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ABSTRACT 
Ultrastructural Analysis of Human Breast Cancer Cells during Their Overtime Interaction 

with Cerium Oxide Nanoparticles 
 

Cerium oxide nanoparticles have been proposed as an anticancer agent, thanks to 

their ability of tuning the redox activity in accordance to different conditions, which lead 

to selective roles on healthy and cancer cells. Recent evidence suggested the ability of these 

nanoparticles to be toxic against cancer cells, while confer protection from oxidative stress, 

toward healthy cells. The main focus of this study was to determine the ultrastructural 

effects of cerium oxide nanoparticles over multiple incubation time of 1, 3, and 7 days on 

breast healthy and cancer cells. Cellular characterizations were carried out using electron 

microscopes, both transmission and scanning electron microscopes, while the viability 

assessments were performed by propidium iodide and trypan blue viability assays. The 

obtained results of the viability assays and electron microscopy suggested higher toxic 

effects on the cancer cell line viability by using a nanoceria dose of 300 µg/mL after 1 day 

of treatment. Such effects were shown to be preserved at 3 days, and in a longer time point 

of 7 days. On the contrary, the healthy cells underwent less effects on their viability at time 

point of 1 and 7 days. The 3 days treatment demonstrated a reduction on the number of 

cells that did not correlate with an increase of the dead cells, which suggested a possible 

initial decrease of the cell growth rate, which could be due to the high intracellular loading 

of nanoparticles. To conclude, the overall result of this experiment suggested that 300 

µg/mL of CeO2 nanoparticles is the most suitable dose, within the range and the time point 

tested, which induces long-lasting cytotoxic effects in breast cancer cells, without harming 

the normal cells, as highlighted by the viability assays and ultrastructural characterization 

of electron microscopy analysis. 
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1 Chapter 1: Introduction 

1.1  Cancer 

Cancer is a major causes of death worldwide and constitutes a serious health 

problem in all countries of the world. [1] According to the International Agency for 

Research on Cancer (IARC), in 2012, 14 million cancer new cases were reported, with the 

expectation that this number will reach 22 million yearly within the next twenty years. [2] 

Nevertheless, the 2016 updated statistics estimates a number of ~1,700,000 new cancer 

cases with ~600,000 cancer deaths in the United States. [1] The above-mentioned statistics 

signifies that cancer is an extraordinary public health problem worldwide, which demands 

paying more attention toward studying and characterizing such a disease to limit its harmful 

impact on people. 

Cancer is defined as a disease that spreads in deviation from normal cell regulations 

through ignoring the regular signaling networks of cell proliferation, differentiation, 

growth, and cell death. It arises from mutations in the deoxyribonucleic acid (DNA) 

sequences of mammalian genome, and leads to the development of autonomous abnormal 

cells that keep growing causing tumors. These tumors are featured with genomic instability 

and have the capability to interfere with the physiological mechanisms of the body tissues 

and organs. [3] Tumors can either be benign, which lack of the ability to invade neighbor 

tissues, or malignant, which destroy the integrity of the body tissues and has the capability 

to metastasize into distant locations of the body and create new neoplastic tissue masses. 

[4] Malignant tumors are characterized by six features that distinguish them from benign 
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tumor, which are known as the cancer hallmarks, as summarized in figure 1. [5] These 

hallmarks define the physiological alterations that allow malignant cells to bypass the 

normal control systems of the cellular growth and death, thus enabling tumors to grow out 

of control. 

	

Figure 1. The Cancer hallmarks characterizing malignant tumors. [5] 

                   

  

 

The first hallmark of malignant tumor is the ability to sustain proliferative signaling 

which refers to the ability of tumors to manufacture their own growth factors to stimulate 

a proliferation loop, without the need for external signals to promote the cellular growth. 

