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摘要 

氧化鐵磁性奈米粒子(Fe3O4 MNPs)以及二氧化矽包覆氧化鐵磁性奈米粒子

(Fe3O4@SiO2 MNPs)在生醫方面漸漸變成很重要的應用，然而這種磁性奈米粒子

對於細胞的影響仍然不是很清楚。因為表面修飾的氧化鐵磁性奈米粒子以及二氧

化矽包覆氧化鐵磁性奈米粒子，其表面修飾物可能會在進入細胞時或是在細胞內

被移除而形成裸露的氧化鐵磁性奈米粒子，因此裸露的氧化鐵磁性奈米粒子以及

二氧化矽包覆氧化鐵磁性奈米粒子應該需要受到注意。在這個研究中，為了避免

太多的前驅物殘留在奈米粒子上，氧化鐵磁性奈米粒子採用共沉降法來合成，而

二氧化矽包覆氧化鐵磁性奈米粒子則利用 Stöber 法合成。藉由 X 光繞射儀

(XRD)、穿透式電子顯微鏡(TEM)、X 光光電子能譜儀(XPS)、X 光吸收光譜(XAS) 

以及超導量子干涉磁量儀(SQUID)來量測這些磁性奈米粒子的性質以及特性，結

果顯示合成的氧化鐵奈米粒子是以四氧化三鐵的相為主，而二氧化矽則是以非晶

態沉積在氧化鐵奈米粒子上，這些合成的磁性奈米粒子都具有超順磁的特性。

A549 肺腺癌細胞被用來做為這些磁性奈米粒子處理的模式細胞，其細胞活性藉

由 MTT 法檢測來取得。結果顯示經過磁性奈米粒子處理的 A549 細胞呈現出較

低的粒線體還原酶活性。此外，同步輻射紅外光(SRIR)光譜以及同步輻射紅外光
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顯微鏡(SRIRM, 擁有 10um 空間解析度)用來量測細胞內部的化學物質含量變化

以及分布。結果顯示細胞內部的 DNA 結構間接地受到磁性奈米粒子的影響，其

含量隨著磁性粒子的濃度增大以及作用時間而下降，雖然蛋白質以及磷脂質的結

構沒有受到太大的影響，但它們的相對成分比例會隨著磁性奈米粒子作用的時間

以及濃度，而有所不同;同時也可以觀察到暴露在磁性奈米粒子中 A549 細胞以及

對造組 A549 細胞中，相對較多的蛋白質集中在核心，遠離核心的區域，磷脂質

相對地比較多量。 
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Abstract 

Fe3O4 and Fe3O4@SiO2 magnetic nanoparticles (MNPs) have recently become 

important in biomedical applications; however, influences of these MNPs to cells are 

still not very clear. Bare Fe3O4 and Fe3O4@SiO2 MNPs should be noticed because any 

surface modification may be removed from them when they enter into cells or in cells. 

In this work, in order to avoid too much surface residues from the precursors, 

coprecipitation method is adopted to synthesize bare Fe3O4 MNPs, while Stöber 

process is performed to synthesize bare Fe3O4@SiO2 MNPs. The characterization of 

MNPs is indentified by X-ray Diffraction (XRD), Transmission Electron Microscopy 

(TEM), X-ray Photoelectron Spectroscopy (XPS), X-ray Absorption Spectroscopy 

(XAS) and Superconducting Quantum Interference Device Magnetometer (SQUID). 
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These results show that as-prepared Fe3O4 MNPs primarily contains crystalline Fe3O4 

phase, while the deposited SiO2 on Fe3O4 MNPs is amorphous. A549 lung cancer 

cells are used as model cells for MNPs treatment, and the cell viability is measured by 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The 

results show that mitochondrial reductase activity in cells is reduced by treating Fe3O4 

MNPs and Fe3O4@SiO2 MNPs to A549 cells for 36 hr. Instead of traditional 

biochemical methods, synchrotron radiation infrared-ray (SRIR) spectra and 

synchrotron radiation infrared-ray microscopy (SRIRM) with high spatial resolution 

10μm are carried out to measure the change of chemical components and chemical 

composition distribution in cells. These results exhibit that DNA structures in cells are 

indirectly affected by Fe3O4 MNPs and Fe3O4@SiO2 MNPs, and the concentration of 

DNA becomes less with MNPs concentration and treatment time while no protein and 

lipid changes are observed, but the lipid/protein ratio is 

MNPs-concentration-dependent and treatment-time-dependent and it is observed that 

the amount of lipids is relatively larger at far-nucleus regions while that of proteins is 

relative larger at and around the nucleus region. 
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Chapter 1  Introduction 

Nanomaterials have been an important application in industries because of their 

novel properties, such as superparamagnetic properties emerging with the size of 

magnetic particles below their critical single domain sizes[1], tunable electronic 

properties[2], optical properties[3], thermal properties[4], catalytic properties[5] and 

etc. These novel properties will likely lead to a lot of commercial products appearing 

in market. However, toxicity of nanomaterials should also be taken into consideration 

as there is a chance that these nanomaterials may be exposed to human health and 

environment. Therefore, studies are needed to ensure that whether nanomaterials have 

toxic effects on human health and environment. Before determining why or which 

nanomaterials are toxic, one should have to understand how toxicity of nanomaterials 

is defined in term of reactive oxygen species (ROS), oxidative stress and gene 

expression by recent works[6-10]. 

Toxicity of materials is mostly based on cell viability, which is based on the 

features of living cells or dead cells, for instance, metabolic activities or cellular 

membrane integrity. Cell viability can be measured by several methods such as 

permeability of cell membrane (e.g., LDH assay or NR uptake assay), metabolic 

activity (e.g., MTT) and etc. However, these methods only measure particular 

constituent changes in cells, and generally speaking, this is not called toxicity of 

materials, but the influence of materials to living cells. Therefore, toxicity of materials 

requires broader specific definition. 

Toxicity of materials means that materials have impact on cells’ functions 
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associated with programmed cell death (another name, apoptosis) or necrosis. 

Programmed cell death means that there are some pathways, discussed below, in cells 

inducing the cell to decompose its components, such as deoxyribonucleic acids 

(DNA), proteins, lipids, carbohydrates and etc. Caspases (a group of proteases with 

cystein residue site in their catalytic site) are activated at the early apoptosis and 

triggering most of cellular changes during the death process, for instance, detachment 

of the apoptotic cell from its neighbors, cleavage and inactivation of proteins or 

activation of caspase activated DNase (CAD, which is responsible for attacking DNA 

into fragments) and etc.  

There are two primary pathways, death-receptor pathway (extrinsic pathway) and 

mitochondria pathway (intrinsic pathway). Michael O. Hengartner who worked in 

Cold Spring Harbor Laboratory has reviewed for the biochemistry of apoptosis as 

displayed in Fig 1.1[11]. Basically, in the death-receptor pathway (Fig. 1.1 (left)), 

there are outside triggers, death ligands, proteins binding to trans-membrane death 

receptors, which activate caspase-8 by proteolyzing procaspase-8 via adaptor proteins, 

FADD. Caspase-8 is an initiator caspase that activates procaspase-3 into caspase-3, 

which is a member of effector caspases (caspase-3, -6, and -7) executing proteolysis 

in cells. In the other pathway, mitochondria pathway (Fig. 1.1(right)), caspase-9, 

another initiator caspase, is activated through the combination with Apaf-1 and 

cytochrome c to form apoptosome (active caspase-9). Both of Apaf-1 and cytochrome 

c are mostly contained in mitochondria when the mitochondria is intact, while the 

release of both into cytoplasm occurs when mitochondria is affected or disturbed, 

regulated by Bcl-2 family (e.g., Bax, Bid, Bcl-xL, Bcl-2 and etc.), apoptotic regulators 

on the mitochondria membrane. Although these two pathways go through different 
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processes to activate initiator caspases, the final end step is triggering the same 

effector caspases (caspase-3, -6 and -7) (Fig. 1.1). 

 

 

Figure 1.1 Apoptosis pathways: death-receptor pathway (left) and mitochondria 

pathway (right)[11]. 

 

The apoptosis pathways are obvious in some studies [9, 12], but the apoptosis 

being induced by the compositions of the materials or reaction mechanism of the 

materials is still not very clear. It has been observed that the amount of ROS arises 

when the nanomaterials interact with biological constituents in cells, causing lipid 

peroxidation, proinflammatory and cytotoxicity in the cells[10, 13-14]. This indicates 

that the production of ROS is related to toxicity in the biological sample. ROS has 
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oxidative capacity to oxidize biological constituents in cells, leading to the change of 

signal conduction pathways. Glutathione (GSH) in the biological sample is easily 

oxidized into glutathione disulfide (GSSG), causing the decline in the amount of GSH 

and the rise in the amount of GSSH. The ratio of the amount of GSH over GSSG is 

defined as oxidative stress, which means the ROS outweighs the antioxidant defense 

capacity of cells, causing redox disequilibrium in cells. 

Different levels of oxidative stress could lead to different cellular responses, 

maybe protective or adverse to cells. There is a hierarchical oxidative stress 

hypothesis (three tiers)[15] describing the relationship of the relative level of 

oxidative stress and cellular responses (Fig. 1.2). For the first tier, the lowest level of 

oxidative stress, the cellular response involves the induction of protective antioxidant 

enzymes, regulated by the transcription and nuclear factor, erythroid 2-related factor 2 

(Nrf-2 or NFE2L2) which induces the expression of various genes to produce several 

antioxidant and detoxification enzymes collectively called phase II enzymes including 

heme oxygenase 1(HO-1), NADPH quinine oxidoreductase (NQO1), superoxide 

dismutase, glutathione peroxidase and catalases. If the redox disequilibrium could not 

recover to normal condition by these antioxidant enzymes in the Tier 1, the further 

ROS production can activate proinflammatory responses such as cytokines and  

chemokines, mediated by MAP kinase and NF-κB cascades. For the highest level of 

oxidative stress, mitochondria membrane could be oxidized by ROS, lost its 

membrane potential and mitochondria may thereby open the permeability transport 

(PT) pore, releasing cytochrome c to induce apoptosis. Noteworthy is that 

nanoparticles may target mitochondria directly to disrupt the mitochondria membrane, 

thereby activating the apoptosis; however, the reason why nanoparticles directly target 
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mitochondria is unknown[16]. 

