate that extrinsic and 

intrinsic apoptosis-related genes are increased by citrate-AuNPs. 
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CHAPTER II 

 

Cellular uptake and cytotoxicity of chitosan-gold 

nanoparticles in human lung adenocarcinoma cells 
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ABSTRACT 

 

Gold nanoparticles (AuNPs) stabilized with chitosan were applied as delivery 

carriers for drug and gene in biomedical fields. However, there are increasing 

concerns regarding toxicity of AuNPs depending on surface modifications of 

AuNPs. 

Positively charged chitosan-AuNPs were prepared by chemical reduction 

using chitosan. The cellular uptake, cytotoxicity and mechanisms of 

cytotoxicity of the positively charged chitosan-gold nanoparticles (AuNPs) were 

examined in the A549 cells, which comprise one of the most characterized 

pulmonary cellular systems. The uptake of chitosan-AuNPs into A549 cells was 

also monitored using transmission electron microscopy. The cytotoxic assay, 

using both methylthiazol tetrazolium and lactate dehydrogenase assays revealed 

that positively charged chitosan-AuNPs decreased cell viability. Flow cytometry, 

DNA fragmentation, real-time RT-PCR, and Western blot analysis suggest that 

chitosan-AuNPs provoke cell damage through both the apoptotic and necrotic 

pathways. 
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INTRODUCTION 

 

Nanoparticles (NPs) conjugated with chitosan have recently gained increased 

attention for the development of safe and effective drug or gene delivery 

systems because of their positively charged physicochemical and biocompatible 

characteristics due to low toxicity (Duceppe and Tabrizian, 2010; Jeong et al., 

2011). In particular, chitosan as a stabilizer have a great potential for carrying a 

functional biopolymer into surface of NPs (Marie et al., 2002). Moreover, the 

size and shape of gold nanoparticles (AuNPs) are controlled by reduction with 

chitosan (Huang and Yang, 2004). 

Some report suggests that the uptake of positively charged NPs should be 

higher than that of negatively charged NPs (Gratton et al., 2008). Cationic 

dendrimers appear to be taken into cells by adsorptive endocytosis through 

interaction with specific, negatively-charged proteoglycans in the cell 

membrane (Perumal et al., 2008). The surface charges of the cells and NPs, and 

the resulting interaction, may play a significant role in the uptake of NPs (Zhang 

et al., 2008b). In addition, cell membrane potential is also known to be 

important when determining intracellular uptake of positively charged AuNPs 

(Arvizo et al., 2010). 

To develop safe applications for bio-nanotechnology, a better 

understanding of the cytotoxic effects of NPs is required (Ahamed et al., 2011; 

Akhtar et al., 2010; Liu et al., 2010). Furthermore, there has been an increased 

recognition of the harmful effects of NPs on living systems (Haynes, 2010). 
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NPs in contact with a biological environment are in a dynamic exchange with 

biomolecules, such as proteins and lipids (Lynch et al., 2009). 

Although positively charged AuNPs were noted as delivery tools for 

anti-cancer drug and genes, their toxicity and molecular mechanisms of cell 

death by positively charged AuNPs still remain controversial (Auffan et al., 

2009; Nel et al., 2006). In addition, toxicity of AuNPs is depending on their size, 

concentration, and surface modification (Simpson et al., 2010; Uboldi et al., 

2009; Yen et al., 2009). 

Lung epithelial cells are one of the most exposed tissues to NPs, and 

used in earlier cytotoxicological studies of carbon black and silica (Limbach et 

al., 2007; Rothen-Rutishauser et al., 2006). Thus, in the present study, human 

lung carcinoma A549 cells were chosen to characterize the potential 

cytotoxicity of chitosan-AuNPs, The uptake of the chitosan-AuNPs in A549 

cells were examined by transmission electron microscopy (TEM). Furthermore, 

the molecular cell death mechanisms mediating the cytotoxicity induced by the 

positively charged chitosan-AuNPs were investigated. 
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MATERIALS AND METHODS 

 

Preparation of AuNPs 

Chitosan-AuNPs were provided by Sang-woo Joo (Soongsil University). 

Colloidal dispersions of positively charged chitosan-AuNPs were prepared 

using the chitosan reduction method (Wei and Qian, 2008). TEM was used to 

observe the morphology of the chitosan-AuNP aggregates. Quantum electronics 

and laser science and zeta potential measurements monitored the hydrodynamic 

radius and surface potential of the particles, respectively, with a Malvern Nano-

ZS instrument and an Ostuka ELS Z2 analyser. The percentage of Au in the NP 

solutions was measured using the Perkin-Elmer OPTIMA 4300DV ICP-AES. 

The average diameters of chitosan-AuNPs were 16.9 ± 2.6 nm. The zeta 

potentials of chitosan-AuNPs were measured to be +41.5 ± 5.7 mV. The 

hydrodynamic diameters of chitosan-AuNPs appeared to be 39.8 ± 5.7 nm from 

dynamic light scattering measurements. 

 

Cell culture 

A549 human lung carcinoma cells (ATCC CCL-185), NCI-H460 (ATCC HTB-

177) and A431 (ATCC CRL-2592) were cultured in RPMI 1640 medium 

(WelGene, Daegu, Korea) containing 10% inactivated fetal bovine serum (FBS) 

(WelGene, Daegu, Korea) and 1% antibiotics (Antibiotic-antimycotic solution, 

Sigma-Aldirch, St. Louis, USA) at 37°C in a 5% CO2 incubator.  
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TEM 

The uptake of chitosan-AuNPs was examined by using transmission electron 

microscopy (TEM). The A549 cells were plated into a 100 mm culture dish 

(SPL, Korea) at 1 × 106 cells per dish containing growth medium and incubated 

at 37°C. The chitosan-AuNPs were then added, and the cells were incubated at 

37°C with 5% CO2. After 24 h, the cells were washed with dulbecco’s 

phosphate buffered saline (DPBS) and fixed with Karnovsky’s fixative (Choi et 

al., 2012). After fixation, the specimens were dehydrated in a graded series of 

ethanols. The samples were then embedded in a mixture of resin at 80°C. 

Ultrathin sections were prepared for TEM by using a diamond knife, and the 

samples were analyzed using a transmission electron microscope. Karnovsky’s 

fixative, 0.05 M sodium carcodylated buffer, 1% osmium tetroxide, 0.5% uranyl 

acetate, propylene oxide, and Spurr’s resin were obtained from the National 

Instrumentation Center for Environmental Management (NICEM) at Seoul 

National University, Korea.  

 

ICP-MS measurements 

The relative uptake amounts for chitosan-AuNPs were determined by 

inductively coupled plasma-mass spectrometry (ICP-MS) (Choi et al., 2012). 

A549 cells were seeded at a concentration of 1 × 106 cells per dish on a 100 mm 

cell culture dish (SPL, Korea) containing growth medium. Chitosan-AuNPs 

were added and the cells were incubated at 37°C with 5% CO2. After 24 h, the 

cells were harvested and washed with DPBS. The samples were analyzed using 
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a Varian ICP-MS. 

 

MTT and LDH release assay  

For the methylthiazol tetrazolium (MTT) and lactate dehydrogenase (LDH) 

assays, the cells were seeded in 96-well plates at a concentration of 1 × 104 cells 

per well. Cell viability was measured using MTT assay. Briefly, 0.5 mg/mL of 

thiazolyl blue tetrazolium (MTT, Sigma-Aldrich, St. Louis, USA) solution was 

added to the cells. The MTT formazan was dissolved with dimethyl sulfoxide 

(DMSO) (Sigma-Aldrich, St. Louis, USA) and the optical density (OD) at 570 

nm was determined using a microplate analyzer (Bio-Rad, CA, USA). The 

results were presented as a percentage of the control values. 

LDH release was measured by means of a colorimetric assay that 

quantitatively measures LDH, a stable cytosolic enzyme that is released upon 

cell lysis (Mitchell et al., 1980). The released LDH in culture supernatants is 

measured with a 30 min enzymatic assay. The cells were treated with the 

chitosan-AuNPs at different concentrations and incubated for another 24 h. 

Then, 50 μL of cell culture medium was collected from each well and plated on 

a new microtiter plate. Next, 50 μL of substrate mixture was added to the wells, 

and the plates were incubated for 30 min at room temperature. The OD at 490 

nm was measured with a standard microplate reader. Each experiment was 

performed in triplicate. The LDH release (%) relative to the control wells 

containing cells without NPs, was calculated as ((sample OD – control 

OD)/(maximum OD-control OD)) × 100, where sample OD was the absorbance 
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of the citrate-AuNPs treated cells and control OD was the absorbance of the 

untreated control cells. Maximum OD was the absorbance of the lysed cells 

with triton-x. 

 

Flow cytometry 

Cellular DNA was stained with propidium iodide (PI) for cell cycle analysis 

(Choi et al., 2012). Approximately 1 × 106 A549 cells were plated in 100 mm 

cell culture dish (SPL, Korea). The medium was harvested following a 24 h 

treatment with chitosan-AuNPs. The cells were washed in 1× trypsinized DPBS, 

collected in the stored medium, and centrifuged. The pellet was washed in 

DPBS, fixed in ice-cold ethanol (70%), and stored at –20°C. Prior to flow 

cytometric analysis, the cells stained with PI in RNase A (40 μg/mL PI and 50 

μg/mL RNase A) and incubated at 37°C for 40 min, followed by incubation at 

4°C until analysis. Flow cytometric analysis was performed with FACS Calibur 

(Becton Dickinson, Canada). Data were analyzed using WinMDI 2.8 (Scripps 

Research Institute, USA). 

 

Apoptosis analysis by double-staining annexin V-PI method 

A549 cells were plated in 100 mm cell culture dish at a density of 1 × 106 cells 

per dish in RPMI1640 medium with 10% FBS and 1% antibiotics. Chitosan-

AuNPs were added and the cells were incubated at 37°C with 5% CO2. After 24 

h, the cells were harvested and washed twice with cold DPBS and then 

resuspended in 400 μL of 1 × binding buffer (Choi et al., 2012). Next, 100 μL 
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of the solution was transferred to a 5 mL culture tube. After adding 1 μL of 

fluorescein isothiocyanate (FITC) annexin V and 1 μL PI to the solution, the 

cells were incubated for 15 min at room temperature in the dark. Next, 400 μL 

of 1 × binding buffer was added to each tube and analyzed by flow cytometry 

within 1 h. Apoptotic cells and necrotic cells were calculated by Cell Quest 

software (BD Biosciences, CA, USA). For the annexin V/PI double staining, a 

FITC annexin V apoptosis detection kit was purchased from BD.  

 

DNA fragmentation assay 

A549 cells treated with chitosan-AuNPs were scrapped with genomic extraction 

buffer (0.1 M NaCl, 0.01 M EDTA, 0.3 M Tris-HCl, 0.2 M sucrose) and the 

cells were spun down. The supernatant was incubated with 5 M potassium 

acetate on ice. Tris-EDTA buffer and RNase A (10 mg/ml) were added, and then 

DNA was extracted with phenol-chloroform. After electrophoresis on a 1.5% 

agarose gel, DNA fragmentation was visualized with ethidium bromide staining. 