Not only that, but also malignant cells are insensitive to anti-growth signals, which also 

result in the alteration of the normal growth, and lead to the formation of abnormal 

multilayers of cells within the tissue. Malignant tumors are also characterized by resisting 
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apoptosis, that is the mechanism of programmed cell death aiming, in the normal situation, 

at getting rid of damaged cells, while cancer cells have the ability to overcome this 

mechanism. [6] The above-mentioned hallmarks together lead to the fourth cancer 

hallmark that relate to inducing	limitless replicative potential (replicative immortality) of 

cancer cells which undergo unlimited divisions. Malignant cells are also characterized by 

the ability to metastasize from their site of origin, i.e. invade both surrounding and far 

tissues, the feature that is reported to cause most of the cancer deaths in human. [7] The 

last hallmark that characterizes malignant tumors is the capability to induce angiogenesis, 

which refers to the process of forming new blood cells to supply tumor cells with oxygen 

and nutrients. [5] 

However, beside classifying cancers into malignant and benign tumor, they also 

have other classifications. In fact, they are classified according to the site of origin, such as 

breast cancer and lung cancer, or according to the tissue type, such as carcinoma, which 

affects epithelial cells, and sarcoma, that originates in connective and supportive tissues. 

Moreover, cancers can also be classified according to their stages, in term of tumor size 

and the tendency toward malignancy, or according to the histological variations. [8] In the 

next few paragraphs, breast cancer will be discussed, being it the focus of the present study.  
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1.2  Breast Cancer 

Breast cancer constitutes a very serious health problem, by which statistics tells that 

it is among the five most common types worldwide, [6] and it is expected to be the most 

common cancer to occur in women by 2016, according to the American Cancer Society, 

with 29% of all cancers types, and also, to be the second leading cause of deaths, after lung 

cancer, which would contribute to around 14% of the total cancer mortality in women. [1] 

Breast cancer affects breast cells and it can be initiated either in the lobules or the 

ducts (Figure 2). Afterwards, the tumor can either be invasive, whenever it invades 

surrounding tissues, or non-invasive, when it lacks of the ability to spread outside the 

lobules or the ducts [9] According to the tissue type affected, breast cancer can be also 

classified into two main types: carcinoma, which arises from epithelial breast cells, and 

accounts for the majority of breast cancers, and sarcoma that arises from the stromal 

connective tissue, which includes myofibroblasts and blood vessel cells. [10] Furthermore, 

regarding the histological variations, it is classified into six different stages, which aid to 

group tumors into categories to better understand the prognosis and to provide guidelines 

for the appropriate treatment option. [9] 
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Figure	2. Cross-sectional diagram of the breast showing lobulus cells, which are responsible for producing the milk, 

and the duct that extract milk from the lobules to the nipple. Also, it shows the normal alignment of these cells in 
contrast to the invasive and non-invasive configurations. Modified from Weiss et al.,2016  [9]    

 

  
From a histopathological point of view, non-invasive high grade ductal carcinomas 

are characterized by highly pleomorphic cells within the ductal space with central necrosis 

region, while the corresponding low grade form exhibits uniform tumor cell nuclei that are 

difficult to be recognized from benign tumor. The non-invasive lobular carcinoma cells, on 

the other hand, are smaller than the ductal form, with an elevated nuclear to cytoplasmic 

ratio, moderate pleomorphic cells, rare mitoses, and exhibit vacuoles formation.  

The invasive ductal carcinoma (IDC) tumors are characterized by the variation in 

size associated with calcification, and graded according to three different microscopic 

characteristics: the existence of the tubules formation, pleomorphism, and mitotic activity. 

The low grade form preserve moderate polymorphic cells arranged in tubules with reduced 

mitotic activity, whereas the high-grade tumor exhibit an elevated pleomorphic cells 

arranged in solid sheets with fast and high mitotic activity. Invasive lobular carcinoma 
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(ILC) cells, on the contrary, are relatively smaller than the corresponding ductal tumor 

cells, contain little amount of cytoplasm, and usually do not associate with calcification. 

In this regard, electron microscopy is used as a diagnostic tool to distinguish tumors 

into benign and malignant based on morphological characteristics, including nuclear size, 

shape and chromatin organization. For instance, the nucleus of the epithelial benign tumor 

preserves oval or circular shape whereas the corresponding malignant form often shows 

marked notches. Likewise, with regard to the chromatin, alterations in chromatin 

characteristics have been closely linked to cancer development and growth, and recent 

evidences highlighted that the normal packaging and higher organization of 

heterochromatin, the tightly condensed DNA in the nucleus, is often compromised in 

cancer. [11] Overall, breast cancer cells display several ultrastructural characteristics, 

which can be helpful in differential diagnosis of malignant tumors. [10] 

 

1.3 Current Therapeutic Approaches  

Currently, there are three treatment options for breast cancers; surgery, 

chemotherapy, and radiotherapy, with each showing various degree of effectiveness. For 

many solid tumors, early diagnosis and combination therapies have had an important 

impact on survival, even though metastasized tumors are more complicated to be treated. 