 

Figure 1.2 The hierarchical oxidative stress hypothesis. 

 

The hierarchical oxidative stress model provides a very clear relationship 

between oxidative stress and cellular responses. However, in order to understand a 

nanomaterial with a constant concentration which induces an oxidative stress level in 

cells, one have to conduct a lot of experiments; mostly, the amount of ROS production 

and the ratio of the amount of GSH/GSSG are measured with various concentrations, 

and which signal pathway the concentration of the nanomaterial induces should be 

investigated[8-9]. On the contrary, it cannot be denied that by these biochemical 

methods, one can specifically understand the mechanism of signal pathway the cells 

use upon exposure to nanomaterials. 
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One more thing, the other question about how nanomaterials generate ROS, 

which further destroys the redox equilibrium in cells, is still unclear. Although there 

are evidences that nanomaterials with proper electronic configurations that catalyze 

ROS generation can spontaneously produce ROS[17-18] with biological constituents 

in cells, nanomaterials without these properties still can generate ROS[6]. Therefore, 

ROS production may be not characteristic of certain materials, but the result of the 

interactions between biological systems and nanomaterials. How ROS are produced in 

this process still requires further investigation. 

Fe3O4 and Fe3O4@SiO2 MNPs become more and more important in biomedical 

fields, such as drug delivery[19-22], separation of biochemical products[20, 23] and 

biosensors[24-27]. Although these MNPs with proper surface modifications could 

exhibit no toxicity, there is a possibility that the surface modifications of these MNPs 

would be degraded in lysosomes in cells to expose their bare cores to biological 

systems. Thereby, the toxicity of bare MNPs should be examined. 

The toxicity of Fe3O4 and Fe3O4@SiO2 MNPs based on ROS has been recently 

studied by many researches [8, 28-33]. About the cytotoxicity of bare Fe3O4 MNPs, 

Karlsson et al.[30] has that no obvious toxicity, based on trypan blue, to A549 lung 

cancer cells at the particle concentrations (40 to 80 μg/ml) during 18 hr was 

observed, but they observed that, by comet assay, there was an increased DNA 

damage in A549 cells after 4 hr MNPs treatment time at the concentration 40μg/ml. 

Kӧnczӧl et al.[8] also has demonstrated that no loss of cell viability was observed by 

the WTS assay and NR uptake assay when A549 cells were exposed to applied 

concentrations (10 to 200μg/cm
2
) after 24 hr MNPs treatment, during which they 

observed that ROS increased with MNPs concentrations. Although Fe3O4 MNPs do 
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not show cytotoxicty during 24 hr exposure time, there is a chance that Fe3O4 MNPs 

still remain in cells to influence cells function and cause cytotoxicity for more 

exposure time. Care must be taken when cytotoxicity of Fe3O4 MNPs is used to 

compare among different cell types, because various cells show different 

detoxification approaches[34]. 

With regard to SiO2 nanoparticles, there was an evidence[10] that amorphous 

SiO2 NPs showed a time- and concentration-dependent cell viability of A549 and cell 

viability of A549 reduced to 75 % at the applied concentration 50μg/ml after 48 hr 

exposure, while 68% at 100μg/ml at the same period of time. For different treatment 

time, when A549 cells were exposed to 100μg/ml, cell viability further reduces from 

68% after 48 hr exposure to 54.6% after 72 hr exposure. The author also showed that 

ROS increased and GSH declined with concentration and exposure time, suggesting 

an oxidative stress level increasing, which may explain the cell viability of A549 cell 

treated with SiO2. 

In this work, synchrotron radiation infrared-ray (SRIR) spectra are applied to 

study what biological constituents in cells are affected upon exposure to 

nanomaterials. Additionally, synchrotron radiation infrared-ray microscopy (SRIRM) 

with 10 μm spatial resolution is adopted to have the mapping of the biological 

components in the distribution of the cells, this high spatial resolution cannot be 

approached by other techniques. Besides, in this work, two nanomaterials Fe3O4 and 

Fe3O4@SiO2 magnetic nanoparticles (MNPs) are used to demonstrate the SRIR 

spectrum change of A549 lung cancer cells with different MNPs concentrations and 

different MNPs treatment times. 
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Chapter 2  Background Information 

2.1  Powder X-ray Diffraction (XRD) 

The XRD technique, here, denotes wide angle XRD technique, not small angle 

XRD technique. What is wide angle XRD technique? The angle in this case is defined 

as the angle between the direction of incident beam and that one of the diffraction 

beam, called 2θ(Fig. 2.1). When this angle is larger than 5°, it is called wide angle; 

Contrast to small angle XRD technique, 2θis approximate to 0°. Powder XRD 

technique is frequently used to determine the phase/phases appearing in a material. 

 

 

Figure 2.1 Scheme of Bragg’s Law 

 

When the incident light X-ray interacts with atoms in materials, X-ray will be 

scattered by these atoms. Scattered lights can be roughly categorized into two groups, 
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elastic scattering and inelastic scattering. Elastic scattering means no energy loss or 

change of the wavelength of the light after the light interacts with atoms, while 

inelastic scattering means the light loses energy and changes its wavelength after 

scattered by atoms. XRD belongs to elastic scattering, whereas the following 

discussed sections, XPS and XAS are inelastic scattering. 

In powder X-ray diffraction technique, the powder of unknown material is 

illuminated by a constant wavelength, and this incident wavelength should be selected 

to avoid the absorption edge of the unknown material, that is, this photon energy 

should not be absorbed by the material. After atoms in the material scatter the X-ray, 

scattered X-ray forms constructive and destructive patterns in space and the intensity 

of these patterns are collected in the form of photons by a detector, which can be 2D 

imaging plate which can collect data within reasonable time or a point detector 

moving along a curve in space. For powders, the patterns are circular symmetric in 

space, so they are frequently expressed in one dimension as “Intensity versus 2θ”, 

such as Figure 2.2. The XRD pattern is formed from construction and destruction of 

the scattered X-ray by atoms in a material, and thereby it reveals the information of 

the arrangement of atoms in the material and the composition of the material, because 

the positions of atoms can determine the diffraction pattern and the composition of the 

atoms provides the intensity of scattered X-ray. 

In general, phase/phases in a material can be identified by the peaks appearing in 

the XRD pattern. The plane distance d (Fig. 2.1) can be determined by Bragg’s Law, 

2dsinθ=λ, where θ is equal to (2θ)/2, and λ is the wavelength of incident light. 

The crystal size D can be determined by Scherrer equation[35]: 
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where K is the shape factor (around 0.94 for spherical shape), λ is the incident 

wavelength, β is half the maximum intensity (FWHM) in radians andθ is the 

Bragg angle. 

More quantitative phase analysis information contained in the XRD pattern can 

be obtained by Rietveld method. 
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Figure 2.2 The XRD pattern of ITO substrate. The incident wavelength is 1.54Å . 
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2.2  X-ray Photoelectron Spectroscopy (XPS) 

The incident X-ray with a constant energy, usually several hundred eV to keV, is 

used to bombard materials to knock out electrons in conduction bands, valence bands 

and core levels. These electrons carrying different energies are all collected by 

electron energy analyzer. The final result is expressed as “the number of electron 

accounts versus binding energy or kinetic energy” as shown in Figure 2.3. Since 

electrons in a specific element have their particular binding energies, XPS is therefore 

a chemical element analysis technique, and it is also called ESCA (Electron 

Spectroscopy for Chemical Analysis). 
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Figure 2.3 The XPS spectrum of a gold substrate. 
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Knocked-out electrons from a material can be photoelectrons or Auger electrons 

(Fig. 2.4). From Fig. 2.4, the kinetic energy of photoelectrons is not constant and 

determined by the energy of the incident X-ray, while the kinetic energy of Auger 

electrons is constant and dependent on the related energy levels. In order to 

distinguish them, incident X-ray with different energies should be carried out to 

irradiate this material. When two different photon energies are illuminating this 

material, photoelectrons show the same binding energy, while Auger electrons show 

the same kinetic energy. 

 

 

Figure 2.4 Scheme of photoelectrons and Auger electrons. 

 

Besides, XPS is also a technique to investigate surface states of materials, based 

on the universal curve (Fig. 2.5), which describes the detection penetration depth in 

terms of electron mean paths. If the kinetic energy of photon electrons falls in the 

region 20-50 eV, electron mean free path is around 1 Å  to 1 nm, that is, the 
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knocked-out electrons are primarily from 1 to 10 atom layers on the surface of a 

material. This is why XPS is very sensitive to the surface states. 

 

Figure 2.5 The universal curve: the electron mean free path is a function of electron 

kinetic energy[36]. 

 

2.3  X-ray Absorption Spectroscopy (XAS) 

XAS is a powerful technique to detect the oxidation number, coordination 

number, neighbor atom types, bond distance and etc.[37-38]. XAS is an inelastic 

scattering: in this process, electrons at lower energy levels in atoms absorb photon 

energy to excited states when this photon energy encounters the absorption edge of 

these atoms. The absorption edge, simply speaking, is the absorption of the incident 

photon by a type of atoms when the energy difference between two energy levels of 

the atom is equal to the photon energy. 
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Here, only K-edge is discussed. K-edge means the absorption edge of electron 

transition from 1s to p orbital. The information of oxidation number appears in the 

energy shift of the K absorption edge. The reason is that the electrons in the K shell 

are more attracted by the nucleus due to the decreasing interference of outer electrons. 