 

Real-time RT-PCR analysis  

cDNA was synthesized using total RNA (1 μg) from cells both treated and not 

treated with NPs for 24 h. Real-time RT-PCR was performed using cDNAs and 

gene-specific primers mixed with SYBR Green premix (Takara, Japan) by using 

ABI STEPONE PLUS (Applied Biosystems, USA) (Choi et al, 2012). The PCR 

conditions were an initial step at 95°C for 10 sec and 40 denaturation cycles of 

95°C for 15 sec and annealing at 60°C for 30 sec. Steps at 95°C for 15 sec, 
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60°C for 1 min, and 95°C for 15 sec was added to minimize nonspecific 

products. The results were analyzed by comparing the 2–[delta][delta]Ct values of the 

mRNA of cells treated with NPs to those of the control test. Table 1 represents 

the list of primers used for real-time RT-PCR. 
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Table 1. Primers for real-time RT-PCR analysis 

Gene 

(Acc. No.) 
Sequences 

Product 

size (bp) 

bak 
(NM_001188) 

F 5’-ATCCCGTCCTCCACTGAGAC-3’
R 5’-AACCTCCTCTGTGTCCTGGG-3’

135 

bax 
(NM_138764) 

F 5’-GAGGTCTTTTTCCGAGTGGC-3’
R 5’-AGGAAGTCCAATGTCCAGCC-3’

164 

caspase-3 
(NM_004346) 

F 5’-AGGATGGCTCCTGGTTCATC-3’
R 5’-CTGTTGCCACCTTTCGGTTA-3’ 

111 

caspase-8 
(NM_001228) 

F 5’-TTCAGCAAAGGGGAGGAGTT-3’
R 5’-TATCCCCGAGGTTTGCTTTT-3’ 

126 

GAPDH 
(NM_002046.4) 

F 5’- CTCTGCTCCTCCTGTTCGAC -3’
R 5’- ACGACCAAATCCGTTGACTC-3’

112 
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Western blotting assay 

A549 cells were treated with different concentrations of chitosan-AuNPs and 

incubated for 24 h. Both adherent and floating cells were collected, and then the 

cell pellets were suspended in lysis buffer (Promega, WI, USA) and incubated 

for 40 min on ice. The protein content of the supernatant was determined using 

bicinchoninic acid protein assay kit (Thermo Scientific, MA, USA). The protein 

lysates were separated by electrophoresis in 10% sodium dodecyl sulfate 

polyacrylamide gel and blotted on a polyvinylidene difluoride membrane. 

Proteins were detected using anti-caspase-8 monoclonal antibody (Abcam, MA, 

U.S.A.). The proteins were visualized using anti-rabbit IgG conjugated with 

peroxidase (GeneDepot, TX, USA). 

 

Statistical analysis  

Mann-Whitney tests or Wilcoxon Rank sum tests were used to consider the 

statistical significance of the data. Origin version 5.0 software for Windows was 

used for the statistical analysis. Differences were considered significant when p 

< 0.05. A half-maximal inhibitory concentration, IC50 values were calculated 

using the Boltzmann function (Y = 1/1 + exp(IC50 – X/slope factor) (Origin 5.0, 

OriginLab Corporation, USA). 
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RESULTS 

 

Uptake of positively charged chitosan-AuNPs in A549 cells  

The uptake of chitosan-AuNPs was examined by using TEM. The amount of 

chitosan-AuNPs added for TEM was 8.04 µg/mL. Most of the internalized 

chitosan-AuNPs were detected in membrane-bound vesicles as shown in Figure 

1A. According to the TEM images, we detected the particles loading into a 

number of endosomal vesicles, as shown in Figure 1A and Figure 1B. It is also 

noteworthy that chitosan-AuNPs were found as an aggregated form at the 

cellular membrane as shown in Figure 1C and Figure 1D. We measured the 

amount of chitosan-AuNPs taken into the cells using an ICP-MS. The result 

showed that the uptake rate of positively charged chitosan-AuNPs is 5.40% as 

demonstrated in Table 2. 

 

Cytotoxicity of positively charged chitosan-AuNPs  

MTT and LDH assay were used to study the cytotoxicity of chitosan-AuNPs. 

The MTT viability assay demonstrated that chitosan-AuNPs were significantly 

cytotoxic for 24 h. The IC50 value of chitosan-AuNPs treatment was 23.0 g/mL 

as shown in Figure 2. The IC50 values were also derived from the surface area 

(mm2) of the petri dish because a number of NPs in contact with the cell surface 

could be more significant than the fluid (culture media) volume in the petri dish 

in calculating the IC50 value, 0.14 g/mm2. LDH release was also measured as 
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Table 2. ICP-MS data for cellular uptake of chitosan-AuNPs 

Concentration of 
NPs 

ICP-MS Uptake Rate 

11.6 μg 0.623 μg 5.40% 
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Figure 1. TEM images of cells exposed to chitosan-AuNPs. A549 cells were 

exposed to chitosan-AuNPs for 24 h and then fixed for TEM. (A), (B) chitosan-

AuNPs were internalized in endosomal compartment as magnified in the right 

image. (C), (D) chitosan-AuNPs found at the membrane indicating the surface 

change interactions.  
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another indicator of chitosan-AuNPs-induced cytotoxicity. As shown in Figure 2, 

LDH release was increased in cells treated with chitosan-AuNPs. We also 

performed the cytotoxicity assay of chitosan-AuNPs under the conditions of 

both 10% and 1% FBS media in order to better estimate the role of the serum-

coated chitosan-AuNPs using lung cancer cells, A549, NCI-H460, and 

epidermoid A431 cells (n = 5). As shown in the Figure 3, the toxicity behaviors 

did not appear much different in the two serum protein conditions (p > 0.05).  

 

Cell death mechanisms by positively charged chitosan-

AuNPs in A549 cells  

In order to identify the specific mechanisms of the cytotoxicity of chitosan-

AuNP, cell cycle analysis was carried out after treatment with chitosan-AuNPs 

and without chitosan-AuNPs treatment. Cells treated with concentrations of 0.1 

× IC50 (2.54% ± 0.04), 0.2 × IC50 (13.13% ± 1.40), 0.3 × IC50 (38.27% ± 7.24), 

and 1 × IC50 (21.29% ± 3.58) of the chitosan-AuNPs demonstrated that the sub-

G1 population was increased compared to the control, which suggests that 

chitosan-AuNPs induce cell death (n = 5) (Figure 4A, B). The result of the DNA 

fragmentation assay also demonstrated that DNA was fragmented at chitosan-

AuNPs concentrations of 0.2 × IC50 and 0.3 × IC50, and a spot of low molecular 

weight DNA, sign of complete DNA degradation, was detected at chitosan-

AuNPs concentrations of 0.5 × IC50 and 1 × IC50. Hydrogen peroxide (H2O2) 

and sodium selenite were used as positive controls (Figure 4C). Additionally, 

annexin V/PI double staining results indicate that increasing the concentration  
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Figure 2. Cytotoxicity induced by chitosan-AuNPs. MTT cell viability assay 

was performed using A549 cells exposed to various concentrations of chitosan-

AuNPs for 24 h (n = 5). LDH release was measured after 24 h of exposure to 

chitosan-AuNPs (n = 3). The Data are expressed as mean ± standard error (SE) 

of three or four independent experiments. *Significant difference (p < 0.05) 

compared to control (0 μg/ mL). 
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Figure 3. Cytotoxicity induced by chitosan-AuNPs in A549 (A), NCI-H460 

(B), and A431 (C) cells with 1% and 10% FBS. Cytotoxicity was measured 

using an MTT cell viability assay using cells exposed to a range of 

concentrations of chitosan-AuNPs for 24 h. The Data are expressed as mean ± 

SE of three or four independent experiments. *Significant difference (p < 0.05) 

compared to control (0 μg/ mL). 
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of chitosan-AuNPs up to 0.2 × IC50, 0.3 × IC50, 0.5 × IC50, and 1 × IC50 activated 

apoptotic (PI negative and annexin V positive), necrotic (PI positive and 

annexin V positive) and fully lysed necrotic (PI positive and annexin V negative) 

cell death (Figure 5). In the positive control, the cells were treated with 1 mM 

hydrogen peroxide (H2O2) which is known to increase apoptotic portion (Hu et 

al., 2011). 

In order to investigate whether the chitosan-AuNPs regulate apoptosis-

related genes, we compared the expression levels of apoptotic genes of bak, bax, 

and caspase-3 before and after chitosan-AuNPs treatment. As shown in Figure 

6A, chitosan-AuNPs activated an increase in mRNA expression of bak (2.10 ± 

0.88 fold) and bax (1.49 ± 0.26) fold, which are pro-apoptotic members of the 

Bcl-2 family, and caspase-3 (3.29 ± 0.89), which is a downstream effector of 

apoptotic pathways (n = 6). In statistical analysis, the p-value of bak (p = 0.058), 

bax (p = 0.092), and caspse-3 (p = 0.051) was not significant. Furthermore, in 

order to measure the protein level of caspase-8 as an initiator of an extrinsic 

apoptotic pathway, western blotting assay was performed. As shown in Figure 

6B, the alteration of protein level of caspase-8 was detected. The cleavage of 

procaspase-8 was increased at chitosan-AuNPs concentrations of 0.2 × IC50, 0.3 

× IC50 and 0.5 × IC50 when the expression level was normalized to β-actin. At 

chitosan-AuNPs concentration of 1 × IC50, the protein of caspase-8 was not 

detected because cells were completely lysed by necrotic cell death. 
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Figure 4. Flow cytometric analysis demonstrating cell cycle distribution. (A) 

flow cytometric analysis of cell cycle distribution after treatment of chitosan-

AuNPs. The number of cells in the sub-G1 phase was increased among the 

chitosan-AuNPs treated cells. (B) the plot of cell cycle distribution with and 

without treatment using chitosan-AuNPs. (C) DNA fragmentation induced by 

chitosan-AuNPs. Cells were treated with different concentrations of chitosan-

AuNPs for 24 h. H2O2 and sodium selenite were used as positive controls. 
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Figure 5. Annexin V/PI double staining. Cells were treated with different 

concentration of chitosan-AuNPs as noted for 24 h, and were then stained with 

annexin V and PI, and assayed by flow cytometery. H2O2 (1 mM) was used as 

positive control. 

 

 

 

 

 

 

 

 

 

 

 



59 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



60 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Expression of apoptosis-related mRNAs and protein. (A) mRNA 

expression analysis of apoptosis-related gene, bak, bax, and caspase-3. After 

cells were treated with a 1 × IC50 of chitosan-AuNPs, real-time RT-PCR analysis 

was performed using gene specific primers. (B) western blot analysis of 

caspase-8. The alteration of protein level of caspase-8 was detected in cells 

treated with chitosan-AuNPs for 24 h. Positive controls displaying 24 h 

exposures to cycloheximide (CHX) and tumor necrosis inducing factor alpha 

(TNF-α). 
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DISCUSSION 

 

Recently, AuNPs have been suggested for several potential uses, including 

diagnostics, biosensing and drug/gene delivery into the cells. With increasing 

prospective applications of AuNPs, the uptake and cytotoxicity mechanisms of 

NPs are of particular importance.  

The related mechanisms of uptake of NPs into cells have been proposed 

(Unfried et al., 2007). TEM results suggest that positively charged chitosan-

AuNPs can be internalized into endosomes. In this study, uptake may affect the 

cytotoxicity induced by positively charged AuNPs. It was expected that the 

positively charged chitosan-AuNPs could easily attach on the negatively 

charged cellular membrane. These characteristics of chitosan-AuNPs could be 

preferable factors since positively charged chitosan-AuNPs are more efficient in 

interacting with cells compared to the neutral or negatively charged chitosan-

AuNPs. However, It is also closely related to the cytotoxicity of positively 

charged AuNPs (Lin et al., 2010a). 

Much attention has been paid to understanding the interactions between 

NPs and biological systems including protein coronae in nano-therapeutics 

(Faunce et al., 2008). The interactions between proteins and NPs should be 

understood, especially when seeking to achieve controlled delivery into the cell. 

To examine the effect of the serum proteins on cytotoxicity, we performed a cell 

viability assay under the serum protein conditions of both 1% and 10%. Based 

on our cytotoxicity test at 1% and 10%, the serum protein coating did not affect 
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the cell viability presumably due to the highly positive charge of chitosan-

AuNPs. The serum-protein did not greatly affect the cell viability test in contrast 

to the recent report on the FBS-coated graphene oxide (Hu et al., 2011). 

At the present time, the cytotoxicity and cytotoxic mechanisms induced 

by chitosan-AuNPs are controversial (Arvizo et al., 2010; Connor et al., 2005; 

Goodman et al., 2004; Pan et al., 2007; Pernodet et al., 2006; Uboldi et al., 2009; 

Yen et al., 2009). AuNPs do not cause acute cytotoxicity toward the K562 

leukemia cell line (Connor et al., 2005). Chitosan, biological hydrophilic 

polymer, is widely regarded as being a non-toxic (Kean and Thanou, 2010). On 

the other hand, chitosan has little toxicity depending on molecular weight and 

degree of deacetylation (Richardson et al., 1999). In addition, several reports 

have indicated the cytotoxicity of AuNPs toward alveolar type II cell lines 

(Uboldi et al., 2009) and human dermal fibroblasts (Pernodet et al., 2006). Also, 

toxicity of AuNPs was size-dependent (Pan et al., 2007). Recently, the surface 

charge of AuNPs was found to modulate membrane potential of different cell 

types and subsequent downstream intracellular events (Arvizo et al., 2010).  