[1], [12] Surgery treatment can consist in either breast conserving surgery (BCS) that 

involves the partial removal of parts of the affected breast tissue, or mastectomy that refers 

to the complete removal of one or both breasts. According to the American Cancer Society, 

61% of women who are diagnosed with stage I and II breast cancer undergo BCS, while 

with stage III most patients undertake mastectomy surgery. Nevertheless, women 
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exhibiting stage IV are mostly treated by radiation or chemotherapy alone, since the 

surgery becomes a not effective treatment option. [13] However, surgery cannot be the 

treatment of choice in all cases of breast cancer, due to the effects on the patients quality 

of life by the possible loss of the organ or part of it, and the high possibility of the tumor 

relapse. [14]  

Radiotherapy (RAT), on the other side, is the option to treat tumor by exposing 

cells to high-energy ionizing radiation. RAT works by causing cellular genomic damages, 

either directly by interacting and damaging DNA, or indirectly by inducing the formation 

of reactive oxygen species (ROS) that lead to alter the DNA structure. [15] This, in turn, 

causes cell cycle arrest, which ultimately results in cell death. This method is usually a 

local treatment confined to a specific area of the body and can be used with a broad range 

of localized solid cancers. However, radiotherapy is able to kill actively dividing cells and, 

to some extent, prevent metastases and tumor recurrence, but it does not work on quiescent 

cancer or less proliferative cells and many tumors develop radio-resistance. Moreover, it 

causes unavoidable consequences to surrounding healthy tissue, mainly due to the 

sensitivity of the body tissue, that are expected to have acute and chronic toxicities when 

exposed to radiation, disturbing chronic symptoms, or harsh organ dysfunction. [16] 

Chemotherapy is the systemic treatment strategy, which uses antineoplastic drugs 

to kill cancer cells. It can be used alone or along with other therapeutic options to eliminate 

cancer cells by virtue of drug toxicity. Chemotherapy agents induce cell death by apoptosis, 

either by directly interfering with DNA, or by inhibiting cell division, which results in 

disrupting nutrient uptake or hindering the cell division mechanism. [17] 

Chemotherapeutic agents from different classes are often administrated in combination 
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among them in clinical practice, and are effective in alleviating metastatic breast cancer 

symptoms in most of the patients. In particular, examples of chemotherapeutic drugs 

currently used in the treatment of breast cancer include cyclophosphamide, methotrexate, 

fluorouracil, and adriamycin. [18] [19] However, chemotherapy is also associated with 

many disadvantages, owing to the fact that chemotherapeutics randomly distribute into the 

whole body organs, without discriminating between tumor and normal cells and to the 

development of drug resistance, which limits the effectiveness of the treatments in the long 

run. [20] 

Despite the progress that has been made in breast cancer treatment, thousands of 

women still die of metastatic breast cancer, which requires the search for new methods to 

better target this disease. This highlights the need to develop new drugs to be used alone 

or in combination with other existing options, in order to improve their action in targeting 

cancer cells and protecting the healthy counterpart. Furthermore, understanding the 

mechanisms underlying the chemoresistance is essential to develop novel therapeutic 

approaches for treating cancer. 

In this respect, the use of nanoparticles (NPs) as agents for targeted drug delivery 

may open new avenues in cancer research to enhance the effectiveness of traditional 

strategies, while decreasing the side effects of anti-cancer drugs. 
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1.4 Nanoparticle applications in medicine 

Nanotechnology is defined as “the design, characterization, production and 

application” of objects at nanometre-scale (<100 nm). Materials at the nanoscale is known 

to exhibit different physical and chemical properties compared to their larger counterparts, 

such as high surface to volume ratio, surface chemistry, and controlled shape and size. [21] 

[22] Nowadays, nanotechnology has gained a lot of attention in many disciplines, but more 

importantly in biology, where the NPs are utilized in a wide range of applications, 

including the design of drug delivery systems, luminescent biomarkers and image 

enhancing agents. [23] [24] Nanomedicine, on the other hand, refers to the use of organic 

and inorganic nanoparticles that can be effectively engineered to possess unique and 

exploitable properties for biomedical purposes, such as the diagnosis and treatment of 

diseases at the molecular level. [25] Examples of that include the use of: i) liposomes and 

drug-conjugated nanoparticles as drug delivery systems [26], ii) iron oxide nanoparticles 

for magnetic hyperthermia cancer therapy, [27]  iii) gold nanoparticles as agents for 

photothermal therapy. [28] Cerium oxide nanoparticles are among the various studied NPs, 

with promising physical and chemical characteristics, as well as good biocompatibility and 

their therapeutic potential for neuro- and cardio-protection, treatment of chronic 

inflammation, cancer, and ocular disorders has been recently reported. [29], [30], [31], 