In one normalized XAS spectrum, before performing any fitting process, one can 

easily observe the change of oxidation states by K-edge shift. For K-edge absorption 

of a kind of atoms in a material, the higher the oxidation number the kind of atoms 

has, the higher energy the K-edge shifts to (Fig. 2.6). For instance, in Figure 2.6, it is 

observed that at the normalized intensity 0.5, the K-edge of FeSO4．7H2O has a 

relative higher energy (7121.1 eV), followed by those of Fe3O4 (7123.9 eV) and γ

-Fe2O3 (7124.4 eV). 
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Figure 2.6 The normalized spectra of Fe K-edge for Fe3O4, γ-Fe2O3 and FeSO4．

7H2O standard powders.  
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2.4  Synchrotron Radiation Infrared-Ray Microscopy 

(SRIRM) 

Synchrotron radiation infrared-ray microscopy is base on Fourier Transformation 

Infrared-Ray spectroscopy (FTIR) and light microscopy. Light microscopy is used to 

visualize, localize and magnify structural details of interest in samples, while 

infrared-ray spectroscopy provides chemical information of the samples. For practical 

application of visualizing and detecting the microscopic world, the signal-to-noise 

(S/N) requirements should be taken into consideration. In order to obtain chemical 

mapping of samples, the aperture for IR entrance should be small enough, usually 

around 10μm×10μm or less, and this thereby leads to small S/N ratio. Synchrotron 

can overcome this problem, due to the small source size and sufficiently narrow 

ranges of angles of emission[39]. Besides, chemical mapping with high spatial 

resolution 10 μm can only be reached by SRIRM. 

For the cell spectrum, a typical one is shown in Figure 2.7. This example is a 

normalized spectrum of A549 lung cancer cell. The absorption bands marked in 

Figure 2.7 are corresponding to chemical bonds in the A549 cell. In biological 

samples, most of the bands originate from DNA, proteins and lipids and the band 

positions maybe are a little different for different type of cells. Although the bands of 

DNA, proteins and lipids often overlap with each other, the marked bands in Figure 

2.7 dominate in each constituent. Other bands are hard to identify where they arise 

from and should be needed for further investigation in each case. More information 

about SRIRM can be obtained in several reviews[40-41]. 
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Figure 2.7 The normalized spectrum of A549 cells. 

 

2.5  Cytotoxicity Measurement-MTT assay 

Cytotocixity of MNPs is based on cell viability. Cell viability can be measured 

by counting individual live/dead cells step by step[42] or by assaying the whole cell  

population often by spectrophotometer (e.g., UV-visible). For the former, although it 

takes relatively more time, one can obtain the detailed cytotoxic information of 

individual cells, even in the early apoptosis stage[43]. Examples for this method are 

trypan blue[44] and staining live/dead cells by different fluorescence dyes including 

propidium iodide (PI), 7-aminoactinomycin (7-AAD), calcein AM and etc.[45]. On 
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the contrary, for the later, one can only exam the cell viability of the whole cell 

population without involvement of single cell analysis, but its advantage is relative 

rapid. Examples are lactate dehydrogenase (LDH) assay[46] and tetrazolium salts 

assay, both of which are based on metabolic activities of cells. 

About tetrazolium salts assay, frequently used tetrazolium salts are 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 

3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulphophenyl)-2H-tet

razolium (MTS), sodium 

3’-[1-(phenylaminocarbonyl)-3,4-tetrazolium-bis-(4-methoxy-6-nitro) benzene 

sulphonic acid hydrate] (XTT), and Water soluble Tetrazolium salts (WSTs) 

derivatives. They are reduced into formazan, which is detected by spectrophotometer 

based on their maximum absorption wavelength.  

Here, relatively more suitable although MTT assay is for many cell lines, care 

must be taken: Mitochondria has been recognized as the MTT reduction center 

because isolated mitochondria was proved to have the ability to reduce MTT since 

then MTT has been assumed to be reduced at mitochondria, but there are some 

evidences to prove that the cellular MTT reduction does not only occur at 

mitochondria, but also takes place in several regions in cells, and the end product 

formazan finally accumulates in endosomes/lysosomes[47]. Therefore, MTT assay 

result is determined by the rate of entocytosis and exocytosis. Consequently, for MTT 

assay measures endocytosis, a fundamental characteristic in the living cell, MTT 

assay as a measurement of cell viability is still valid[47]. 

MTT reduction mechanism has been studied with the CV technique and graphite 
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electrode as the working electrode by Marques et al.[48]. The following is the 

summary of MTT reduction, simply expressed as two steps: the first step (1) is a 

radical intermediate product MTT∙ is produced; in the second step (2), the 

intermediate product is reduced to formazan: 

 

MTT + e
- 
→ MTT∙                                               (1) 

 

MTT∙ + e
-
→ formazan

-
                                                                  (2) 

 

However, the second step (2) is affected by the pH value of the solution. MTT∙, 

instead of processing the second step (2) directly, is rapidly protonated to form 

MTTH∙ (3), which is more easily reduced to formazan than MTT∙. The final product 

formazam has been protonated twice (4) and (5), the process shown below: 

 

MTT∙ + H
+ 
→ MTTH

+
∙                                            (3) 

 

MTTH
+
∙ + e

- 
→ formazanH                                        (4) 

 

formazanH + H
+ 
→ formazanH2

+
                                    (5) 
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The standard potential for the reaction (1) at pH 7 is approximate -340 mV, while 

the formal potential for reaction (4) at pH 7 is -600 mV. These potential values change 

by -59 mV per pH. One can expect that MTT would spontaneously be reduced to 

formazan when it encounters any material with standard potential higher than -470 

mV, roughly speaking. Therefore, one should notice that this would cause artificial 

formazan absorption signal in the MTT assay. 
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Chapter 3  Experimental 

3.1  Fe3O4 and Fe3O4@SiO2 MNPs 

3.1.1  Synthesis of Fe3O4 and Fe3O4@SiO2 MNPs 

Fe3O4 MNPs were synthesized by coprecipitation method from ferrous sulfate 

(FeSO4．7H2O) (2070-01, J. T. Baker) and ferric chloride hexahydrate (FeCl3．6H2O) 

(12497, Alfa Aesar), this synthesis was modified from another paper[49]. 0.27 g 

FeCl3．6H2O was dissolved into 10 ml DI water in a glass beaker and into 

nitrogen-purged for 30 minutes, and then added with 0.139 g FeSO4．7H2O. The 

solution was stirred at 80 ℃  in the hot bath for 10 minutes in the nitrogen 

atmosphere, followed by quickly adding 30 ml ammonia (NH4OH) (9721-03, J. T. 

Baker) into the solution. The reaction was kept for 1 hour. After the synthesis, the 

solution was taken out of the hot bath, a magnet was used to attract Fe3O4 MNPs from 

the solution to the glass wall, and the supernatant was poured away and washed with 

DI water several times. Then, MNPs were washed by ethanol three times and 

concentrated to be kept in 55 ℃ in a baking oven overnight, and were grinded into 

powders for further usage (Fig. 3.1). 
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Figure 3.1 Fe3O4 MNPs synthesis process. 

 

Stöber process was conducted to synthesize Fe3O4@SiO2 MNPs [50]. 5.1 ml 

Triton X-100 (T8787, SIGMA) was mixed with 96 ml DI water, the solution was 

stirred for 5 minutes, and then was added with 1000μl Tetraethyl orthosilicate (TEOS) 

(333859, SIGMA) and further stirred for 5 minutes. Meanwhile, a suspension 

containing 0.1 g Fe3O4 MNPs in 5 ml DI water was ultrasonic for 1 hour before being 

added into the solution. When the mixture of the Fe3O4 suspension and the solution 

was prepared, the solution was stirred for 5 minutes, then added with 30 ml 1-Hexanol 

(A18232, Alfa Aesar) and further stirred for 15 minutes. Until the solution was well 

mixed, 700μl NH4OH was added and the suspension was continuously stirred and 

remained at 35℃ for 7.5 hr. After the reaction, the suspension was centrifuged at 

2000 rpm at 25℃ for 5 minutes to separate the two phases (oil and water) and to 

precipitate Fe3O4@SiO2 MNPs to the bottom. A magnet was used to attract these 

MNPs and the supernatant was thrown away. The precipitates were washed with DI 
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water and ethanol (32221, SIGMA) several times and finally kept at 55 ℃ in the 

baking oven overnight. For further usage, Fe3O4@SiO2 MNPs were grinded (Fig. 

3.2). 

 

 

Figure 3.2 Fe3O4@SiO2 MNPs synthesis process. 

 

3.1.2  XRD-Phase 

Phases of as-prepared Fe3O4 and Fe3O4@SiO2 MNPs and the crystal sizes 

corresponding to the phases were measured with 16 KeV photon energy (wavelength: 

0.7749Å ) by X-ray diffraction (XRD), the synchrotron radiation beam light BL01C2 

in National Synchrotron Radiation Research Center (NSRRC). The process of 

samples preparation was very simple: the powder was localized on a small 3M tape 
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and another small 3M tape was used to seal the powder in these two tapes, but one 

should assure that the amount of the powder be sufficient. The samples were pasted to 

a holder, which was adjusted to the proper position by manual. The operation 

parameters were controlled by Mar345 Control Software. The diffraction patterns of 

MNPs were recorded on 2D imaging plate and treated by Fit2D. 

About the BL01C2, the beam spot size is 1mm (horizon)×1mm (vertical), the 

incident wavelength can be adjustable from 0.37 to 1.03Å  by double Si crystal 

monochromators and diffraction pattern can be recorded by Mar345 imaging plate 

area detector or NaI(TI) point detector. More information about this beam light can be 

obtained in this website[51]. 