Several reports have suggested cytotoxic mechanisms of NPs (Arora et al., 

2008; Kang et al., 2010; Khan et al., 2007). However, more precise cytotoxic 

mechanisms induced by positively charged AuNPs are still unknown. Recently, 

it has been demonstrated that positively charged using trimethylammonium 

ethanethiol increased the apoptosis through the expression of p53 and caspase 3 

in HaCaT keratinocyte cells (Schaeublin et al., 2011). Moreover, AuNPs 

cytotoxicity is known to be associated with necrosis in HeLa cells (Pan et al., 

2009).  
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Results in this study show that positively charged chitosan-AuNPs 

decreased mitochondrial function and induce severe membrane leakage as 

concentration dependent manner. In addition, flow cytometry analysis revealed 

that chitosan-AuNPs treatment increased the sub-G1 phase which represents 

DNA fragmentation-induced cell death. Also, apoptotic genes related to the 

intrinsic apoptotic pathways such as Bak, Bax and caspase 3 were significantly 

increased. Additionally, the cleaved protein of procaspase-8 increased at AuNPs 

concentrations of 0.2 × IC50, 0.3 × IC50 and 0.5 × IC50. Furthermore, annexin 

V/PI double staining results demonstrated the mechanism of cell death by 

positively charged chitosan-AuNPs lacks integrity of the plasma membrane. 

Specifically, excessive cell damage (presumably necrosis) was activated at the 

concentrations of 0.2 × IC50, 0.3 × IC50, 0.5 × IC50 and 1 × IC50. This suggests 

that positively charged chitosan-AuNPs induce excessive cell death of most 

likely necrosis at a certain range of chitosan-AuNPs concentration. In other 

words, sudden external stimuli could be a cause of cell death for the positively 

charged chitosan-AuNPs. 

Therefore, the elucidation of cytotoxic mechanisms is essential prior to 

the biological applications of positively charged chitosan-AuNPs.  
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CHAPTER III 

The alteration of microRNA expression by surface-

modified gold nanoparticles in human lung 

adenocarcinoma cells 
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ABSTRACT 

 

MicroRNAs are important non-coding regulators that bind to target mRNA. 

Several studied indicate that nanoparticles (NPs) induce alterations in 

microRNAs expression relating to cell development and progressive diseases. 

However, the alteration of microRNA expression by surface-modified gold 

nanoparticles (AuNPs) in A549 cells has not been reported. 

In order to investigate the patterns of microRNA expression, we 

analyzed data from a microRNA’s microarray. Results show that the expression 

of microRNA (hsa-miR-198) in cells treated with citrate-AuNPs significantly 

differed from non-treated cells, the expression of 12 microRNAs in cells treated 

with chitosan-AuNPs significantly differed from non-treated cells. Furthermore, 

the predicted target genes of microRNAs were related to proliferation, apoptosis, 

and cell differentiation including the mitogen-activated protein kinase, ErbB, 

Wnt signaling pathway. Thus, the alteration of microRNA expression profiles 

by citrate- and chitosan-AuNPs would mediate the regulation of the cell 

processes. 
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INTRODUCTION 

 

Non-coding RNAs that are 22 nucleotides long, such as microRNA, are critical 

molecules of the post-transcriptional regulator (Bartel, 2004). The microRNAs 

usually suppress their target expression by using the RNA-induced silencing 

complex in target mRNAs to bind in a partial complementary sequence. The 

primary microRNA is initially transcribed by RNA polymerase II and processed 

to a stem-loop-containing precursor microRNA (pre-microRNA) by the 

microprocessor complex in the nucleus. Finally, the pre-microRNA is exported 

to the cytoplasm where it is cleaved by Dicer to form the mature microRNA 

(Kim, 2005; Lagos-Quintana et al., 2001). 

It is known that a single microRNA can target hundreds mRNAs, so 

subtle changes in microRNA expression can elicit important cellular effects 

(Baek et al., 2008; Selbach et al., 2008). Many reports suggest that microRNAs, 

as post-transcriptional regulators, are involved in many biological processes, 

including the cell development and diseases (Alvarez-Garcia and Miska, 2005; 

Calin et al., 2004; Minones-Moyano et al., 2011). MicroRNA expression was 

different in chronic lymphocytic leukemia compared to normal B cells (Calin et 

al., 2004). In addition, down-regulation of miR-34b/c expression triggers 

alteration in mitochondrial dysfunction in Parkinson’s disease (Minones-

Moyano et al., 2011). Thus, microRNAs may be useful as biomarkers for 

disease diagnosis (Volinia et al., 2006). Moreover, the expression of microRNAs 

is specific to the tissue and the developmental stage (Xu et al., 2007). The 
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expression of 13 microRNAs related to developmental processes was altered 

during the chondrogenic differentiation of mouse retina (Yang et al., 2011). 

Recently, the exposure of nanoparticles (NPs) has induced a change in 

microRNA (Bourdon et al., 2012; Burklew et al., 2012; Halappanavar et al., 

2011) in cells. The aluminum oxide NPs altered the expression of microRNAs 

related to stress responses in tobacco (Burklew et al., 2012). In addition, the 

exposure of carbon black NPs changed the expression of mmu-miR-135b, 

mmu-miR-146b, and mmu-miR-21 relating to inflammation in mouse lung 

(Bourdon et al., 2012). Moreover, diesel exhaust particles alter the expression of 

microRNAs relating to regulation of cell process in tumorigenesis (Jardim et al., 

2009).  

However, research regarding the effect of surface-modified gold 

nanoparticles (AuNPs) in changing microRNA expression patterns has not been 

reported. Therefore, the expression of microRNAs altered in cells treated with 

citrated- and chitosan-AuNPs using microRNA microarray analysis technology 

was investigated.  
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MATERIALS AND METHODS 

 

Preparation of AuNPs 

Citrate- and chitosan-AuNPs were provided by Sang-woo Joo (Soongsil 

University). The average diameters of citrate-AuNPs were 17.0 ± 1.7 nm. The 

zeta potentials of citrate-AuNPs were measured to be -37.5 ± 6.3 mV. The 

average diameters of chitosan-AuNPs were 16.9 ± 2.6 nm. The zeta potentials 

of chitosan-AuNPs were measured to be +41.5 ± 5.7 mV. 

 

Cell culture 

The human lung cancer cell line A549 was obtained from the Korea Cell Bank. 

They were cultured in RPMI 1640 media (Welgene, Daegu, Korea) and 

supplemented with 10% fetal bovine serum (FBS), and 1% antibiotic solution 

(Sigma-Aldrich, St. Louis, USA). The cells were maintained at 37°C in a 

humidified incubator with 5% CO2. 

 

Nanoparticles treatment and cell viability assay 

The viability of cells treated with nanoparticles was assessed with methylthiazol 

tetrazolium (MTT) assay. Briefly, 0.1 mg/well of MTT solution was added in 

cells, and then cells were incubated at 37°C for 4 h to allow for the formation of 

MTT formazan. The MTT formazan was dissolved in 200 μL of dimethyl 

sulfoxide and the optical density was measured at 570 nm using a microplate 
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analyzer (Tecan, Austria). Results are presented as a percentage of the control 

values. All experiments were carried in triplicates. 

 

Total RNA isolation  

Total RNA was extracted from both groups with a QIAZOL reagent (Qiagen, 

USA) according to the manufacturer’s protocols. Briefly, cells were lysed by 

QIAZOL. Chloroform was then added, mixed by inverting and cells were 

incubated at room temperature for 10 min. The RNA was extracted by adding 

isopropyl alcohol and centrifuged for 10 min at 12,000 rpm to precipitate the 

RNA. Finally, the total RNA was eluted with nuclease-free water. RNA quantity 

and quality were analyzed using NanoDrop spectrophotometer. The experiment 

was performed three times. 

 

MicroRNA microarray analysis 

The microRNA microarray analysis was performed by DNAlink (Korea) using 

an Affymeterix genechip miRNA 2.0 array. The assay was performed on small 

RNA in the total RNA sample. The small RNA was then extended at the 3’-end 

with a poly(A) tail using poly(A) polymerase, followed by ligation of an 

oligonucleotide tag to the poly(A) tail for later fluorescent staining. Two 

different tags (Cy3 and Cy5) were used for the two different RNA samples. The 

two RNA samples were then hybridized overnight on a microchip using a 

microcirculation pump. These probes consisted of chemically modified 

nucleotide coding sequences that complemented the target microRNAs and a 
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spacer segment of polyethylene glycol to extend the coding sequence away 

from the substrate. Each microRNA was analyzed 4 times and the controls were 

repeated 4 times. 

 

Statistical analysis of microRNA data 

The analysis of the microarray data was performed by DNAlink (Korea). The 

microarray data was analyzed by subtracting the background and then the 

signals were normalized using a filter. To identify microRNAs whose 

expression differed between control and AuNPs treated A549 cells, a statistics 

analysis was performed. The ratio of the two sets of detected signal (control and 

AuNPs treated) was calculated and expressed in log2 for each microRNA. 

MicroRNAs with p-values < 0.01 and log2 ratio > 0.5 were considered to be 

significantly differentially expressed. 

 

Target prediction of microRNAs 

The microRNAs that showed altered expression after citrate- and chitosan-

AuNPs exposure were selected for target prediction. In the present study, the 

microRNA target prediction was done using four different programs. The 

programs used include mirWalk v2.0 (Dweep et al., 2011), TargetScan 

(Creighton et al., 2008), PicTar (Krek et al., 2005) and miRanda (Betel et al., 

2008). The use of different computational algorithms helped reduce the 

potential false positives and increase the accuracy of prediction (Zhang and Pan, 

2009). The predicted target genes were sorted according to the individual scores 
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from each program.  

 

Functional analysis of predicted targets 

The potential target genes for selected microRNAs were classified according to 

biological function determined using the gene ontology (GO) system. To 

determine a possible overlap of biological functions among the microRNAs, 

significantly overrepresented GO terms among selected microRNAs were 

searched for by using the Database for Annotation, Visualization and Intergrated 

Discovery (DAVID) version 6.2 (http://david.abcc.ncifcrf.gov). The DAVID 

program determined all the annotated GO terms associated with predicted target 

genes and then counted the number of apperances of each GO term for these 

genes. In addition, pathway analysis of the predicted target genes was 

performed using the DAVID database (Huang da et al., 2009).  
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RESULTS 

 

Effect of citrate- and chitosan-AuNPs on A549 cell viability 

To determine the viability of A549 cells treated with citrate- and chitosan-gold 

nanoparticles, cell viability assays were performed (Figure 1). The viability of 

cells treated with citrate-AuNPs decreased by 21% at a 10 μg/mL concentration. 

The viability of cells treated with chitosan-AuNPs decreased by 22% at a 10 

μg/mL concentration.  

 

Alteration of microRNA expression profiles in A549 cells 

after citrate- and chitosan-AuNPs exposure 

To examine the responses of microRNAs to AuNPs, a microRNA microarray 

was performed by using total RNAs extracted from A549 cells treated with 

citrate- and chitosan-AuNPs at 10 μg/mL concentration. 

After 24h incubation, the expression level of one microRNA was 

significantly altered by citrate-AuNPs exposure, and the expression level of 16 

microRNAs was significantly altered by chitosan-AuNPs exposure compared 

with non-treated cells (Figure 2 and Table 1). Statistical analysis of 

differentially expressed microRNAs showed that 17 microRNAs were 

significantly dysregulated with p < 0.05 and 1.5-fold changes. In citrate-AuNPs 

treated cells, hsa-mir-198 was up-regulated with 1.51-fold. In chitosan-AuNPs 

treated cells, four microRNAs (hp_hsa-mir-548i-4 (1.92-fold), hsa-mir-570  
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Figure 1. Effect of citrate- and chitosan-AuNPs on A549 cell viability. MTT 

cell viability assay was performed using A549 cells exposed to (A) citrate- (B) 

chitosan-AuNPs for 24 h (n = 5). The value of untreated cells was taken as 

100%, and the percentage decrease in the optical density of the NP-exposed 

cells was calculated. 
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(1.76-fold), has-mir-606 (1.73-fold), has-mir-548a-3p (1.55-fold)) were up-

regulated, whereas 12 microRNAs (hp_hsa-miR-2116 (1.56-fold), hp_hsa-miR-

502-x (1.63-fold), hsa-miR-342-3p (1.66-fold), hp_hsa-miR-149 (1.73-fold), 

hsa-miR-149 (1.78-fold), hsa-miR-93 (1.77-fold), hsa-miR-744 (1.85-fold), hsa-

miR-34c-3p (1.85-fold), hsa-miR-423-3p (1.86-fold), hsa-miR-501 (2.05-fold), 

hsa-miR-1180 (2.57-fold), hsa-miR-1303 (3.18-fold)) were down-regulated.  