[32], [33] 
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1.4.1 Cerium Oxide Nanoparticles 

 
Cerium oxide nanoparticles (CNPs; nanoceria;CeO2) consist of a cerium atom 

bounded to an oxygen lattice. [34] Cerium is a rare earth metal of the lanthanide series, 

which can exist in a dual oxidation state: the fully reduced Ce3+ or the fully oxidized Ce4+. 

The ability to switch between the two oxidation states (Ce4+ « Ce3+) produces a redox 

couple responsible for catalytic activity. [35] Oxygen vacancies (defects), also play an 

important role in defining the behavior of cerium oxide nanoparticles, where the loss of 

oxygen and/or its electrons on the surface of the ceria structure result in a reduction of the 

cerium atoms from Ce4+ to Ce3+, which can act as sites for free radical scavenging. [36], 

[37] In fact, such sites can react with ROS, thus enabling CeO2 NPs to behave as antioxidant 

agents with the ability to regenerate the initial oxidation state through redox cycling 

reactions and to confer protection to cells from oxidative stress. [31] Oxidative stress 

results from an elevated production of ROS or a reduction of natural antioxidants (such as 

superoxide dismutase, catalase, glutathione peroxidases), and may contribute to initiation 

and progression of various diseases, including cancer. [38] In particular, recent papers 

suggest that CeO2 nanoparticles have the capability to mimic the activity of: i) superoxide 

dismutase (SOD), the enzyme that scavenges superoxide anion (O"•$) in living cells [39], 

[40], and/or ii) catalase, the enzyme with the ability to decompose H2O2 to O2 and H2O 

[41]. Moreover, CNPs can change behavior with changing environmental conditions and 

parameters; for example, pH has shown to affect the behavior of CNPs, allowing them to 

act as either oxidant or antioxidant agents. Applications of this concept have been utilized 

in cancer therapy, where cerium oxide nanoparticles have been suggested as agents for 

treating cancer. [42] The proposed reactions underlying the cerium oxide nanoparticle 
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behavior are illustrated in the two reactions shown in Figure 3, where in physiological 

conditions (pH ~ 7-7.4) [43] both SOD- and catalase-mimetic activities would be favored. 

On the contrary, owing to intensive respiratory CO2 and lactic acid production, cancer 

environment is slightly acidic compared to normal cells [44] [45]; this would facilitate the 

interaction of Ce3+ form with superoxide anion, thus fostering the SOD-like property over 

the catalase-like activity and leading to increase the cellular oxidative stress. [46], [47]  

 

	

Figure 3. Cerium oxide nanoparticles reactions under physiological and tumor conditions. Adapted from Jianli et 
al.,2011  [46] 

	
	

Importantly, while natural anti-oxidant compounds display one or limited catalytic 

sites and short half-life, CeO2 nanoparticles show many active sites for free-radical 

scavenging, because of their high surface-to-volume ratio, and catalytic action recovery; 

this assumption implicates that CeO2 can act more efficiently than natural compounds in 

biological systems. [48]  

The emerging fields of nanoparticle applications for biomedical and 

biotechnological purposes are being developed in parallel with studies investigating the 

biological responses to the nanomaterials themselves. Properties of NPs such as size, shape, 

functional groups, surface charge, and composition are all factors that have been shown to 
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affect NP interactions with biological systems in vitro and in vivo. 

 

 

1.4.1.1  Cellular Uptake and Localization 

 
There are many factors that influence the CNPs uptake, examples of that include, 

but they are not limited to, the particle size, shape, and surface charge. For example, CNPs 

with diameter less than 6 nm, showed to increase the uptake rate and also to decrease the 

cellular toxicity to normal cell. [49], [50], [51] Furthermore, both normal and diseased cells 

have demonstrated to internalize CNPs, with an uptake that happens within just few hours 

of exposure in culture. [52], [53] CNPs can be taken by cells mainly through endocytosis 

mechanisms, either through clathrin-mediated, or calveolae-mediated endocytic pathways. 