 

3.1.3  TEM-Size and Shape 

The sample preparation process was simple. Fe3O4 and Fe3O4@SiO2 MNPs 

suspensions with the concentration 1mg/ 1ml DI water were ultrasonic for 1 hr. Then, 

two copper grids coated with carbon film were put into the Fe3O4 MNPs and 

Fe3O4@SiO2 MNPs suspensions, respectively, to let MNPs deposited onto the carbon 

film for around 3s. Particle size and the shape of Fe3O4 and Fe3O4@SiO2 MNPs were 

observed by JEOL-JEM-2100F, 200kV. 

 

3.1.4  XPS-Surface Property 

To evaluate the surface composition and the surface states of Fe3O4 MNPs, 
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samples Fe3O4 and Fe3O4@SiO2 MNPs put onto a gold substrate were examined by 

XPS , this is the synchrotron radiation beam light BL24A1 at NSRRC, because of its 

advantages of tunable incident photon energy and high intensity. Two primary 

incident photon energies, 650eV and 900eV, were used for survey scans because 

different elements have their optimal corresponding cross sections. In order to 

distinguish Auger electrons from photoelectrons, incident photon energies 625 eV and 

875 eV were carried out. 

About the BL24A1, the sample stage can be controlled in XYZ movements to 

find samples on a substrate (e.g. Si or Au). The beam spot size is 0.7×0.3 mm
2
, the 

incident photon energy range is from 10 to 1500 eV and knocked-out electrons are 

analyzed by Clam4 one-channeltron Hemispherical Analyzer. More information about 

this beam light can be obtained in this website[51]. 

 

3.1.5  XAS-Oxidation State 

In order to measure the oxidation state of Fe ions in the Fe3O4 and Fe3O4@SiO2 

MNPs, XAS, the synchrotron radiation beam light BL01C1 at NSRRC, was 

performed and the photon energy range was from 6912 eV to 8006 eV around the iron 

K-edge 7112 eV. There are two operation modes, transmission and fluorescence, and 

the suitable operation mode is dependent on the concentration of the samples. The 

data of the XAS were further normalized to compare each other by using software 

Athena[52]. 

About the BL01C1, the beam spot size is 0.9mm (horizon)×0.2mm (vertical),and  
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the incident photon energy range is from 6 to 33 kev adjusted by water-cooled, 

fixed-exit double Si crystal monochromators. More information about this beam light 

can be obtained in this website[51]. 

 

3.1.6  SQUID-Magnetic Property 

36.5 mg Fe3O4 MNPs and 27.4 mg Fe3O4@SiO2 MNPs were put into two 

transparent plastic encapsulates for SQUID (MPMS5, QuantumDesign) 

measurements. The magnetic field H (unit: Oe) was conducted from -10000 Oe to 

10000 Oe, and the magnetization of MNPs was measured. The temperature upon 

operation remained at room temperature around 300K. The magnetization was 

normalized with the weight of MNPs for comparison. 

 

3.2  Cytotocixity of MNPs 

3.2.1  Cell Culture-A549 

The lung adenocarcinoma cells, A549 (BCRC number: 60074) were purchased 

from Food Industry Research and Development Institute (FIRDI) in the Republic of 

China (R.O.C, Taiwan). Cells were maintained in cell medium composed of 89.1 

vol% RPMI 1640 (L0500, Biowest), 9.9 vol% Fetal Bovine Serum (S1520, Biowest) 

and 1 vol% Penicillin-Streptomycin (L0022, Biowest), and grown at 37℃ in a 5% 

CO2 humidified environment. Trypsin-EDTA (L0931, Biowest) was used for the 
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dissociation of A549 cells from the flask. 

 

3.2.2  MTT Assay 

A549 cancer cells were seeded in some of 96 (8×12) wells (Fig. 3.3), and 100μl 

cell solution (the cell concentration: 10
5 

cells/ ml) was put into each well, those wells 

shown as dark areas; meanwhile, the gray areas represented 100μl medium per well 

as the signal background of spectrophotometer (Emax Precision Microplate Reader, 

Molecular Devices) measurement, because MTT may be reduced by constituents in 

cell culture medium or the light may be scattered by MNPs. After 12 hr seeding time 

at 37℃ in a 5% CO2 humidified environment, every well, except the wells of G and 

H rows, was injected with 10μl of different MNPs suspentions with different 

concentrations (namely, 0, 0.625, 1.25, 2.5, 5, 10μg/ 10μl for A, B, C, D, E and F 

rows, respectively) of Fe3O4 MNPs (1~6 columns) and Fe3O4@SiO2 MNPs (7~12 

columns). 
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Figure 3.3 The 96 wells for MTT assay. Dark areas contained 10
4
 cells per 100μl, 

while gray region only contained medium as background for spectrophotometer 

measurement at 540 nm. A (as control): 0μg MNPs per 110μl (0μg/ml), B: 10μg 

MNPs per 110μl (6μg/ml), C: 5μg MNPs per 110μl (11μg/ml), D: 2.5μg MNPs 

per 110μl (23μg/ml), E: 1.25μg MNPs per 110μl (45μg/ml) and F: 0.625μg 

MNPs per 110μl (91μg/ml). Columns 1~6 are for Fe3O4 MNPs and columns 7~12 

are for Fe3O4@SiO2 MNPs. 

 

More specifically, Fe3O4 MNPs suspension with 10μg/ 10μl was prepared by 

adding 5 mg into 5ml medium; before the addition of the medium, Fe3O4 MNPs were 

sterilized with dimethyl sulfoxide (DMSO) (D4540, SIGMA), of which the amount 

should not excess 1% of the volume of the final solution. In this case, the maximum 

amount of DMSO was 50μl, approximate 1% in the MNPs suspension, but was less 
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than 1 % after 10μl of the MNPs suspension was added into the well containing 100

μl cell solution or medium. This 50μl DMSO was used to suspend 5mg Fe3O4 

MNPs. Then, the suspension was ultrasonicated for 15 minutes, prior to addition of 5 

ml cell culture medium. Different Fe3O4 MNPs concentrations were prepared by 

diluting Fe3O4 MNPs suspension (10μg/ 10μl) with the corresponding amount of 

medium. As a control group, 50μl DMSO was added with 5 ml medium, expressed 

as 0μg/ml. The process of the preparation of Fe3O4@SiO2 MNPs suspensions was 

the same. 

After A549 cells were treated with different MNPs concentration s for different 

treatment times, 2, 12, 24, 36 and 48 hr, 10μl MTT (M2128, SIGMA) with 

concentration 500mg/200ml DI water was added into each well (except the wells of G 

and H rows) for 2 hr reaction time at 37℃ in a 5% CO2 humidified environment in 

the incubator. The 96-wells plate was taken out to measure the absorption intensity of 

formazan reduced from MTT by mitochondria reductase. 

Before measurement, small magnets, thus, were put under each well to attract 

MNPs in the solution to the bottom of wells, and then supernatant mediums in wells 

were drawn out by pipette. The reason to keep MNPs in wells is because MNPs can 

scatter the wavelength (540 nm) and consequently the absorption intensity may be 

affected, therefore keeping them in wells as background signals. Then each well was 

added with 100μ l DMSO , and it was shaken for 5 minutes and set into 

spectrophotometer to measure the absorption intensity of formazan. The cell viability 

was determined by the ratio of the absorption intensity of different conditions to the 

absorption intensity of control groups. 
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One A549 cell can become two A549 cells after its cell cycle τ. After a period of 

time t, the number of cells N can be calculated by this equation N = N0 × 2
t/τ

, where 

N0 means the initial cell number. Since living cells can reduce MTT to formazan, the 

more living cells there are, the more produced formazam there are. Therefore, the 

absorption intensity P is proportional to the number of A549 cells N. That is said, N 

and N0 can be replaced by P and P0, and this equation finally becomes P = P0 × 2
t/τ

. 

Take natural log of this equation, it turns to lnP = lnP0 + ( ) t, in which P0 is initial 

formazan absorption intensity dependent on the experimental condition and τ is the 

cell cycle, and both of them could be determined from the intercept and the slope, 

respectively, from the figure “Natural log of absorption intensity versus time”. Hence, 

the cell cycle life of the control group A549 cells and the MNPs-treated A549 cells for 

different MNPs treatment time can be calculated. 

 

3.3  SRIR measurement 

3.3.1  Sample Preparation 

The IR samples were prepared by seeding A549 with 10
4
 cells/ ml on Low-e 

slides for 12 hours. It is necessary to ensure that Low-e slides should be disinfected 

for at least 30 minutes under ultra UV. After the seeding process, each IR sample was 

vertically put into cell culture medium, and some of them subsequently was added 

with the Fe3O4 MNPs or Fe3O4@SiO2 suspension with concentration 10μg/ 10μl for 

treatment time 12, 24 and 36 hr. Others were added with different MNPs (Fe3O4 or 
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Fe3O4@SiO2) suspension concentrations of 1.25 and 10μg/ 10μl for the same 

treatment time 36 hr. These IR samples were taken out, after the MNPs treatment time, 

to be washed with 0.01M PBS (X0515, Biowest) three times, and were treated with 

2.5% glutaraldehyde (G7651, SIGMA) for 1 hr to preserve the morphology and 

contents of cells intact, followed by dehydration process: DI water for three times, 

50% ethanol three times each time for 10 min, as well as 70% and 90% ethanol, 100% 

ethanol three times each time for 15 min, 100% acetone (9006-03, J. T. Baker) twice 

each time for 5 min, and finally dried and kept in a dry box. 

 

3.3.2  Data Procedure and Analysis 

In order to observe the change of the relative amount of biological components 

(e.g., protein, lipid, etc.) of cells, SRIR beam light, the synchrotron radiation beam 

light BL14A1 at NSRRC, was performed to measure the absorption intensity of a 

single cell from wave number 650 cm
-1

 to 4000 cm
-1

 by localizing it in a 50×50μm
2
 

aperture for 1024 scans and spectral resolution of 4 cm
-1

. Spectra were collected in 

reflection mode. Prior to the cell spectra collection of each sample, a background 

sample was taken at a free-cell place on the L-e slide IR sample and subtracted from 

the spectrum of cell on the same IR sample. Spectra were analyzed by Omnic 7.3. 