 

Prediction of target genes of differentially expressed 

microRNAs 

To investigate the probable biological function of the differentially expressed 

microRNAs, we predicted the putative targets of 17 microRNAs. The four 

different computational programs including mirWalk, TargetScan, PicTar and 

miRanda were used following the manufacturer’s instructions. The total 

putative target genes of the each microRNA were selected for functional 

analysis. A total of 3,121 genes were selected as significantly putative targets of 

hsa-mir-198 microRNAs in citrated-AuNPs treated cells. A total of 11,747 

genes from four up-regulated microRNAs and a total of 15,362 genes from 12 

down-regulated microRNAs were selected as significant putative targets in 

chitosan-AuNPs treated cells (Table 2). 

 

Functional annotation analysis for AuNPs induced-

differently expressed microRNAs 
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Table 1. Fold change in the expression of significantly changed microRNAs 

by citrate- and chitosan-AuNPs 

Probe_ID 

Citrate-AuNPs Chitosan-AuNPs 

Log2  
ratio 

Fold 
change 

P-value 
Log2  
ratio 

Fold 
change 

P-value 

Up-regulated       

hsa-miR-198 0.599 1.515 0.012    

hp_hsa-mir-548i-4    0.944 1.924 0.021 

hsa-miR-570    0.815 1.760 0.010 

hsa-miR-606    0.789 1.729 0.026 

hsa-miR-548a-3p    0.640 1.558 0.039 

Down-regulated       

hp_hsa-mir-2116    -0.645 -1.56439 0.04894 

hp_hsa-mir-502_x    -0.708 -1.63392 0.04769 

hsa-miR-342-3p    -0.734 -1.664 0.04966 

hp_hsa-mir-149    -0.798 -1.73838 0.01398 

hsa-miR-93    -0.828 -1.77461 0.01055 

hsa-miR-149    -0.832 -1.78027 0.00135 

hsa-miR-744    -0.892 -1.85511 0.0288 

hsa-miR-34c-3p    -0.893 -1.85658 0.04274 

hsa-miR-423-3p    -0.895 -1.86016 0.04059 

hp_hsa-mir-501    -1.04 -2.05695 0.04948 

hsa-miR-1180    -1.365 -2.57498 0.04361 

hsa-miR-1303    -1.669 -3.18071 0.03032 

 
*Log2 ratio=treatment/control 
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Figure 2. Altered microRNAs by citrate- and chitosan-AuNPs. Profile of 

microRNA expression in A549 cells treated with (A) citrate-and (B) chitosan-

AuNPs for 24 h (n = 4). The relative increase or decrease of the microRNAs 

that showed a significant change in levels of expression after AuNPs treatment 

compared with untreated cells. 
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The biological function of predicted target gene was classified using the gene 

ontology system in DAVID. The overrepresented GO terms for selected 

microRNAs were identified since a single gene was related to many GO terms.  

Table 3 represents the biological processes associated with selected 

microRNAs as predicted by DAVID. The top 10 of enriched GO biological 

process categories with the smallest p-values for the predicted target genes of 

the up-regulated microRNAs treated with citrate-AuNPs were endocytosis, 

membrane invagination, vesicle mediated transport, leukocyte adhesion, DNA 

modification, membrane organization, MAPKKK cascade, DNA methylation, 

and regulation of small GTPase mediated signal transduction.  

Tables 4 and 5 show the enriched GO biological process categories with 

predicted target genes of up-and down-regulated microRNAs by treatment with 

chitosan-AuNPs. In the target genes of up-regulated by treatment with chitosan-

AuNPs, the top 10 of enriched GO categories with the smallest p-values were 

regulation of transcription, transcription, regulation of RNA metabolic process, 

mRNA metabolic process, regulation of transcription, DNA-dependent, positive 

regulation of RNA metabolic process, mRNA processing, positive regulation of 

transcription, DNA-dependent, positive regulation of macromolecule metabolic 

process, and regulation of transcription from RNA polymerase II promoter 

(Table 4). In the target genes of microRNAs by treatment with chitosan-AuNPs, 

the top 10 enriched GO categories with the smallest p-values were transcription, 

regulation of transcription, regulation of small GTPase mediated signal 

transduction, positive regulation of macromolecule metabolic process, positive 

regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolic 
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Table 2. Number of predicted target genes of the selected microRNAs 

Type of AuNPs 
Type of 

expression 
Probe ID of 
microRNA 

Total number of 
accession ID 

Citrate-AuNPs Up hsa-mir-198 3,121 

Chitosan-AuNPs Up 

hp_hsa-mir-548i-4 

hsa-miR-570 

hsa-miR-606 

hsa-miR-548a-3p 

11,747 

Chitosan-AuNPs Down 

hp_hsa-mir-2116 

hp_hsa-mir-502_x 

hsa-miR-342-3p 

hp_hsa-mir-149 

hsa-miR-93 

hsa-miR-149 

hsa-miR-744 

hsa-miR-34c-3p 

hsa-miR-423-3p 

hp_hsa-mir-501 

hsa-miR-1180 

hsa-miR-1303 

15,362 
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Table 3. Analysis of biological processes of predicted target genes of up-

regulated microRNAs by citrate-AuNPs 

Term Count % P value
Fold 

enrichment
Gene 

GO:0006897~endocytosis 54 1.731 6.272E-4 1.572 

HIP1R, AP1S1, EEN_B2_L3, 
RUFY1, CAP, GAPVD1, 
MYO7A, EPS15L1, AHSG, 
TFRC 

GO:0010324~membrane 
invagination 

54 1.731 6.267E-4 1.572 

HIP1R, AP1S1, EEN_B2_L3, 
RUFY1, CAP, GAPVD1, 
MYO7A, EPS15L1, AHSG, 
TFRC 

GO:0016192~vesicle-
mediated transport 

118 3.782 0.001 1.312 
SYT13, MON2, AP1S1, AP4B1, 
SYTL1 , SAR1B, RUFY1, 
MYO7A, GAPVD1, AHSG 

GO:0007159~leukocyte 
adhesion 

12 0.384 0.002 2.745 

VCAM1, ICAM1, ITGB1, 
SELPLG, APOA4, SELP, 
PTPRC, ITGA5, CERCAM, 
CD209 

GO:0006304~DNA 
modification 

13 0.416 0.003 2.523 
SMUG1, OGG1, MLL, DNMT1, 
TDRD1, ATRX, CCNO, PICK1, 
TRDMT1, MLL5 

GO:0016044~membrane 
organization 

79 2.532 0.006 1.328 
HIP1R, FTL, RTP2, GNAPT, 
AP1S1, SH3D19, SAR1B, 
EEN_B2_L3,ATP8B3, STX3 

GO:0000165~MAPKKK 
cascade 

43 1.378 0.006 1.497 
DOK5, CRKL, C1QTNF2, 
ITGA1, CCM2, MAP3K2, EGF, 
MAP3K9, FGD4, MINK1 

GO:0006305~DNA 
alkylation 

10 0.321 0.008 2.669 
MLL, DNMT1, TDRD1, ATRX, 
PICK1, TRDMT1, MLL5, 
BAZ2A, ATF71P, DNMT3A 

GO:0006306~DNA 
methylation 

10 0.321 0.008 2.669 
MLL, DNMT1, TDRD1, ATRX, 
PICK1, TRDMT1, MLL5, 
BAZ2A, ATF7IP, DNMT3A 

GO:0051056~regulation 
of small GTPase 
mediated signal 

transduction 

55 1.763 0.008 1.398 
CTGLF6, IQGAP2, TBC1D20, 
GBL, PSD, ASAP1,RGL3, 
GRTP1, GAPVD1, PLEKHG1 
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process, positive regulation of nitrogen compound metabolic process, regulation 

of RNA metabolic process, vesicle-mediated transport, protein amino acid 

phosphorylation, and positive regulation of gene expression (Table 5). 

 

Biological pathway analysis 

The predicted target genes of selected microRNAs underwent biological 

pathway analysis using the KEGG pathway of DAVID. The 10 high- 

enrichment pathways with the smallest p-values were selected. The pathways of 

the target genes of up-regulated microRNAs by treatment with citrate-AuNPs 

cells were arrhythmogenic right ventricular dardiomyopathy, adherens junction, 

focal adhesion, endocytosis, hypertrophic cardiomyopathy, axon guidance, 

leukocyte transendothelial migration, VEGF signaling, pathways in cancer, and 

alpha-linolenic acid metabolism (Table 6). The pathways of target genes of up-

regulated microRNAs by treatment with chitosan-AuNPs cells were pathways 

in cancer, ubiquitin mediated proteolysis, cell cycle, Wnt signaling pathway, 

TGF-beta signaling pathway, colorectal cancer, adherens juction, spliceosome, 

Jak-STAT signaling pathway, and T cell receptor signaling pathway (Table 7). In 

down-regulated microRNAs by treatment with chitosan-AuNPs, the top 10 

pathways were pathways in cancer, apoptosis, focal adhesion, renal carcinoma, 

ErbB signaling pathway, pancreatic cancer, MAPK signaling, axon guidance, 

neurotrophin signaling pathway, and glioma (Table 8). 
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Table 4. Analysis of biological processes of predicted target genes of up-

regulated microRNAs by chitosan-AuNPs 

Term Count % P value 
Fold 

enrichment
Gene 

GO:0045449~regulation of 
transcription 

1747 14.866 1.508E-22 1.141 

CRY1, STAT1, SREBF1, 
IRF8, ATF3, SUPT3H, 

ZNF648, ATF7IP, YAP1, 
TGIF2 

GO:0006350~transcription 1411 12.006 6.802E-18 1.141 

CRY1, STAT1, GTF2H3, 
GLI2, SREBF1, IRF8, 

ZNF34, SUPT3H, ATF3, 
ZNF648 

GO:0051252~regulation of 
RNA metabolic process 

1208 10.279 2.797E-13 1.132 

HCLS2, STAT1, GTF2H3, 
GLI2, SREBF1, IRF8, 

ZNF34, XRCC6, SUPT3H, 
ATF3 

GO:0016071~mRNA 
metabolic process 

284 2.417 3.967E-13 1.304 

U2AF2, FUS, CSTF3, 
A2BP1, LSM5, SERBP1, 

GEMIN6, THOC4, 
TSEN15, HNRNPA0 

GO:0006355~regulation of 
transcription, DNA-

dependent 
1174 9.989 8.599E-12 1.125 

HCLS2, STAT1, GTF2H3, 
GLI2, SREBF1, IRF8, 

ZNF34, XRCC6, SUPT3H, 
ATF3 

GO:0051254~positive 
regulation of RNA metabolic 

process 
353 3.004 1.967E-11 1.246 

PRDM16, GLI2, SREBF1, 
BCL10, RUNX1T1, 

XRCC6, ATF7IP, CDX2, 
MYOCD, ERCC6 

GO:0006397~mRNA 
processing 

246 2.093 2.263E-11 1.302 

U2AF2, FUS, CSTF3, 
LSM5, A2BP1, GEMIN6, 

THOC4, TSEN15, 
HNRNPA0, BRUNOL5 

GO:0045893~positive 
regulation of transcription, 

DNA-dependent 
349 2.970 4.903E-11 1.242 

PRDM16, GLI2, SREBF1, 
BCL10, RUNX1T1, 

XRCC6, ATF7IP, CDX2, 
MYOCD, MAP3K1 

GO:0010604~positive 
regulation of macromolecule 

metabolic process 
592 5.037 1.929E-10 1.173 

ANAPC1, HCLS1, 
SREBF1, GLI2, TRAF6, 
XRCC6, CD28, ATF7IP, 

ERCC6, MAP3K1 

GO:0006357~regulation of 
transcription from RNA 
polymerase II promoter 

508 4.323 3.115E-10 1.187 

PAX5, SOX30, GLI2, 
SREBF1, HDAC3, JMY, 
IRF8, XRCC6, SUPT3H, 

CHD2 
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Table 5. Analysis of biological processes of predicted target genes of down-