[53] CNPs can be localized in multiple locations inside the cell, such as the lysosome, 

mitochondria, endoplasmic reticulum (ER), beside the cytoplasm and nucleus. [52] The 

intracellular localization of CNPs influence their activity, as different subcellular 

environments display different characteristics, such as pH, accumulation of ROS and the 

local redox state could modify the intrinsic CNPs properties, thus stimulating the anti- or 

–pro-oxidant activity. Overall, manipulating the charge of CNPs might play a crucial role 

in targeting specific cells or sub-cellular locations and it might represent an attractive 

strategy to increase the efficacy of NPs, while minimizing potential toxic effects. [50] 
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1.4.1.2  CNP Cytotoxicity 

 
Understanding the interactions of nanomaterials with cells is fundamental for the 

proper designing of nanoparticles for medical applications. Several factors, such as size, 

shape, surface properties, tendency to their aggregation, involved cell type, and endocytotic 

pathways influence these interactions and the possible NPs cellular uptake. [54], [55] 

In vitro studies have demonstrated that CNPs can enter into cells without invoking 

cytotoxic effects and can counteract oxidative stress induced by exogenous sources. [56], 

[57], [58] However, beside the CNP ability to mitigate oxidative stress in different cell 

types, these nanoparticles are also able to trigger cellular apoptosis and cytotoxicity under 

specific conditions. For example, CNPs have been shown to be toxic to bronchial epithelial 

lung fibroblasts in vitro where they induced oxidative stress, activated the cytosolic 

caspase-3 and chromatin condensation, [59], while they showed no toxicity to mammary 

epithelial cells [60], macrophages [61], or immortalized keratinocytes. [52] [62]  Moreover, 

recent data highlighted differential toxic effects of CeO2 nanoparticles with major toxicity 

exhibited in cancer cells than in healthy counterpart. Allili et al. showed that internalized 

redox-active CNPs exerted a cytoprotective effect most likely related to their antioxidant 

properties on normal stromal cells, while being cytotoxic on squamous tumor cells. [63] In 

another study, CNPs pretreatment markedly induced cancer cell apoptosis after RAT both 

in vitro and in vivo and inhibited pancreatic tumor growth without evident damages for the 

normal tissues, thus identifying CNPs as a potential RAT-sensitizer. [47] 

The cytotoxicity of CNPs would depend mainly on the targeted cell type, CNPs 

concentration, and synthesis process of the nanoparticles [54] Renu and colleges, have 

demonstrated that the preparation of CNPs by two methods of hydrothermal and hydrolysis 
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resulted in the synthesis of NPs that differ in their chemical compound stoichiometry and 

the cellular cytotoxicity. [64] A study showed that the cytotoxicity can be induced through 

two main mechanisms, autophagy and a mitochondrial apoptosis pathway in cultured 

human peripheral blood monocytes, as shown in Figure 4. [65] Another study elucidated 

the effect of the interactions between NPs and the cellular organelles that possibly lead to 

increase the production of ROS and occasionally activate the process of autophagy to 

eliminate affected components, like mitochondria, for maintaining cellular homeostasis. 

The study also demonstrates that the process of autophagy can be either ROS dependent or 

lysosome dependent, (Figure 5). [66]  

 

	

Figure 4. Cytotoxicity pathways of CNPs. CNPs can either induce apoptosis through a mitochondrial pathway, where 
CNPs lead to a reduction in the mitochondrial membrane potential that initiate apoptosis through the release of the 
caspase enzyme, or through autophagy pathway, where CNPs is believed to induce protein factors that initiate the 
autophagy event, where the lysosome fuse into phagosome that lead at the end to DNA fragmentation and cellular 

death. Adapted from Salik et al., 2012 [65] 

 
 

However, it has been postulated that the selective toxicity of CNPs in cancer cell 

compared to normal cells may be related to the cell environmental pH. In fact, in a neutral 
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pH environment, such as in normal cells, CNPs showed to be cytoprotective and to act as 

antioxidants. On the other hand, in an acidic pH environment characteristic for cancer cells, 

CNPs may exert cytotoxic effects and act as pro-oxidants. [47], [54] Examples of cells that 

were targeted using this principle are squamous cell carcinoma [67], human hepatoma [68], 

osteosarcoma [42], and lung adenocarcinoma cell. [69], [70] 