The total number of cells for IR measurement per sample was 50. The spectrum 

of each cell, after the background subtraction, was normalized by its area under the 

absorption curve. Therefore, the mean absorption of the total 50 cells was calculated 

for IR analysis. Chemical mapping images of individual cells were recorded with 15×

15μm
2
 aperture, spectral resolution 4 cm

-1
 and step size 10μm. 
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About the BL14A1, the incident beam spot size is 10μm (horizon)×13μm 

(vertical), the photon energy range is from 4000 to 600 cm-1 and IR spectra are 

collected by liquid nitrogen cooled HgCdTe Infrared detectors. More information 

about this beam light can be obtained in this website[51]. 
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Chapter 4  Results and Discussion 

4.1  MNPs Characterization 

4.1.1  XRD-Phase Determination and Crystal Size 

Figure 4.1 shows the XRD pattern of as-prepared Fe3O4 and Fe3O4@SiO2 MNPs. 

From the Figure 4.1, the 2θ scan for the sample of Fe3O4 and Fe3O4@SiO2 MNPs is 

quite similar to each other. The crystalline structures of (111), (200), (311) and (400) 

are clearly observed at the peak position of 9.2°, 15.1°, 17.1° and 21.4°, respectively. 

It indicates the as-prepared Fe3O4 and Fe3O4@SiO2 MNPs samples contains phase 

Fe3O4. Moreover, the crystalline structures of (104) and (018) are observed, which 

means the samples have a few composition of the α-Fe2O3 phase[53]. From the peak 

of full width at half maximum (FWHM), two sets of FWHM with, in radian, 0.009 at 

(200) for Fe3O4 phase and 0.00227 at (104) for α-Fe2O3 phase are observed. Based 

on the Scherrer equation  and K is 0.9 (assume the shape is spherical) , for 

(200) of Fe3O4 phase and θis 7.513, the crystal size of Fe3O4 phase is 7.9 nm, while 

for (104) of α-Fe2O3 phase and θis 8.273, the crystal size is 31.6 nm. From Figure 

4.1, the crystalline structures of Fe3O4 phase andα-Fe2O3 phase are clearly observed. 

However, SiO2 diffraction peaks in the Fe3O4@SiO2 MNPs are not observed, 

suggesting the SiO2 layer on Fe3O4 MNPs is amorphous. 
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 Figure 4.1 The powder XRD patterns of Fe3O4 MNPs and Fe3O4@SiO2 MNPs. 

 

4.1.2  TEM-Particle Size and Shape 

Figure 4.2 displays the TEM image of Fe3O4 MNPs. The shape of Fe3O4 MNPs 

is not simply spherical, but irregular (Fig. 4.2(a) and (b)), and this result provides an 

evidence for XRD analysis in which the shape factor in Scherrer equation is assumed 

to be 0.9. These MNPs appear aggregated, and this phenomenon may be caused by 

surface tension when water evaporated during the sample preparation or by the nature 

of the Van der Waal force. From the dynamic scattering light analysis, the mean 

hydrodynamic diameter of Fe3O4 MNPs in DI water is around 105.7 nm, and this 

suggests that Fe3O4 MNPs are aggregated in DI water, not individual nanoparticles 
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suspending in the solution. From Figure 4.2(c), the lattice pattern of Fe3O4 MNPs is 

clearly observed, and this means that Fe3O4 MNPs are exactly crystalline. Two plane 

distances are marked, and they are around 2.5 and 4.545 Å , as the same as previous 

studies[54-55]. The former plane distance is corresponding to the diffraction peak 

(311) in the XRD pattern and the later is related to the diffraction peak (111) (Fig. 4.1). 

Figure 4.2(d) shows that almost Fe3O4 MNPs have particle size in the range 6~11 nm, 

consistent with the crystal size of Fe3O4 obtaining from the XRD pattern. Besides, 

MNPs with particle size larger than 20 nm are rarely observed in TEM images, and 

this indicates that the amount ofα-Fe2O3 phase in the samples is very small. 

 

Figure 4.2 Fe3O4 MNPs TEM Images (a) 10
5
 magnification. (b) 3×10

5
 magnification 

of the rectangular region in (a). (c) 8×10
5
 magnification of the rectangular area in (c). 

(d) MNPs particle size distribution based on (a). 
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Figure 4.3 displays the TEM image of Fe3O4@SiO2 MNPs. Fe3O4@SiO2 MNPs 

have not a typical core shell structure, which means one particle has one outer shell. 

Fig. 4.3(a) shows that several Fe3O4 MNPs are aggregated and covered by SiO2 layer, 

or individual Fe3O4 MNPs coated with SiO2 were aggregated to form a large cluster. 

From the dynamic scattering light analysis, the mean hydrodynamic diameter of 

Fe3O4@SiO2 MNPs in DI water is approximate 220 nm. The lattice of Fe3O4 still can 

be observed when coated with SiO2. From Figure 4.3(b), it is shown that the SiO2 

layer is amorphously deposited on the outer of Fe3O4 MNPs clusters, and this result is 

accordant with the analysis result of the XRD pattern. 

 

Figure 4.3 Fe3O4@SiO2 MNPs TEM images (a) 3×10
5
 magnification. (b) 8×10

5
 

magnification of the rectangular area in (a). 

 

4.1.3  XPS-Surface State of MNPs 

Since there exists different phases, Fe3O4 andα-Fe2O3, in the Fe3O4 MNPs and 

Fe3O4@SiO2 MNPs samples, there is a possibility that γ -Fe2O3 

([Fe
3+

]Td[Fe
3+

5/3V1/3]OhO4 where Td means tetrahedral sites while Oh means 

octahedral sites; V means vacancies) phase maybe also exists in the Fe3O4 and 
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Fe3O4@SiO2 MNPs samples. The challenge is that this phase could not be 

distinguished from the Fe3O4 ([Fe
3+

]Td [Fe
2+

Fe
3+

]OhO4) phase simply by the XRD 

pattern because of the similar XRD patterns[56-57]. This is because the difference 

between γ-Fe2O3 ([Fe
3+

]Td[Fe
3+

5/3V1/3]OhO4) and Fe3O4 ([Fe
3+

]Td [Fe
2+

Fe
3+

]OhO4) is 

the lack of Fe
2+

 in the octahedral sites inγ-Fe2O3 phase. This subtle difference is hard 

to be detected by XRD technique. Therefore, XPS analysis is conducted to determine 

the phases more accurately[58], since it is more sensitive to oxidation states of ions in 

a material . 

Figure 4.4 displays the XPS of Fe3O4 and Fe3O4@SiO2 MNPs. From Figure 4.4, 

two primary peaks Fe2p with binding energy 711.4 eV (Fe2p3/2) and 725.2 eV 

(Fe2p1/2), respectively, for both MNPs are observed ,and for Fe3O4@SiO2 MNP, 

between two primary peaks is an evident peak, 719.7 eV, called satellite, which is 

separated from the first primary Fe2p3/2 peak around 8 eV[59-60]. For pure Fe3O4, 

there should not exist a satellite between the two primary peaks Fe2p1/2 and 

Fe2p3/2[59-60]. Nevertheless, in our Fe3O4 MNPs sample, a small satellite peak is 

observed and this maybe indicates that the surface of Fe3O4 MNPs is oxidized to 

higher oxidation number. This is possible because of more stability of γ-Fe2O3 

phase without the iron ion being reduced form Fe
2+

. Compared to Fe3O4 MNPs, there 

is an obvious satellite for Fe3O4@SiO2 MNPs, which likely suggests that Fe ion is 

further oxidized to much higher oxidation number after reacting with SiO2. As XPS is 

very sensitive to the surface state, another technique, XAS, thus, is performed to 

examine its bulk oxidation number. 
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Figure 4.4 XPS Fe2p spectra of Fe3O4 MNPs and Fe3O4@SiO2 MNPs. 

4.1.4  XAS Analysis-Oxidation State 

Fe K-edge of FeSO4．7H2O (one of Fe3O4 MNPs precursors), α-Fe2O3, γ

-Fe2O3, Fe3O4 standard powders and the sample Fe3O4 MNPs were examined by XAS 

and shown in Fig. 4.5. The oxidation number is related to the position of K-edge (1s

→p), and the higher the oxidation number is, the higher energy the edge shifts toward. 

As seen in Figure 4.5, for the precursor, due that FeSO4．7H2O contains Fe
2+

, its 

K-edge position is thus lower than the others, whileγ-Fe2O3 includes Fe
3+

 and its 

K-edge is thereby higher than the others. It is obvious that the K-edge of Fe3O4 MNPs 

is closer to that of Fe3O4 standard powder and this indicates that the oxidation number 

of as-prepared Fe3O4 MNPs is much similar to Fe3O4, not to α-Fe2O3 nor to γ

-Fe2O3. Therefore, Fe3O4 MNPs primarily contain Fe3O4 phase, notγ -Fe2O3. 

Furthermore, in order to check whether the phase of Fe3O4 MNPs is Fe3O4 or not, first 
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derivative of Fig. 4.5 is adopted as shown in Figure 4.6. It is observed that the first 

derivative curves of α-Fe2O3 phase and the precursor FeSO4．7H2O are very 

different from others. Although the first derivative curve ofγ-Fe2O3 is similar to that 

of Fe3O4 MNPs, the region between 7122 eV and 7126 eV in Fe3O4 MNPs is 

relatively more similar to that in Fe3O4 standard powder. Thus, as-prepared Fe3O4 

MNPs are exactly Fe3O4 phase. Also, from the pre-edge (Fig. 4.5), Fe3O4 andγ

-Fe2O3 standard powders show a peak around 7114 eV, whereasα-Fe2O3 had a small 

broader peak around 7115 eV. For Fe3O4 MNPs, there does not exhibit a broad peak at 

7115 eV, but exists a peak as the same as Fe3O4 andγ-Fe2O3 powder standards do. 