regulated microRNAs by chitosan-AuNPs 

Term Count % P value 
Fold 

enrichment
Gene 

GO:0006350~transcription 1756 11.435 1.673E-20 1.100 

CRY1, ZNF688, STAT1, 
SREBF1, IRF8, ATF3, 

SUPT3H, ZNF648, 
ZNF787, GATAD2A 

GO:0045449~regulation 
of transcription 

2144 13.961 4.331E-19 1.085 

CRY1, ZNF688, STAT1, 
SREBF1, IRF8, SUPT3H, 
ATF3, ZNF648, ZNF787, 

GATAD2A 

GO:0051056~regulation 
of small GTPase 
mediated signal 

transduction 

235 1.530 1.045E-12 1.228 

KALRN, IQGAP2, 
DEPDC2, MFN2, EV15, 
TBC1D2, ARHGEF19, 

FBXO8, RGL3, ARFGAP1 

GO:0010604~positive 
regulation of 

macromolecule 
metabolic process 

733 4.773 1.362E-12 1.126 

ANAPC1, HCLS1, 
SREBF1, GLI2, TRAF6, 
XRCC6, CD28, ATF7IP, 

NR2E3, ERCC6 

GO:0045935~positive 
regulation of nucleobase, 

nucleoside, nucleotide 
and nucleic acid 

metabolic process 

543 3.536 2.973E-12 1.145 

SREBF1, GLI2, XRCC6, 
ATF7IP, NR2E3, ERCC6, 

MAP3K1, YAP1, 
CREBBP, ALX1 

GO:0051173~positive 
regulation of nitrogen 
compound metabolic 

process 

559 3.640 3.731E-12 1.143 

HRH1, SREBF1, GLI2, 
XRCC6, ATF7IP, NR2E3, 
ERCC6, MAP3K1, YAP1, 

CREBBP 

GO:0051252~regulation 
of RNA metabolic 

process 
1490 9.702 6.968E-12 1.082 

HCLS1, STAT1, GTF2H3, 
GLI2, ZNF688, SREBF1, 

IRF8, XRCC6, ATF3, 
SUPT3H 

GO:0016192~vesicle-
mediated transport 

502 3.269 1.241E-11 1.147 

KALRN, CPNE3, LIN7C, 
SEC31B, ANKRD27, 

NKD2, ARF3, RUFY1, 
ARFGAP1, COLEC12 

GO:0006468~protein 
amino acid 

phosphorylation 
576 3.751 1.303E-11 1.137 

KALRN, STAT1, MST1R, 
FGFR1, EPHA5, ERCC6, 

CAMK2G, MAP3K1, 
STK25, PRKDC 

GO:0010628~positive 
regulation of gene 

expression 
506 3.295 1.322E-11 1.146 

GLI2, SREBF1, XRCC6, 
ATF7IP, NR2E3, 
MAP3K1, YAP1, 

CREBBP, ALX1, SMAD9 
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Table 6. KEGG pathway analysis of predicted target genes of up-regulated 

microRNA by citrate-AuNPs 

KEGG pathway Count % P value
Fold 

enrichment
Gene 

Putative 
function 

hsa05412:Arrhythmogeni
c right ventricular 

cardiomyopathy (ARVC) 
23 0.737 0.001 1.993 

PKP2, CTNNA2, 
TIGA2, ITGA3, 
DMD, ITGA5, 
SGCA, LEF1, 

cell death 

Chsa04520:Adherens 
junction 

21 0.673 0.009 1.796 
MET, CTNNA2, 
CTNND1, LEF1, 

PTPRB 
migration 

hsa04510:Focal adhesion 44 1.410 0.010 1.442 

MET, PARVG, 
ITGA2, ITGA3, 
ITGA5, THBS1, 

SPP1, PTEN, 
ITGA10, COL6A2 

cell survival, 
proliferation 

hsa04144:Endocytosis 40 1.282 0.016 1.432 

MET, DNAJC6, 
USP8, PSD, 

RUFY1, PSD3, 
PRKCZ, RAB11A, 
AP2A2, ARRB2, 

endocytosis 

hsa05410:Hypertrophic 
cardiomyopathy (HCM) 

21 0.670 0.026 1.627 
ITGB1, SLC8A1, 
ITGA2, ITGA3, 

DMD 

cardiac 
dysorder 

hsa04360:Axon guidance 29 0.929 0.028 1.480 
UNC5B, SEMA4G, 
RGS3, NTN4, MET, 
PLXNA3, PPP3CA, 

cell growth 

hsa04670:Leukocyte 
transendothelial migration 

27 0.865 0.028 1.507 

CYBB, CTNNA2, 
JAM2, PTK2B, 

CXCL12, CLDN5, 
RAPGEF4, ICAM1, 

migration 

hsa04370:VEGF 
signaling pathway 

19 0.608 0.028 1.669 

PPP3CA, 
PLA2G1B, 

PLA2G3, PTGS2, 
PLA2G12B, CASP9, 

growth, 
migration, 
metastasis 

hsa05200:Pathways in 
cancer 

63 2.019 0.033 1.265 

MET, ITGA2, 
ITGA3, FGF11, 
RAD51, CDK4, 

RUNX1T1, PIAS4, 
LEF1, PTEN 

metastasis, 
proliferation, 

apoptosis 

hsa00592:alpha-Linolenic 
acid metabolism 

7 0.224 0.043 2.562 

PLA2G12A, 
ACOX3, JMJD7, 

ACOX1, PLA2G1B, 
PLA2G12B, 

linolenic acid 
metabolism 
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Table 7. KEGG pathway analysis of predicted target genes of up-regulated 

microRNA by chitosan-AuNPs 

KEGG pathway Count % P value
Fold 

enrichment
Gene 

Putative 
function 

hsa05200:Pathways in 
cancer 

29 1.949 9.692E-7 1.225 

PTK2, LAMB1, 
MMP1, JAK1, 

LAMC1, DAPK1, 
TFG, PTCH1, MMP2, 

RALB 

metastasis, 
proliferation, 

apoptosis 

hsa04120:Ubiquitin 
mediated proteolysis 

104 0.885 5.492E-6 1.332 

UBE3A, UBE2L3, 
DDB1, KLHL13, 

UBE2K, SMURF2, 
MDM2, PIAS3, 
FBXW8, CUL3 

ubiquitination 

hsa04110:Cell cycle 95 0.808 1.394E-5 1.335 

GADD45A, SMAD2, 
CDC14B, TFDP1, 
GSK3B, MDM2, 
DBF4, MCM3, 

PRKDC, PCNA, 

cell cycle arrest, 
DNA repair 

hsa04310:Wnt signaling 
pathway 

112 0.953 1.447E-5 1.301 

FRAT1, MAP3K7, 
WNT16, SMAD2, 

GSK3B, PRICKLE1, 
PPP2R5E, CACYBP, 

LEF1, 

cell cycle, 
Wnt signaling 

hsa04350:TGF-beta 
signaling pathway 

69 0.587 2.503E-5 1.392 

LEFTY2, INHBB, 
GDF6, ACVR1, 

SMAD2, DCN, BMP7, 
BMP6, THBS2, 

TFDP1, 

cell cycle, 
apoptosis 

osteoblast- 
differentiation 

hsa05210:Colorectal 
cancer 

65 0.553 1.727E-4 1.358 

SMAD2, RAF1, 
GSK3B, MAP2K1, 

LEF1, TCF7L1, FOS, 
SOS1, TGFBR1, 

cell cycle, 
apoptosis 

hsa04520:Adherens 
junction 

60 0.510 2.357E-4 1.367 

TJP1, MAP3K7, 
CTNND1, SMAD2, 

ACTB, PARD3, 
SORBS1, SSX2IP, 

PVRL2, 

cell growth, 
differentiation 

hsa03040:Spliceosome 92 0.782 2.502E-4 1.281 

NCBP1, U2AF2, 
DHX8, DDX42, 
SR140, NCBP2 

HSPA1A, ACIN1, 
LSM5, DHX15, 

mRNA 
processing 

hsa04630:Jak-STAT 
signaling pathway 

109 0.928 6.595E-4 1.234 

JAK1, IL6, IL12RB2, 
IFNA7, PRLR, 

IL10RA, STAT1, 
SOCS4, IFNA2, IL23R 

proliferation, 
anti-apoptosis, 
development 

hsa04660:T cell receptor 
signaling pathway 

77 0.655 0.002 1.251 

MAP3K7, RAF1, 
GSK3B, MAP2K1, 

NFATC4, FOS, SOS1, 
PPP3CC, IFNG, 

NFATC3, 

proliferation, 
differentiation, 

immunity 

 

 

 



86 

Table 8. KEGG pathway analysis of predicted target genes of down-

regulated microRNA by chitosan-AuNPs 

KEGG pathway Count % P value
Fold 

enrichment
Gene 

Putative 
function 

hsa05200:Pathways in 
cancer 

293 1.907 1.556E-11 1.197 

PTK2, FAS, AKT1, 
JAK1, DAPK1, 

PTCH1, TRAF3, 
IKBKG 

metastasis, 
proliferation, 

apoptosis 

hsa04210:Apoptosis 85 0.553 3.230E-8 1.309 
FAS, AKT1, 

TNFRSF1A, IKBKG, 
IL1RAP 

apoptosis, 
p53 signaling, 

cell cycle 

hsa04510:Focal 
adhesion 

180 1.172 1.624E-7 1.200 
PTK2, MET, AKT1, 

LAMC1, ACTB, VASP, 
VAV1, ITGA11, 

cell survival, 
proliferation 

hsa05211:Renal cell 
carcinoma 

69 0.449 3.285E-7 1.321 
MET, AKT1, EGLN2, 

RAF1, RAP1A, 
MAP2K1, HRAS 

proliferation, 
VEGF 

signaling, 
TGF-β 

signaling 

hsa04012:ErbB 
signaling pathway 

83 0.540 1.470E-6 1.279 
PTK2, AKT1, RAF1, 
GSK3B, MAP2K1, 

HRAS, PTK2 

proliferation 
migration, 

differentiation, 
angiogenesis 

hsa05212:Pancreatic 
cancer 

70 0.456 1.618E-6 1.303 
AKT1, JAK1, SMAD2, 
RALB, RAF1, IKBKG, 

cell cycle, 
anti-apoptosis 

hsa04010:MAPK 
signaling pathway 

231 1.504 1.764E-6 1.159 

FAS, JMJD7-
PLA2G4B, MAP3K7, 
AKT1, TNFRSF1A, 

PLA2G6, GADD45A, 
NF1, 

proliferation, 
differentiation, 
inflammation 

hsa04360:Axon 
guidance 

118 0.768 2.690E-6 1.225 

PTK2, SEMA4B, 
MET, NTN4, RGS3, 
PLXNA3, CXCL12, 

EPHA5, LIMK2, 

cell growth 

hsa04722:Neurotrophin 
signaling pathway 

113 0.735 7.413E-6 1.221 

AKT1, RPS6KA3, 
RAF1, RAP1A, 

GSK3B, MAP2K1, 
HRAS, YWHAQ, 

differentiation, 
cell survival 

hsa05214:Glioma 61 0.397 1.589E-5 1.298 
CDK6, AKT1, ATK2, 
GRB2, RAF1, MDM2 

proliferation, 
P53 signaling 

 

 



87 

DISCUSSION 

 

Recently, several reports show that microRNA expression profiles in human or 

plant cells change in response to particles (Bollati et al., 2010; Bourdon et al., 

2012; Frazier et al., 2014; Sun et al., 2015). Titanium dioxide NPs regulate 

microRNAs associated with plant growth and developmental genes (Frazier et 

al., 2014), and diesel exhaust particles induce an alteration in microRNA 

expression associated with inflammation in human airway cells (Jardim et al., 

2009). 