Therefore, from the experimental result, it indicates that Fe3O4 MNPs contain a very 

small amount ofα-Fe2O3 phase, the same result as TEM images (Fig. 4.2). 

 

Figure 4.5 Fe K-edge: materials including the precursor FeSO4．7H2O, standard 

powders, α-Fe2O3, γ-Fe2O3, Fe3O4 and sample Fe3O4 MNPs. 
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Figure 4.6 First derivative of XAS spectrum (Fig. 4.5) with respect to energy. 

 

4.1.5  SQUID-Magnetic properties 

Figure 4.7 shows the SQUID measurement of both Fe3O4 and Fe3O4@SiO2 

MNPs under room temperature 300K. Although there is a small magnetic hysteresis 

loop is observed in Fe3O4 MNPs, it is relative small. Hence, we think they are 

primarily superparamagnetic. As the size of these MNPs reduces to a dimension 

smaller than its theoretical critical single domain size 25 nm[61]or 128 nm[1] for 

Fe3O4, every MNP forms a big single magnetic momentum. These magnetic 

momentums could attract each other if there were no external forces preventing them. 
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However, the thermal energy at room temperature is sufficient to overcome this 

magnetic attraction among these magnetic momentums, thereby contributing to their 

superparamagnetic property. For Fe3O4 MNPs with approximate 10 nm in this case, 

that’s why MNPs are superparamagnetic. The saturation magnetization for Fe3O4 

MNPs and Fe3O4@SiO2 MNPs are 51.5emu/g and 45emu/g, respectively, similar to 

the previous work by coprecipitation in sonochemical synthesis method[62]. The 

smaller saturation magnetization for Fe3O4@SiO2 MNPs is due to the contribution of 

the nonmagnetic component SiO2. 
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Figure 4.7 Fe3O4 MNPs and Fe3O4@SiO2 MNPs SQUID measurement 
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4.2  Cytotoxicity of MNPs in cells 

4.2.1  Mitochondria Reductase Activity 

Table 4.1 displays the absorption intensity in raw data of formazan formation by 

MTT reduction of 48 hr-MNPs-treated A549 cells, corresponding to Fig. 3.3. In the 

columns 1~3 and 7~9, the absorption intensities are higher than the others, because 

there were cells in these wells, these cells had been treated with different MNPs 

concentrations from rows A to F: 0, 6, 22, 23, 45 and 91μg/ml (corresponding to the 

MNPs suspension concentrations 0, 0.625, 1.25, 2.5 and 10μg/10μl). In the columns 

4~6 and 10~12, these data as background signals, shown as bold in table 4.1, for 

different conditions are absorption intensities for these wells containing different 

amounts of MNPs, 0, 0.625, 1.25, 2.5, 5 and 10μg from A to F rows. One can 

observe that these background signals climb as MNPs concentration increases. This 

maybe results from MTT reduction via reductive molecules[47] in medium through 

MNPs catalysis[63], maybe originates from MTT reduction by NPs with redox 

potential higher than that of MTT[64], or maybe arises from scattering  by MNPs. 

The SiO2 layer of Fe3O4@SiO2 MNPs cannot, however, be oxidized further. Therefore, 

the increase of the absorption intensity from low MNPs concentration to high MNPs 

concentration maybe originates from the lost of signal due to light scattered by MNPs 

or MTT reduction by MNPs catalysis. No matter how these background signals occur, 

they serve as background signals for subtraction. 
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Table 4.1 The absorption intensity raw data (48hr MNPs treatment time) of formazan 

dissolved in DMSO detected under wavelength 540 nm. Columns 1~6 are for Fe3O4 

MNPs cytotoxicity analysis and columns 7~12 are for Fe3O4@SiO2 MNPs 

cytotoxicity analysis. Bold denotes the background signal for subtraction. 

 1 2 3 4 5 6 7 8 9 10 11 12 

A 1.161 0.978 0.824 0.048 0.047 0.046 0.95 1.372 1.261 0.043 0.045 0.046 

B 1.216 1.123 0.947 0.047 0.047 0.049 1.195 0.778 1.094 0.052 0.049 0.046 

C 0.757 0.852 0.99 0.048 0.048 0.048 1.043 1.005 0.864 0.049 0.048 0.05 

D 1.022 0.922 1.004 0.057 0.051 0.051 1.155 0.9 0.813 0.058 0.062 0.057 

E 0.744 0.749 0.668 0.062 0.067 0.067 0.864 0.971 0.822 0.074 0.085 0.071 

F 1.094 0.737 0.921 0.093 0.09 0.09 1.097 0.809 1.139 0.104 0.135 0.132 

G 0.041 0.042 0.041 0.04 0.042 0.042 0.038 0.039 0.042 0.04 0.038 0.04 

H 0.039 0.038 0.046 0.042 0.042 0.042 0.038 0.038 0.04 0.039 0.038 0.04 

 

Figure 4.8 displays that the absorption of formazan formed from MTT reduction 

by A549 cells at various applied MNPs concentrations under different MNPs 

treatment times. When A549 cells are treated with MNPs for 2 hr and 12 hr, it shows 

that absorption intensity remains almost the same with different MNPs concentrations. 

This indicates that mitochondria reductase activity does not decay during these 
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periods of time. However, it is observed that absorption intensity starts to decline 

slightly with MNPs concentrations after 24 hr MNPs treatment time and becomes 

more dramatic with MNPs concentrations when the MNPs treatment time is longer. 

Although the absorption begins to decrease with MNPs concentrations after 24 hr, the 

absorption intensity for a constant concentration rises with time. Because the 

formazan absorption intensity is proportional to living cell number, the increase of 

absorption intensity means the number of cells rises. Therefore, this means that even 

under MNPs treatment, the number of A549 cells grows steadily. 

Interesting is that from the data of Figure 4.8 and the equation lnP = lnP0 + ( ) t, 

it is calculated that the cell cycle life of control group A549 cells is around 19 hr, 

whereas the cell cycle life of A549 cells increases to almost 22~24 hr if the cells are 

treated with Fe3O4 MNPs or Fe3O4@SiO2 MNPs, shown in Table 4.2. This result 

indicates that the rate of proliferation of A549 cells slows down when A549 cells are 

treated with MNPs. The reason why cells prolong their cell cycle life maybe results 

from the DNA structure change, in this situation, cells remain at G1 phase and it takes 

some time for enzymes to restore the structure-changed DNA before entering into S 

phase. The above discussion is just one possible explanation. Another possibility is 

that instead of prolonged cell cycle life, A549 cells treated with MNPs die out, 

thereby leading to the decline in the absorption intensity of formazan with MNPs 

concentrations at a given MNPs treatment time. 
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Figure 4.8 The absorption intensity of formazan formed from MTT reduction by A549 

living cells versus the treatment of MNPs concentrations at different MNPs treatment 

times. 

 

 

 

 

 

 

 



 

45 

 

Table 4.2 The cell cycle life of the control group A549 cells and the MNPs-treated 

A549 cells. R means the reliability coefficient. 

MNPs 

Concentration 

(μg/ml) 

The cell cycle of A549 

cells treated with Fe3O4 

MNPs (hr) 

The cell cycle of A549 cells 

treated with Fe3O4@SiO2 

MNPs (hr) 

0 19 (R
2
=0.96) 19 (R

2
=0.96) 

6 20 (R
2
=0.97) 23 (R

2
=0.98) 

11 22 (R
2
=0.96) 23 (R

2
=0.98) 

23 22 (R
2
=0.97) 23 (R

2
=0.99) 

45 28 (R
2
=0.96) 24 (R

2
=0.97) 

91 23 (R
2
=0.95) 23 (R

2
=0.99) 

 

4.2.2  Cell Viability 

Fe3O4 MNPs show almost no cytotoxicity to A549 cells for every MNPs 

concentration during 24 hr MNPs treatment time, as shown in Figure 4.9. This result 

is in agreement with other studies showing low toxic effect of Fe3O4 in this period of 

time[29, 65] because of low ROS production during these periods. But after 24 hr 

MNPs treatment time, cell viability of A549 cells is 84 % when A549 cells are treated 

with the lowest MNPs concentration (6μg/ml)and even lower than 72 % when cells 
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are exposed to the highest MNPs concentration (91μg/ml). This indicates that cell 

viability of MNPs-treated A549 cells is time-dependent, almost close to 100 % during 

12 hr, but decreasing after 24 hr. In addition, cell viability of MNPs-treated A549 cells 

are also concentration-dependent, declining with MNPs concentration for the same 

MNPs treatment time. 

 

0 20 40 60 80 100
0

20

40

60

80

100

120

 Fe
3
O

4
 MNPs-2 hr

 Fe
3
O

4
 MNPs-12 hr

 Fe
3
O

4
 MNPs-24 hr

 Fe
3
O

4
 MNPs-36 hr

 Fe
3
O

4
 MNPs-48 hr

C
e
ll

 v
ia

b
il

it
y

 (
%

)

MNPs concentration (g/ml)

  

Figure 4.9 The cell viability based on MTT assay for A549 treated with different 

Fe3O4 MNPs concentrations for 2, 12, 24, 36 and 48 hr. 

 

Figure 4.10 exhibits the cytotoxicity of Fe3O4@SiO2 MNPs to A549 cells. 

During 24 hr MNPs treatment time, Fe3O4@SiO2 MNPs shows no apparent 



 

47 

 

cytotoxicity to A549 cells, while after 24 hr MNPs treatment time, they show 

increased cytotoxicity with MNPs concentrations, similar to the result of Fe3O4 MNPs. 

Comparison of both cell viabilities caused by Fe3O4 MNPs and Fe3O4@SiO2 MNPs 

shows that cytotoxicity may be independent of the composition of Fe3O4 MNPs and 

Fe3O4@SiO2 MNPs in this case. However, in this moment, whether MNPs enters into 

A549 cells or not is unknown. These similar results suggest that cell viability of 

MNPs-treated A549 cells is a characteristic of A549 cells when A549 cells are 

exposed upon outside triggers. 
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Figure 4.10 The cell viability based on MTT assay for A549 treated with different 

concentrations Fe3O4@SiO2 MNPs for 2, 12, 24, 36 and 48 hr. 
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4.3  SRIR Spectra and Images of A549 treated by MNPs 

4.3.1  A549 treated with Fe3O4 

4.3.1.1  Treatment Time Effect 

Figure 4.11 shows the normalized SRIR spectra of A549 cells after Fe3O4 MNPs 

treatment in different time periods at applied MNPs concentration of 91 μg/ml. The 

band around 1218 cm
-1

 originates from the asymmetric phosphodiester groups PO2
- 

stretching vibration mode mostly from DNA. At 1641.1 cm
-1

, the amide I band is 

observed, from the C=O stretching vibration modes of the protein amide bonds. The 

bands at 1513.8 cm
-1

 is from the amide II band, a combination of the N-H bending 

vibrations and C-N stretching vibrations of the amide bonds. The band around 

2800~3000 cm
-1

 arises from the symmetric and asymmetric C-H stretching modes of 

CH2 (2856 and 2933 cm
-1

) and CH3 (2871 and 2956 cm
-1

) groups dominant in lipids. 

The region around 3600 cm
-1

 originates from both stretching modes of the O-H and 

N-H in water, proteins, and polysaccharides. The spectra for each condition are subtle 

different from each other. 
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Figure 4.11 The spectra of time effect of Fe3O4 MNPs to A549 cells at the applied  

concentration 91μg/ml. 

 

However, the magnification shown in Figure 4.12, which is the magnification of 

each primary regions, lipid, protein, and DNA regions from Fig. 4.10 shows that no 

peak shift occurs in lipid and protein regions, while a little peak shift in the 

asymmetric PO2
- 
region is observed under various MNPs treatment times. The spectra 

of DNA region display the peaks at 1218.8 cm
-1

, 1224.6 cm
-1

, 1236.1 cm
-1

 and 1232.3 

cm
-1 

corresponding to the control sample, and A549 cells treated with MNPs for 12, 

24 and 36 hr, respectively. The longer Fe3O4 MNPs treatment time is, the higher wave 

number the peak position shifts towards. This indicates that DNA structures are 

influenced by Fe3O4 MNPs and this change becomes more dramatic with MNPs 
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treatment times. That the asymmetric PO2
- 
peak shifts toward higher wave number 

indicates that it requires more energy to excite the ground state of asymmetric PO2
- 

stretching vibration mode into its exited state. This suggests that the chemical 

environment of PO2
- 
group in A549 cells is changed when A549 cells are exposed to 

Fe3O4 MNPs. Since the asymmetric PO2
- 

peak primarily dominates in DNA, this 

result therefore indicates that DNA structure is changed into disordered structure by 

the interaction of A549 cells and Fe3O4 MNPs. Besides, both signatures of cell death 

are not observed, first is no -C=O ester peak around 1740 cm
-1

 and second is no peak 

shift in protein region[66]. Hence, this result shows that Fe3O4 MNPs-treated A549 

cells are not dead, despite of DNA structure change. Also, from the increase of the 

formazan absorption intensity, it is most likely that as a consequence of restoring its 

DNA structure, the cell cycle life of A549 cells is prolonged, not the decrease in A549 

cell number. 

Although there is no peak shift in lipid and protein regions, that is, no dramatic 

structure change in lipid and protein, however, the ratio of lipid to protein increases 

with MNPs treatment time (Figure 4.13). The amount of lipid is calculated from the 

absorption area from 2800 to 3000 cm
-1

, while that of protein is calculated from the 

absorption area from 1450 to 1750 cm
-1

. The climb of the lipid/ protein ratio means 

the amount of proteins relatively declines, while that of lipids relatively increases 

when A549 cells are treated with Fe3O4 MNPs. There are several literatures 

[67-68]describing that the increase of the lipid/ protein ratio is associated with the 

onset of apoptosis, but the lipid/ protein ratio they used is base on the peak height of 

symmetric methylene CH2 stretching vibration mode around 2852 cm
-1

, which is 

expressed as lipid, over the peak height of CH3, which is presented as protein around 
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1400 cm
-1

. However, in our case, the height of symmetric CH2 peak is not obvious; 

instead, the area of absorption of lipid and that of protein are used to calculate the 

lipid/protein ratio. Therefore, the increase in the lipid/protein ratio indicates that 

apoptosis process maybe begins when A549 cells are treated with MNPs 

concentration 91 μg/ml for increasing MNPs treatment times. Despite of the 

increase in the lipid/protein ratio, as discussed above, there is no signature of cell 

death observed. Besides, it seems that the lipid/protein ratio is decreased at 36 hr. 

Hence, this DNA structure change may be reversible, that is, DNA structure change 

can be recovered when A549 cells are treated at the applied concentration at 91 μ

g/ml. Consequently, no A549 cells die out, but instead their cell cycle life is 

prolonged. 

 

Figure 4.12 Absorption peak positions of lipid, protein and DNA regions under 

different Fe3O4 MNPs treatment times at the applied concentration 91μg/ml. 
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Figure 4.13 The ratio of lipid to protein with different Fe3O4 MNPs treatment times at 

the applied concentration 91μg/ml. 

 

4.3.1.2  Concentration Effect 

Figure 4.14 shows the normalized spectra change of A549 cells treated with 

different Fe3O4 MNPs concentrations 11 and 91μg/ml for 36 hr. There is also no 

peak shift in lipids and proteins regions, shown in Figure 4.15. When A549 cells are 

exposed to different Fe3O4 MNPs concentrations under 36hr treatment time, a peak 

shift at the asymmetric PO2
- 
stretching vibration mode is toward higher wave number 

1232.3 cm
-1

, compared with the control group with peak position at 1218.8 cm
-1

 (Fig. 

4.15). This peak shift is independent of Fe3O4 MNPs concentration at 36 hr treatment 

time. This result suggests that under different Fe3O4 MNPs concentrations 11 and 91

μg/ml at 36 hr treatment time, DNA structure change is the same. This DNA 

structure change does not cause A549 cells dead, and may be recovered, because no 
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signatures of cell death are observed, that is, no peak shift in protein region and 

no –C=O ester peak are observed. Although no structure changes of proteins and 

lipids are observed, the lipid/protein ratio remains the same for different MNPs 

concentrations, but higher than that for the control group (Fig. 4.16). This means that 

A549 cells treated with Fe3O4 MNPs experience the same intracellular chemical 

change after 36 hr treatment time no matter what MNPs concentration is between 11 

to 91μg/ml. This result is in agreement with the same cell viability of A549 cells 

treated with Fe3O4 MNPs concentration 11 and 91μg/ml for 36 hr (Fig. 4.9). 
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Figure 4.14 The spectra of concentration effect of Fe3O4 MNPs to A549 cells for 36 hr 

treatment time. 
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Figure 4.15 Absorption peak positions of lipid, protein and DNA regions under 

different Fe3O4 MNPs concentrations for 36hr treatment time. 
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Figure 4.16 The ratio of lipid to protein with different Fe3O4 MNPs concentrations for 

36 hr treatment time. 
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4.3.2  A549 treated with Fe3O4@SiO2 

4.3.2.1  Treatment Time Effect 

Figure 4.17 shows the normalized spectra of A549 cells treated with 

Fe3O4@SiO2 MNPs concentration 91μg/ml for different MNPs treatment times, 12, 

24 and 36 hr. There are only subtle differences between each other. The bands 

assignment is the same as that in Figure 4.11. It seems that no dramatic changes in 

spectra of A549 cells when A549 cells are exposed to these two different 

nanomaterials, Fe3O4 MNPs and Fe3O4@SiO2 MNPs. 
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Figure 4.17 The spectra of time effect of Fe3O4@SiO2 MNPs to A549 cells at the 

applied concentration 91μg/ml. 
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Figure 4.18 exhibits the magnification of primary regions (lipids, proteins and 

DNA) of the control group and A549 cells treated with Fe3O4@SiO2 MNPs 

concentration 91μg/ml for different times. There is no lipid and protein peak shift. 

However, it shows that a little peak position shift for different MNPs treatment time. 

The peak positions are at 1218.8, 1226.5, 1222.6 and 1232.3 cm
-1

 for the control 

group and the samples treated with MNPs for 12, 24, and 36 hr, respectively. The 

trends of the asymmetric stretching mode of PO2
-
 peak position are the same for A549 

cells treated with Fe3O4 MNPs and Fe3O4@SiO2 MNPs under different times. This 

suggests that DNA structures change affected by Fe3O4 MNPs and Fe3O4@SiO2 

MNPs are clearly seen. Besides, no protein peak shift and no –C=O ester peak are 

observed. These results indicate that A549 cells are not dead when treated with MNPs 

for these time periods. The lipid/protein ratio is shown in Figure 4.19. This ratio 

increases during 24 hr MNPs treatment time, but it shows that at 36 hr MNPs 

treatment time, this ratio decreases a little. This may indicate that the apoptosis is not 

onset due to the decrease of the lipid/protein ratio after 24 hr. 
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Figure 4.18 Absorption peak positions of lipid, protein and DNA regions under 

different Fe3O4@SiO2 MNPs treatment times at the applied concentration 91μg/ml. 
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 Figure 4.19 The ratio of lipid to protein with different Fe3O4@SiO2 MNPs treatment 

times at the applied concentration 91μg/ml. 
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4.3.2.2  Concentration Effect 

The normalized spectra of A549 cells treated with different Fe3O4@SiO2 MNPs 

concentrations for 36 hr are shown in Figure 4.20. There is no obvious difference 

between the spectra of A549 cells treated with different Fe3O4@SiO2 MNPs 

concentrations. 
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 Figure 4.20 The spectra of concentration effect of Fe3O4@SiO2 MNPs to A549 cells 

for 36 hr treatment time. 