In order to assess the potential biological mechanisms of citrate- and 

chitosan-AuNPs exposure, the putative targets of 17 microRNAs whose 

expression was significantly altered after citrate- and chitosan-AuNPs exposure 

were identified. Based on putative targets, candidate signaling pathways were 

predicted. The results suggest that up-regulated microRNAs by citrate-AuNPs 

were related to endocytosis and DNA modification in biological process 

categories, and they were related to migration and metastasis including adherens 

junction, leukocyte transendothelial migration, and VEGF signaling pathway 

based on the KEGG pathway. In addition, up-regulated microRNA by chitosan-

AuNPs were related to transcription in biological process, and related to cell 

cycle, apoptosis, and differentiation including Wnt signaling pathway, TGF-beta 

signaling pathway, Jak-STAT signaling pathway based on the KEGG pathway. 

Moreover, down-regulated microRNAs by chitosan-AuNPs were related to 

transcription and cell metabolism in biological processes, and related to 
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proliferation, apoptosis, and differentiation including focal adhesion, ErbB 

signaling pathway, MAPK signaling pathway, and Neurotrophin signaling 

pathway based on the KEGG pathway. 

Increasing bioinformatics reports indicate that miR-198 is involved in 

cancer progression such as cell proliferation, apoptosis, migration, and 

metastasis. The enriched pathway of target genes of has-mir-198 was involved 

in tumor growth and metastasis (Tan et al., 2011; Wang et al., 2014; Yang et al., 

2014). As the metastasis suppressor, miR-198 inhibits the motility of 

hepatocarcinoma cells (Tan et al., 2011) and the proliferation of A549 cells 

(Yang et al., 2014). As with the previous studies, up-regulated miR-198 

expression by treatment with citrate-AuNPs was found to be associated with 

cell migration and metastasis such as VEGF signaling. Since microRNAs 

negatively regulate gene expression, it can be assumed that the up-regulation of 

miR-198 by treatment with citrate-AuNPs suppresses the expression levels of 

migration and metastasis genes.  

Other reports suggest that predicted targets of microRNAs enriched with 

Wnt, TGF-β, and Jak-STAT signaling pathways were related to self-renewal and 

differentiation (Bakhshandeh et al., 2012b; Yu et al., 2012). In addition, several 

microRNAs enriched in Wnt and TGF-β signaling regulate genes were 

associated with determining cell fate during mesenchymal stem cell 

differentiation (Chen et al., 2014; Mei et al., 2013). Moreover, the modulation 

of osteo-specific microRNAs induced transient osteogenesis by regulating 

genes related to Wnt and TGF-beta signaling pathways (Bakhshandeh et al., 

2012a). 
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Likewise other studies, the results show that the predicted target genes of 

up-regulated microRNAs by treatment with chitosan-AuNPs were classified as 

relating to cell cycle, apoptosis, and differentiation including Wnt, TGF-β, and 

Jak-STAT signaling pathway. Thus, up-regulated microRNAs treated with 

chitosan-AuNPs suppress gene expression related to cell differentiation. 

Recently, 20 nm citrate-AuNPs induce an alteration in microRNAs 

expression related to mRNA processing and MAPK signaling pathway (Huang 

et al., 2015b). In addition, several reports identified the role of altered 

microRNA expression (Lin et al., 2010b; Liu et al., 2012). The miR-149 induces 

apoptosis by inhibiting Akt1 and E2F1 in the human neuroblastoma (Lin et al., 

2010b). Also, the miR-93 and miR-149 expression regulates cancer stem cell 

regulatory genes resulting in the inhibition of cell differentiation (Liu et al., 

2012; Wang et al., 2012). The miR-502 inhibits cell growth and autophagy in 

human colon cancer in vitro and in vivo (Zhai et al., 2013), and the miR-501 

expression promotes cell proliferation of renal cell carcinoma (Mangolini et al., 

2014). Moreover, the mir-34c which had interaction sites in Nanog2 enhances 

mouse spermatogonial stem cells differentiation (Yu et al., 2014). Following 

these reports, down-regulated microRNAs by chitosan-AuNPs mainly regulate 

target genes associated with proliferation, apoptosis, and cell differentiation  

According to results, the prediction of target genes sharing signaling 

pathways suggests that microRNAs treated with citrate-AuNPs may regulate 

gene expression in metastasis. In addition, microRNAs altered by chitosan-

AuNPs may regulate gene expression in cell proliferation, apoptosis, and cell 

differentiation. 
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CHAPTER IV 

Chitosan-gold nanoparticles promote osteogenic 

differentiation of human adipose-derived 

mesenchymal stem cells through Wnt/β-catenin 

signaling pathway 
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ABSTRACT 

 

Gold nanoparticles (AuNPs) are attractive materials for use in biomedicine due 

to their physical properties. Increasing evidence suggests that several 

nanoparticles induce the differentiation of human mesenchymal stem cells into 

osteoblasts and adipocytes. In this study, we hypothesized that chitosan-AuNPs 

promote the osteogenic differentiation of human adipose-derived mesenchymal 

stem cells (hADSCs). For the evaluation of osteogenic differentiation, alizarin 

red s staining, an proliferation assay, and a real-time RT-PCR analysis were 

performed. In order to examine specific signaling pathways, 

immunofluorescence and a Western blotting assay were performed.  

The results demonstrate that chitosan-AuNPs increase the deposition of 

calcium content and the expression of marker genes relating to osteogenic 

differentiation in hADSCs at the concentrations that does not decrease cell 

viability. Also, the results of Western blotting and immunofluorescence assays 

indicate that chitosan-AuNPs promote osteogenesis through the Wnt/β-catenin 

signaling pathway. Therefore, chitosan-AuNPs can be used as a reagent for 

promoting bone formation. 
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INTRODUCTION 

 

Transplant engineering of stem cells is a potential therapeutic method for the 

regeneration of damaged tissue, such as with osteoporosis, which is becoming 

an important issue and health problem (Compston et al., 2014; Maxson et al., 

2012; McDonald et al., 1999; Oyen et al., 2011; Ren et al., 2012; Sanfelix-

Genoves et al., 2011). Human mesenchymal stem cells (hMSCs) derived from 

various tissues, including bone marrow, adipose tissue, and umbilical cord 

blood, possess multi-lineage differentiating potentials (Pittenger et al., 1999). 

Interests in the therapeutic potential of stem cells isolated from adipose tissue, 

called adipose-derived stem cells (ADSCs), has grown due to a less expensive 

acquisition and greater available quantities than bone marrow (Gimble and 

Guilak, 2003; Kern et al., 2006; Toupadakis et al., 2010; Wagner et al., 2005). 

However, MSCs derived from various sources have limited proliferation 

activity and differentiation potentials (Chen et al., 2012; Vemuri et al., 2011). 

Therefore, it appears that developing new technologies to stimulate the 

differentiation of MSCs is required. 

Recently, gold nanoparticles (AuNPs) have been suggested as useful 

medical vehicles for regenerative tools due to their non-toxic effects, as 

compared to other types of nanoparticles (NPs) (Peer et al., 2007; Zhang et al., 

2008a). Various forms of AuNPs are known to be involved in the differentiation 

of hMSCs into various types of cells. For example, gold-coated iron oxide 

(Gold/Fe3O4) and graphene stimulate the neural differentiation of rat olfactory 
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bulb neural stem cells, and graphene oxide-encapsulated AuNPs are attractive 

detection materials for neural stem cell differentiation (Kim et al., 2013; Wang 

et al., 2013a). In addition, it has been proposed that AuNPs regulate the 

myocardiac differentiation of MSC (Orza et al., 2011; Ravichandran et al., 

2014). Many reports suggest that AuNPs promote the differentiation of hMSCs 

into osteoblasts (Phillips et al., 2010; Zhang et al., 2014). Citrate-reduced 

AuNPs stimulate the osteogenic differentiation of bone marrow-derived MSCs 

through the mitogen-activated protein kinase (MAPK) signaling pathway, and 

the osteogenic differentiation of fibroblasts was enhanced by an AuNPs-

hydrogel complex through the bone morphogenic protein (BMP) signaling 

pathway (Heo et al., 2014; Yi et al., 2010). Influence of various nanomaterials 

on stem cell differentiation was studied (Ilie et al., 2012). However, research 

regarding the effects of chitosan-AuNPs on the differentiation of hMSCs has not 

been reported. 

In the present study, the effect of chitosan-AuNPs on the differentiation 

of human adipose-derived mesenchymal stem cells (hADSCs) as a switch to 

determine cell fate into osteoblasts and the relating signaling pathway in cell 

differentiation was investigated. 
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MATERIALS AND METHODS 

 

Characterization of chitosan-conjugated AuNPs 

In this study, the same chitosan-AuNPs which were examined in chapter II were 

used. In summary, positively charged AuNPs were prepared using the chitosan 

reduction method. The average diameter of chitosan-AuNPs was ~17 nm, and 

the zeta potentials were ~42 mV. The hydrodynamic diameters of chitosan-

AuNPs were ~40 nm rom the dynamic light scattering measurements. 

 

Culture of hADSCs  

The hADSCs were purchased from ATCC (PCS-500-011) and cultured in low-

glucose Dulbecco's modified Eagle's medium (Gibco, NY, USA) with 10% fetal 

bovine serum and 1% antibiotics (Sigma-Aldrich, St. Louis, USA) incubating at 

37°C in 5% CO2. The culture medium was replaced every 3 days during the 

experiments 

 

TEM 

The uptake of chitosan-AuNPs was examined using a transmission electron 

microscopy (TEM). The hADSCs were plated into 6-well culture plates at 3 × 

103 cells/cm2. After cell confluent, chitosan-AuNPs were added to the growth 

medium and incubated at 37°C in 5% CO2 for 24 h. Analysis using a TEM was 

operated in the Integrative Research Support Center in School of Medicine, the 
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Catholic University of Korea. 

 

Cell viability assay  

The cell viability of hADSCs was assessed using a cell counting kit (CCK)-8 

(Dojindo, Japan). Cells were seeded in 96-well culture plates at 3 × 103 

cells/cm2. After cell confluent, chitosan-AuNPs were added to the culture 

medium. Wells containing the culture medium and NPs without cells were used 

as blanks. After 72 h of incubation, 10 µL of the CCK-8 solution was added to 

the medium and incubated for 4 h at 37°C. The absorbance of the optical 

density (OD) at 450 nm was measured using a microplate reader (Tecan, 

Switzerland). The cell viability (%) was calculated according to the formula: 

(ODsample-ODblank)/(ODcontrol-ODblank) × 100.  

 

Proliferation of hADSCs  

The proliferation of the hADSCs was determined using an alamarBlue® assay. 

Briefly, hADSCs were seeded in each well of 96-well plates at a density of 3 × 

103 cells/cm2 and incubated for 72 h. After cell confluent, an osteogenic-

inducing medium (OM) containing 100 nM dexamethasone (Calbiochem, 

Germany), 50 µM L-ascorbic acid 2-phosphate sequimagnesium salt hydrate 

(Sigma-Aldrich, St. Louis, USA), and 10 mM beta-glycerophosphate disodium 

salt hydrate (Sigma-Aldrich, St. Louis, USA) was added to each well with 

different concentrations of chitosan-AuNPs and incubated for 10, 14, and 21 

days. Wells containing OM and NPs without cells were used as blanks. At each 
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time point, 20 µL alamarBlue® solution (Invitrogen, NY, USA) was added to the 

medium and incubated for 4 h at 37°C. The absorbance at 570 nm and 620 nm 

was measured using a microplate reader (Tecan, Switzerland). 

 

Alizarin red s for mineralization  

The osteogenic differentiation rates of hADSCs in the presence of chitosan-

AuNPs were determined by an alizarin red s (ARS) staining assay. The hADSCs 

were seeded in a six-well culture plates at a cell density of 3 × 103 cells/cm2 and 

cultured for 10, 14, and 21 days in OM and chitosan-AuNPs. Briefly, the cells 

were fixed with 80% ethanol for 1 h at room temperature. After being washed 

with distilled water, they were stained with 60 mM ARS (pH 4.2) for 15 min at 

room temperature. A quantitation of ARS staining was performed by elution 

with 10% (w/v) cetylpyridinium chloride (Sigma-Aldrich, St. Louis, USA) for 

20 min at room temperature, and the absorbance was measured at 570 nm. The 

mineralization ratio was normalized to the proliferation ratio. 

 

Oil red o for lipid accumulation  

The adipogenic differentiation rates of hADSCs in the presence of chitosan-

AuNPs were determined by oil red o (ORO) staining assay. After osteogenic 

induction, cells were washed with distilled water, and stained with 0.6% (w/v) 

ORO solution (60% isopropanol) for 15 min at room temperature. For 

quantitation, cells were washed with distilled water to remove unbound dye, and 

2 mL isopropyl alcohol was added to well of the culture plates. After 20 min, 
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the absorbance was measured by a microplate reader at 510 nm. The lipid 

accumulation ratio was normalized with proliferation ratio. 

 

Real-time RT-PCR analysis  

Total RNA was isolated from the differentiated cells, which were treated with 

chitosan-AuNPs for 10, 14, and 21 days using a Hybrid-R prep kit (GeneAll, 

Korea) according to the manufacturer’s protocol. Reverse transcription was 

performed using M-MLV reverse transcriptase (Invitrogen, NY, USA). The 

relative mRNA expression of the osteogenic differentiation marker genes was 

normalized to the GAPDH gene and expressed as a fold change relative to the 

growth medium (GM) group. The PCR conditions were an initial step at 95°C 

for 30 sec and 40 denaturation cycles of 95°C for 5 sec and annealing at 60°C 

for 45 sec. Steps at 95°C for 15 sec, 60°C for 1 min, and 95°C for 15 sec was 

added to minimize nonspecific products. The results were analyzed by 

comparing the 2–[delta][delta]Ct values of the mRNA of cells treated with chitosan-

AuNPs to those of the cells in OM. Table 1 represents the list of primers used 

for real-time RT-PCR. 
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Table 1. Primers for real-time RT-PCR analysis 

Gene 

(Acc. No.) 
Sequences 

Product 

size (bp) 

Alkaline 
Phosphatase 

(NM_000478.4) 

 

F 5’-CCTCCTCGGAAGACACTCTG-3’ 

R 5’-GCAGTGAAGGGCTTCTTGTC-3’ 

 

139 

Bone sialoprotein 
(NM_004967.3) 

F 5’-AAAGTGAGAACGGGGAACCT-3’

R 5’-GATGCAAAGCCAGAATGGAT-3’ 
161 

Osteocalcin 
(NM_001199662.1) 

F 5’-GACTGTGACGAGTTGGCTGA-3’ 

R 5’-CTGGAGAGGAGCAGAACTGG-3’
119 

GAPDH 
(NM_002046.4) 

F 5’-CTCTGCTCCTCCTGTTCGAC-3’ 

R 5’-ACGACCAAATCCGTTGACTC-3’ 
112 
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Western blotting analysis  

A western blotting assay was applied to study the protein expressions of 

hADSCs related to the β-catenin signaling pathway. Proteins were extracted and 

subjected to 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis for 

the detection of active-form β-catenin, then transferred to polyvinylidene 

fluoride membranes. The membranes were blocked with 5% skim milk in tris-

buffered saline with Tween 20 for 1 h at room temperature. Membranes were 

reacted with primary antibodies overnight at 4°C. Primary antibodies were as 

follows: anti-non-phosphorylated β-catenin (1:500, Millipore, MA, USA) and β-

actin (1:1000, Santa Cruze, CA, USA), and the β-actin protein was used as the 

control. 

 

Immunofluorescence for translocation of non-

phosphorylated β-catenin into the nucleus 

The hADSCs were plated to confocal dishes (NuncTM Lab-Tek chamber slides, 

Thermo Scientific, MA, USA) at a density of 3 × 103 cells/cm2 and cultured for 

7, 10, 14, and 21 days in an OM treated with chitosan-AuNPs. The cells were 

fixed with 4% paraformaldehyde for 15 min. Fixed cells were incubated with an 

active-form β-catenin (Millipore, MA, USA) antibody for 48 h at 4°C, then 

incubated with a secondary antibody, which was conjugated with  Alexa 

Flour® 555 for 1 h at room temperature. Cells were stained with 2-(4-

amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI) for nucleus 

staining. Confocal images were acquired with a LSM 710 confocal laser 
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scanning microscope (Carl Zeiss, Germany) operated in the National Center for 

Inter- University Research Facilities (Seoul National University, Korea). 

 

Statistical analysis  

Data was generally presented as the mean ± standard error (SE), and the 

statistical differences between the experimental groups were analyzed by 

Student’s t-test using statistical software Origin 8.0. P < 0.05 was considered 

statistically significant.  
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RESULTS 

 

Uptake of chitosan-AuNPs in hADSCs 

In order to identify uptake of chitosan-AuNPs in hADSCs, internalized 

chitosan-AuNPs at a concentration of 1 ppm were measured using a TEM. The 

concentration of chitosan-AuNPs added for TEM was 1 ppm. Most of the 

internalized chitosan-AuNPs were detected in cytosol as shown in Figure 1. 

However, in this TEM images, chitosan-AuNPs internalized into hADSCs were 

not inside endosomal vesicles. 

 

Effect of chitosan-AuNPs on hADSC viability and 

proliferation 

To determine the the effect of chitosan-AuNPs on cell viability and proliferation 

of hADSCs, cell viability assay and proliferation assay were performed. In cell 

viability assays, hADSCs were exposured for 72 h in a GM that did not contain 

osteogenic-inducing substances (Figure 2A). As shown in Figure 2A, chitosan-

AuNPs had no effect on the cell viability of hADSCs at a concentration of up to 

10 ppm. Also, to determine the proliferation of the hADSCs in osteogenic-

inducing conditions, a proliferation assay was examined at 10, 14, and 21 days 

in an OM containing chitosan-AuNPs (Fig. 2B). This result indicates that the 

value of OD was significantly increased in all experimental groups in a time-

dependent manner. However, there is no statistical significance in the difference 
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between the OM only group and the OM containing chitosan-AuNPs group.  

 

Chitosan-AuNPs promote the osteogenic differentiation of 

hADSCs 

In order to confirm the effect of chitosan-AuNPs on the osteogenic 

differentiation of hADSCs in osteogenic-inducing conditions, osteogenic 

differentiation was determined by measuring the mineralized calcium deposition. 

The result shows that the mineralized calcium deposition increased more in the 

hADSCs containing OM with chitosan-AuNPs group than in the OM only 

group in a time-dependent manner (Figure 3A). Statistical differences between 

the experimental groups were also analyzed by One-way ANOVA. Differences 

between experimental groups in 21 days were statistically significant (p < 0.05). 

In 21 day, the mineralized calcium deposition increased in the containing 

AuNPs groups up to 1.4-fold at a concentration of 0.5 ppm and 1.35-fold at 1 

ppm, as compared to the OM only group (Figure 3B). Therefore, chitosan-

AuNPs stimulated the differentiation of hADSCs by osteogenesis. 

 

Expression of osteogenic differentiation specific genes in 

hADSCs 

To measure the expressions of specific genes involved with the osteogenic 

differentiation of hADSCs in OM containing chitosan-AuNPs, real-time RT-

PCR analysis was carried out. Statistical analysis was carried out by student’s t-  
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FIGURE 1. TEM images of hADSC exposed to chitosan-AuNPs. hADSCs 

were exposed to chitosan-AuNPs for 24 h and them fixed for TEM. (A) 

chitosan-AuNPs were internalized in cell membrane as magnified in the (B) 

image. The scale bars in the (A) and (B) are 0.5 μm and 0.1 μm. 
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Figure 2. Effects of chitosan-AuNPs. (A) cell viability of hADSCs for 72 h in 

a growth medium (GM) (n = 6) and (B) cell proliferation of hADSCs for 10, 14, 

and 21 day after the induction of osteogenic differentiation (n = 5). Results are 

mean ± SE of the triplicate experiments. 
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Figure 3. Effect of chitosan-AuNPs on the mineralization of hADSCs. (A) 

stained calcium deposition by alizarin red s (B) quantitation of mineralization 

through the elution of alizarin red s from stained mineral deposits (n = 6). 

Results are mean ± SE of the triplicate experiments, (*) p < 0.05. 

 

 



106 

test. The result shows that the alkaline phosphatase (ALP) mRNA expression 

level increased more in the cells containing chitosan-AuNPs group as compared 

to the OM only group at 10 day (Figure 4A). The ALP mRNA expression level 

in the OM only group showed a maximal value at 14 day, and it decreased at 21 

day. In the OM containing chitosan-AuNPs group, the ALP mRNA expression 

levels increased at 10 day when compared to the OM only group, and the levels 

were sustained at 14 day and 21 day. Statistical differences of ALP expression 

between the experimental groups were also analyzed by One-way ANOVA. 

Differences between experimental groups in 14 days were statistically 

significant (p < 0.05). The BSP mRNA expression levels in the OM containing 

chitosan-AuNPs group at 0.5 ppm and 1 ppm were higher than in the OM only 

group at 14 day and 21 day (Figure 4B). In the OM only group, the bone 

sialoprotein (BSP) mRNA level decreased in a time-dependent manner. 

However, the BSP mRNA level in the OM containing chitosan-AuNPs group 

increased up to 14 day and then decreased at 21 day, as compared to the OM 

only group. The osteocalcin (OSC) mRNA expression levels in the OM 

containing chitosan-AuNPs group were significantly higher than in the OM 

only group at 10 day and 14 days (Figure 4C). Statistical differences of OSC 

expression between the experimental groups were also analyzed by One-way 

ANOVA. Differences between experimental groups in 10 days and 14 days 

were statistically significant (p < 0.05). 
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Figure 4. mRNA expression of osteogenic marker genes in hADSCs treated 

with chitosan-AuNPs for 10, 14, and 21 day. (A) alkaline phosphatase (ALP); 

(B) bone sialoprotein (BSP); (C) osteocalcin (OSC) (n = 9). Results are mean ± 

SE of the triplicate experiments. 
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Chitosan-AuNPs do not affect the adipogenic differentiation 

in osteogenic- inducing hADSCs 

The effect of chitosan-AuNPs on the adipogenic differentiation of hADSCs in 

osteogenic-inducing conditions was determined by measuring lipid droplets 

stained by ORO dye. In our study, the accumulation of lipid droplets was 

slightly increased in the OM only group and the OM containing chitosan-

AuNPs group (Figure 5). However, the degree of accumulation was weak when 

compared to the mineralization, and it was similar between the OM only group 

and the OM containing chitosan-AuNPs group. Therefore, the adipogenic 

differentiation of hADSCs was not induced by chitosan-AuNPs in OM 

conditions. 

 

Chitosan-AuNPs enhance the osteogenic differentiation of 

hADSCs through the Wnt/β-catenin signaling pathway  

To confirm the signaling pathway related to osteogenic differentiation in 

hADSCs, we examined non-phosphorylated β-catenin in protein levels. Non- 

phosphorylated β-catenin protein levels increased in the OM containing 

chitosan-AuNPs group at 7 day, as compared to the OM only group (Figure 6A). 

The translocation of non-phosphorylated β-catenin into the nuclei of the OM 

group was determined by using an immunofluorescent antibody (Figure 6B). 

The translocation of non- phosphorylated β-catenin into nuclei of the OM 

containing chitosan-AuNPs group was greater than in the OM only group at 7 
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day and 10 day. After 10 day, the degree of translocated non-phosphorylated β-

catenin proteins was similar between the OM only group and the OM 

containing chitosan-AuNPs group.  
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Figure 5. Effect of chitosan-AuNPs on adipogenic differentiation. Lipid 

accumulation of hADSCs treated with chitosan-AuNPs after 10, 14, and 21 day 

of culturing (n = 5). Results are mean ± SE of the triplicate experiments. 
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Figure 6. Activation of the osteogenic signaling pathway by chitosan-AuNPs. 

(A) western blot analysis of the non-phosphorylated β-catenin protein 

expression after treatment with chitosan-AuNPs for 7 day. (B) translocation of 

non-phosphorylated β-catenin into the nuclei of hADSCs treated with chitosan-

AuNPs for 7, 10, 14, and 21 day. 
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DISCUSSION 

 

In the present study, we identified the promoting effect of chitosan-AuNPs on 

osteogenic differentiation of hADSCs through accumulation of activated 

phosphorylated beta-catenin into nucleus.  