 

At the first glance of Figure 4.20, although it shows no apparent change in the 
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spectra, the fact is that there is a peak shift at the asymmetric stretching vibration 

mode of PO2
-
 (Fig. 4.21). The peak position is at 1232.3 cm

-1
 for both A549 cells 

treated with 11 and 91μg/ml Fe3O4@SiO2 MNPs, similar to the results of A549 cells 

treated with 11 and 91μg/ml Fe3O4 MNPs. This indicates that DNA structure change 

is indirectly related to the composition of nanomaterials exposing to A549 cells in our 

case. The DNA structure change in A549 cells is a cellular response when A549 cells 

are exposed to outside triggers. This is accordant with the cell viability result that both 

cell viabilities of A549 cells treated with Fe3O4 MNPs and Fe3O4@SiO2 MNPs are 

almost the same. Besides, the DNA structure change may be reversible because of the 

decrease of the lipid/protein ratio after 24 hr. 

 

 

Figure 4.21 Absorption peak positions of lipid, protein and DNA regions under 

different Fe3O4@SiO2 MNPs concentrations for 36 hr treatment time. 
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Figure 4.22 The ratio of lipid to protein with different Fe3O4@SiO2 MNPs 

concentrations for 36 hr treatment time. 

 

4.3.3  SRIR Images of A549 cells treated with Fe3O4 MNPs 

Figure 4.23 shows the chemical mapping of the control group (Fig. 4.23(a))and 

A549 cells treated with different Fe3O4 MNPs concentrations 11 and 91μg/ml for 36 

hr (Fig. 4.23(b) and (d), respectively)and with Fe3O4 MNPs concentration 91μg/ml 

for different treatment times 12 and 36 hr (Fig. 4.23(c) and (d)). The lipid distribution 

map is associated to the C-H stretching bands from 2800 to 3000 cm
-1

.The protein 

distribution map results from the Amide I and Amide II bands integration from 1470 

to 1750 cm
-1

. The DNA distribution map is based on the integration of the asymmetric 

stretching vibration mode of PO2
-
 from 1180 to 1260 cm

-1
. The spectra were measured 

by an aperture 15×15 μm
2
 with a step size 10μm. The spectral resolution is 4 cm

-1
 

and 256 scans for spectrum of each position were accumulated. 
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In Figure 4.23(a), the size of an A549 cell is around 20 to 30 μm, and DNA and 

proteins are localized in the almost the same small region where is defined as cell 

nucleus. Figure 4.23(b) displays the chemical mapping of lipids, proteins and DNA 

when A549 cells are treated with 11 μg/ml Fe3O4 MNPs for 36 hr. It is observed that 

in the DNA chemical mapping of 36hr-MNPs-treated A549 cells, there is a small 

signal appearing at the background out of the cell, and this indicates that the intensity 

of DNA declines, compared with control group. Besides, there is a small change in the 

lipid distribution, but this maybe also results from different states of cells. 

In order to understand the chemical composition distribution of A549 cells 

treated with different Fe3O4 MNPs concentrations at a given time, the chemical 

mapping of A549 cells treated with the concentration 91μg/ml for 36 hr treatment 

time were measured as shown in Figure 4.23(d). Compared with Figure 4.23(b), the 

DNA distribution and the protein distribution of A549 cells treated with the 

concentration 91μg/ml are much widespread than those of A549 cells treated with 

the lower concentration 11μg/ml. This indicates that the distributions of DNA and 

proteins are severely affected by Fe3O4 MNPs concentration 91μg/ml. Also, for DNA 

chemical mapping, the intensity of background outside the A549 cell treated at the 

concentration 91μg/ml becomes higher than that of the cell shown in Figure 4.23(b). 

The higher the intensity of background outside the A549 cell is, the lower the DNA 

concentration in the A549 cell is. Hence, after the A549 cell was treated with Fe3O4 

MNPs concentration 91μg/ml, the DNA concentration in the cell became lower, 

compared with the control group and A549 treated with MNPs concentration 11μ

g/ml. This result indicates that besides DNA structure change, the DNA concentration 

is lower when A549 cells are treated with MNPs. 
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For the time effect of Fe3O4 MNPs to A549 cells, it seems that the background 

signal in the DNA chemical mapping of A549 cells treated with 91μg/ml for 12 hr 

(Fig. 4.23(c)) is less than that of A546 cells treated with MNPs for 36 hr. This 

indicates that the DNA concentration is much lower for A549 cells treated with MNPs 

for 36 hr. 
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Figure 4.23 The microscopic image of A549 cells and the chemical mappings with 

different constituents of A549 cells treated with different Fe3O4 MNPs concentrations 

for different MNPs treatment times. 
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In order to know whether Fe3O4 MNPs affect different parts in cells or not, 

spectra of different locations in A549 cells are extracted, shown in Figure 4.24, 4.25, 

4.26 and 4.27 for the control group A549 cell, the A549 cell treated at the applied 

Fe3O4 MNPs concentration 11 μg/ml for 36 hr, the A549 cell treated at the applied 

Fe3O4 MNPs concentration 91 μg/ml for 12 hr, and the A549 cell treated at the 

applied Fe3O4 MNPs concentration 91 μg/ml for 36 hr, respectively. The locations  

It can be observed that compared with each different location, there is no primary 

peak shift in lipid, protein and DNA regions for different locations in A549 cells 

under different conditions. Therefore, this indicates after A549 cells are treated with 

91μg/ml for 12 hr, the chemical structure changes are completely the same at 

different locations, which suggests that this structure change induced by the 

interaction between A549 cell and MNPs is less than 12 hr. However, this does not 

mean that there is no primary peak shift for A549 cells under different conditions. Just 

as above-discussed, DNA structures are affected under different conditions. 

Although there is no dramatic structure change in different locations, the relative 

amounts of biological components in different locations in A549 cells are various. It is 

observed that at the region 1 the amount of proteins is relatively larger than those of 

lipids and DNA for all situations. When location is far than the nucleus region (region 

1), the amount of protein becomes relative smaller, while that of lipid is relatively 

larger at the regions 2 and 3. That is, the relative amount of lipids, compared with that 

of proteins, is larger at far nucleus region. Most proteins are localized around and at 

the nucleus region. Because when cells are interacting with outer triggers or ligands, 

cells should do some cellular responses, based on their blue print, DNA, therefore, 

this result may be explained by the fact that in order to magnify signals to DNA, the 
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distribution of proteins should take this form to respond rapidly. 

 

Figure 4.24 The spectra of different locations in the control group A549 cell. 

 

 

Figure 4.25 The spectra of different locations in the A549 cell treated with Fe3O4 

MNPs concentration 11 μg/ml for 36 hr. 
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Figure 4.26 The spectra of different locations in the A549 cell treated with Fe3O4 

MNPs concentration 91 μg/ml for 12 hr. 

 

 

Figure 4.27 The spectra of different locations in the A549 cell treated with Fe3O4 

MNPs concentration 91 μg/ml for 36 hr. 
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Chapter 5  Conclusions and Future Works 

As-prepared Fe3O4 MNPs and Fe3O4@SiO2 MNPs are successfully synthesized 

by coprecipitation method and Stöber method, respectively. The cytotoxicity of these 

MNPs in A549 lung cancer cells is obtained by MTT assay, and the results show that 

both Fe3O4 MNPs and Fe3O4@SiO2 MNPs exhibit almost no toxicity to A549 cells at 

applied concentrations from 0 to 91μg/ml for 12 hr treatment time, while the 

cytotoxicity of both MNPs emerges after 24 hr MNPs treatment time even at the 

lowest concentration 6μg/ml at which the cell viability is around 80 % in this study. 

This result shows that cytotoxicity is time- and concentration- dependent. By SRIR 

spectrum measurement, DNA structures are affected by MNPs and become more 

dramatic with MNPs treatment times at the applied concentration 91μg/ml, but no 

signatures of cell death are observed. Besides, the change of DNA structures maintain 

the same at two applied concentrations 11 and 91μg/ml for 36 hr treatment time. 

When A549 cells are exposed to Fe3O4 MNPs and Fe3O4@SiO2 MNPs, the DNA 

structure change almost the same for each condition, this indicates that this cellular 

response is a characteristic of A549 cell upon outer trigger. No dramatic lipid and 

protein structures are observed, but the lipid/protein ratio increases during 24 hr 

MNPs treatment time but decreases at 36 hr at the applied MNPs concentration 91μ

g/ml, while this ratio remains almost the same at different MNPs treatment 

concentration for 36 hr. By SRIRM, for A549 cells treated with Fe3O4 MNPs, the 

concentration of DNA decreases; however, DNA remains mostly at the nucleus. Also, 

the relatively amount of proteins is larger at and around the nucleus, while that of 

lipids is relative larger at the far-nucleus region. In summary, we demonstrate a 
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different technique, SRIRM, to observe the chemical constituent change and the 

chemical composition distribution when cells are exposed to nanomaterials. 

In the future work, in order to understand the relationship between the change of 

DNA structure and MNPs, XAS will be conducted to study the change of oxidation 

state of MNPs when these MNPs interact with A549 cells for different MNPs 

treatment times. Besides, in order to know whether MNPs enter into A549 cells, 

instead of TEM, Transmission X-ray Microscopy (TXM) will be performed because 

samples can be in a more native state. Or even Soft X-ray transmission microscopy 

can be carried out to visualize the distribution of organic components and MNPs in 

cells. The amount of MNPs cellular uptake will be measured by ICP-MS. 
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