Recent studies suggest that the anionic AuNPs are endocytosed into cells, 

while half the amounts of cationic AuNPs escape the endocytotic pathway (Cho 

et al., 2009). Cationic AuNPs may directly diffuse into cytosol by generating 

disruption on the cell membrane (Lin et al., 2010a). The results indicate that 

chitosan-AuNPs entered into hADSCs through direct diffusion or escaping the 

endocytotic pathway. The degree of uptake and subcellular localization in cell 

systems shows different cytotoxicity (Xia et al., 2006). In particular, gold 

nanostars located in the nucleus are more toxic compared to the gold nanostars 

located in the cytosol (Dam et al., 2012). Therefore, it is possible that chitosan-

AuNPs located in membrane is lack of cytotoxicity in hADSCs.  

Over the past few years, the interactions of AuNPs with cell have been 

researched to confirm their uptake, distribution, and cytotoxicity. Recent 

evidence indicates that AuNPs decrease cell viability and differentiation of bone 

marrow MSCs through triggered necrosis by excessive ROS generation (Fan et 

al., 2011). In particular, excessive reactive oxygen species (ROS) cause damage 

to MSCs, whereas low levels of ROS enhance osteogenesis of MSCs (Atashi et 

al., 2015). According to results, chitosan-AuNPs enhance osteogenic 

differentiation of hADSCs. Pristine AuNPs without any appropriate 
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modifications are generally unstable because of high surface energy. Thus, a 

stabilizer should be added to apply AuNPs into cells (Alanazi et al., 2010). In 

the present study, chitosan was used in the reduction of AuNPs as a stabilizer. 

Several researches suggest that chitosan enhance mineralization of bone 

marrow-derived hMSCs by upregulating genes associated with mineralization 

and calcium-binding proteins (Mathews et al., 2011; Muzzarelli, 2011). In 

particular, multiwall carbon nanotube scaffolds modified with chitosan enhance 

proliferation and mineralization of MG-63 cells more than chitosan scaffolds 

(Venkatesan et al., 2012). Corresponding with previous studies, chitosan-AuNPs 

stimulate osteogenic differentiation of hADSCs on conditions not reduced cell 

viability. 

In the osteogenic differentiation of hMSCs, bone formation is a complex 

biological process involving several tightly regulated gene expression patterns 

of bone-related proteins, and specific marker genes, such as OSC, osteopontin, 

and BSP, were expressed according to the progress of differentiation (Stein and 

Lian, 1993). ALP is a key regulator of the early-stage differentiation of bone 

marrow stromal cells, and gradually decreased as proceeding through 

differentiation into osteoblasts (Malaval et al., 1994). Lian and Stein (1995) 

suggest that the peak levels of the ALP mRNA represent the matrix maturation 

period, and the cellular levels of the ALP mRNA in the heavily mineralized 

stage decreased (Lian and Stein, 1995). The BSP gene is up-regulated by 

promoting bone formation (Ganss et al., 1999), and the OSC gene is a key 

marker for the late maturation of osteoblasts and the expression of OSC is 

concomitantly up-regulated by more advanced osteoblasts (Choi et al., 2011; 
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Stein and Lian, 1993). According to the integrated real-time RT-PCR results, the 

expressions of the osteogenic marker genes are more activated by the chitosan-

AuNPs group.  

Several studies demonstrate that the Wnt/β-catenin signaling pathway is 

initially involved in osteoblast differentiation (D'Alimonte et al., 2013; Guidotti 

et al., 2013; Heo et al., 2010). Wnt/β-catenin signaling inhibits adipogenic 

differentiation and alters the cell fate from adipocyte to osteoblast in hADSCs 

(Li et al., 2008). Some studies suggest that various type of nanoparticles act in 

hMSCs by different action mechanism. Adipogenic and osteogenic 

differentiation of hMSCs added with silver nanoparticles is inhibited by the Ag+ 

ion, which suppresses the expression of marker genes, and SH-SY5Y cells 

treated with silver nanoparticles differentiate into neuronal cells through ROS 

activating the ERK-AKT pathway (Dayem et al., 2014; Sengstock et al., 2014). 

Also, AuNPs enhance the osteogenic differentiation of mesenchymal stem cells 

through the activation of the MAPK and bone morphogenic protein signaling 

pathways (Heo et al., 2014; Yi et al., 2010). However, the mechanism of the 

action of the chitosan-AuNPs in hADSCs has not been clear. Several researches 

suggested that mechanical stimulation by AuNPs enhance osteogenesis and 

inhibit adipogenesis through activation of Wnt/β-catenin signaling (Case et al., 

2008; Niziolek et al., 2012; Robinson et al., 2006; Sen et al., 2008). According 

to results, stimulation by uptake of chitosan-AuNPs in hADSCs promote the 

differentiation of hADSCs into osteoblasts through non-phosphorylated β-

catenin accumulation, as it enhances the switching of the hADSC cell fate from 

adipocyte to osteoblast. 
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GENERAL CONCLUSION 

 

Due to their unique characteristics, gold nanoparticles (AuNPs) are new 

potential tools for medical therapeutic treatments including drug delivery and 

promoting the regenerations of damaged tissues. AuNPs are known to be less 

toxic than other types of nanoparticles (NPs) and easily functionalized with 

various polymers.  

In particular, citrate- and chitosan-AuNPs used in this study are less toxic 

than silver nanoparticles on human lung adenocarcinoma cells. In previous 

study, cell viability was decreased by silver nanoparticles at concentrations from 

0 μg/mL to 2.8 μg/mL as concentration-dependent manner, and IC50 value was 

calculated at 0.8 μg/mL (n=3) which value is 30-fold less than IC50 of AuNPs 

(data not shown). However, because even a small amount of AuNPs toxicity can 

have an adverse effect on cells, estimating cytotoxicity prior to application in 

any medical fields is important. 

Taking the above results as a whole, Figure 1 demonstrates in detail the 

effects of surface-modified AuNPs on cells. Surface-modified AuNPs with 

citrate and chitosan have cytotoxic effects on human lung cancer cells as 

concentration-dependent manners. Positively charged chitosan-AuNPs were 

more easily absorbed than negatively charged citrate-AuNPs by cancer cells due 

to electric interaction with the charged surface of the AuNPs and a negatively 

charged plasma membrane. As a result, the plasma membrane was more 

ruptured by positively charged chitosan-AuNPs. In absorbing AuNPs, extrinsic 
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and intrinsic apoptosis mechanisms were activated by citrate-AuNPs. On the 

other hand, the apoptosis mechanism and necrosis were activated by chitosan-

AuNPs. Therefore, positively charged chitosan-AuNPs were more toxic than 

negatively charged citrate-AuNPs in human lung cancer cells. In addition, the 

effect of citrate- and chitosan-AuNPs on cell functions was different. The 

expression of the microRNAs was altered by the citrate- and chitosan-AuNPs. 

The microRNAs altered by the citrate-AuNPs were involved in cell migration 

and metastasis at the concentration that decreased cell viability by 20%. The 

microRNAs up-regulated by chitosan-AuNPs were related to cell cycle, 

apoptosis, and cell differentiation at the concentration that decreased cell 

viability by 20%. In addition, the microRNAs down-regulated by chitosan-

AuNPs were related to proliferation, apoptosis, and differentiation. Based on 

microRNA expression profiling results, cell functions such as cell development 

and differentiation were altered by the exposure of chitosan-AuNPs. Thus, the 

uptake of chitosan-AuNPs in human adipose-derived mesenchymal stem cells 

induced osteogenic differentiation through activation of a cell differentiation 

related signaling pathway by chitosan-AuNPs at the concentration that does not 

decrease cell viability. 

The AuNPs synthesized with adding stabilizer such as citrate and 

chitosan can present cytotoxicity on human cells depending on concentrations 

even though AuNPs stabilizing with citrate or chitosan are known to be less 

toxic than other NPs. Furthermore, the exposure of citrate- and chitosan-AuNPs 

alters cell functions at microRNA expression level. Thus, this study propose that 

surface-modified AuNPs stabilized with chitosan can be used to promote 
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osteogenic differentiation of human mesenchymal stem cells at a concentration 

that does not induce cell death after evaluating cytotoxic concentrations in 

damaged tissue regeneration. 
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Figure 1. Summary of uptake and effect of citrate- and chitosan-AuNPs on 

human cells. Red arrows indicate activated apoptosis mechanism by citrate-

AuNPs. Yellow arrows indicate apoptosis mechanism and necrosis by chitosan-

AuNPs. Blue line arrows indicate alteration of microRNA expression related to 

cell functions by citrate- and chitosan-AuNPs. 
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국문초록 

표면 변형된 금 나노 입자의 

세포 생존도 및 골분화에 대한 작용 

 

최선영 
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수의과대학 수의생명과학 전공 

(수의약리학) 

(지도교수: 이소영) 

 

독특한 물리적, 화학적 성질을 갖는 나노 입자를 약물전달, 암세포 표

적, 조직재생과 같은 바이오 의학 분야에서 활용하고자 하는 연구가 

활발히 진행되고 있다. 다른 나노 입자에 비해 독성이 없다고 알려진 

금 나노 입자의 경우, 용매에 분산되어 있는 콜로이드 형태의 입자로 

널리 사용된다. 그러므로, 이때 발생하는 전기화학적 불안정성을 예방

하고자 안정제를 첨가하여 합성하게 된다. 안정제로 변형시킨 금 나

노 입자는 생체안정성이 높고 특정 단백질이나 항체 등과 쉽게 결합
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할 수 있어 약물 전달체, 진단 검출도구로 응용되고 있다. 더욱이, 조

직 재생 의학에서 성체줄기세포의 분화를 촉진하는 치료 도구로 연구 

되고 있다. 그러나, 최근 금 나노 입자의 크기, 형태, 표면 전하, 또는 

세포의 종류에 따라 세포에 대한 독성을 나타낸다는 연구 결과가 발

표되고 있다. 또한, 금 나노 입자의 생리적, 생물학적 효과가 세포 타

입 의존적으로 다르다는 연구가 발표되었다. 본 연구에서는 구연산염

(sodium citrate)과 키토산(chitosan)으로 표면을 변형시킨 금 나노 입자

의 폐암 세포에 대한 독성을 측정하고, 금 나노 입자의 노출에 따른 

microRNA 발현 변화를 통해 세포 기능의 변화를 예측하였다. 또한 키

토산-금 나노 입자의 성체줄기세포에 대한 골 분화 촉진 효과를 연구

하였다. 

     본 연구의 결과는 구연산염과 키토산으로 변형시켜 다른 전하를 

나타내는 금 나노 입자가 세포사멸 또는 괴사를 통해 농도 의존적으

로 폐암세포에 대한 독성을 나타내는 것을 확인하였다. 또한, 구연산

염과 키토산으로 변형시킨 금 나노 입자에 노출되었을 때 폐암 세포

에서 전사 후 조절 인자인 microRNA의 발현이 변화하였다. 구연산염-

금 나노 입자에 의해 발현이 증가한 microRNA는 세포 이주, 전이와 

관련이 있다. 키토산-금 나노 입자에 의해 발현이 증가된 microRNA는 

세포 증식, 세포 사멸, 분화와 관련이 있다. 또한, 키토산-금 나노 입

자에 의해 발현이 감소된 microRNA는 세포 증식, 세포 사멸, 세포 발
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달 신호 전달과 관련이 있다. 세포 분화와 관련된 연구에서, 키토산-

금 나노 입자가 세포 생존도가 감소하지 않는 농도에서, Wnt/β-catenin 

신호전달체계의 활성화를 통하여 지방조직유래 성체 줄기세포의 골 

분화를 촉진시키는 것을 관찰하였다. 그러므로, 본 연구 결과는 구연

산염과 키토산으로 표면을 변형시킨 금 나노 입자를 조직 재생을 촉

진 시키기 위한 치료 도구로써 활용할 수 있으며, 금 나노 입자를 바

이오 의학적으로 응용하기 전, 세포에 대한 독성 평가가 반드시 선행

되어야 한다는 것을 보여준다. 

     본 연구는 다음과 같은 측면에 중점을 두었다. (1) 구연산염-금 

나노 입자와 키토산-금 나노입자의 세포 독성 효과 (Chapter I and II), (2)  

구연산염-, 키노산-금 나노입자에 의한 microRNA 발현 변화 (Chapter 

III), (3) 키토산-금 나노 입자에 의한 지방조직유래 성체줄기세포에 대

한 골분화 촉진 (Chapter IV).  

                                                              

주요어: 구연산염-금 나노 입자, 키토산-금 나노 입자, 세포독성, 

마이크로 알앤에이, 성체줄기세포, 무기화작용, Wnt/β-catenin 
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