		 	

Figure 5. The mechanisms of autophagy induced by nanoparticles (NPs). Adapted from Xiaoli  et al.,2014 [66] 

 

 
 

1.5 Electron Microscopy of Subcellular Analysis 

1.5.1 Overview  

The majority of microscopies belong to one of three main types, namely: optical 

(OM), electron (EM) and scanning probe microscopy (SPM). Optical microscopes are the 

simplest microscopes. They utilize visible light passing through lenses to view objects of 

one micrometer size or more, e.g. objects of the size of a red blood cell (about 7 µm) or the 

size of a human hair (about 100 µm). OM is limited by a resolving power of about 100 nm, 

due to a physical limitation in the light wavelength. Electron microscopes (EM) use a beam 
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of electrons to view objects with size down to the nanometer scale or less. [71] Scanning 

probe microscopes use physical probes to map interactions and forces that exist between 

the sample and the probe to create an image of the sample, and can achieve a resolution of 

fractions of nanometer. [72] 

These three types of microscopes have been utilized widely nowadays to study and 

characterize nanoparticles. However, in biological research, confocal and electron 

microscopes are used more frequently, through which each possess some advantages and 

disadvantages. Confocal microscopy has an advantage of characterizing NPs in live cells, 

but the main drawback of this type of microscope is the limited resolution, that interfere 

with examining small clusters and single NPs. Electron microscope, on the other side, has 

the capability to provide sufficient resolution that allow tracking and analyzing even 

individual nanoparticles, but the main disadvantage of this tool is the difficulty to use it 

with live samples and with organic NPs, which have low atomic number that provide low 

contrast, and thus cannot be easily differentiated from the background of biological 

specimen, which is mainly composed of organic elements. However, the above mentioned 

limitation of organic NPs does not apply to CNPs, which are inorganic and dense NPs, EM 

is the ideal choice to monitor and analyze their uptake, intracellular localization and 

interaction with cells.  

In this section, an overview of electron microscopy will be provided, with regard 

to the principle of operation and types, followed by browsing some applications that have 

been used recently in biological researches, especially in the field of the characterization 

and the analysis of biological sample interacting with NPs. 
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1.5.2 EM Working Principle  

EM is a powerful tool which allow examining and analyzing inorganic and organic 

material at the nanoscale. Electron microscope works according to a principle that is quite 

similar to that of light microscope, but with the main differences are using a beam of 

electrons as a source of illumination instead of using photons in light microscope, and also 

the use of electromagnetic lenses as alternative to glass lenses to magnify, open and focus 

the electron beam, as demonstrated in figure 6, where the details will be explained in the 

next few paragraphs. [73] 

	

Figure 6. Light microscope versus TEM and SEM configurations. [73] 
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Any EM has three main components: a microscope column, a vacuum system, and 

an image recording system. The column contains, from top to bottom, an electron gun, a 

set of electromagnetic lenses, a zone or a holder in which the sample is mounted, beside a 

recording system for creating the sample image using the signals produces/transmitted by 

the sample as a consequence of irradiation with the electron beam. All of these components 

are evacuated from air by the vacuum system. The electron gun is the EM part where 

electrons are created through either tungsten hairpin, or lanthanum hexaboride (LaB)) 

crystal, or field emission gun (FEG). These electrons are created in the cathode part of the 

electron gun and get accelerated by the anode part, then they travel along the column to 

pass through multiple electromagnetic lenses as illustrated in figure 6.  

The vacuum provided by the dedicated system, as mentioned before, is kept all over 

the entire column, and the its main purpose is evacuating all the EM parts in which the 

electrons have to travel, to avoid any kind of their interaction, scattering and ionization 

with gas molecules. Finally, the image recording system is responsible of creating the 

image, which is composed by dedicated electron detector(s). These detectors vary 

depending on the type of EM used, as will be explained in the following. 

 

1.5.3 Beam Interaction with Matter 

The interaction of the electrons with the specimen is necessary for creating an 

image of it. Such an interaction occurs when the electrons of the beam hit the specimen. 

As a consequence, several signals are produced: Auger electrons, secondary electrons 

(SEs), backscattered electrons (BSEs), X-rays, and transmitted electrons, as shown in 

figure 7.  
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In scanning electron microscope (SEM), SEs are the main signals using for 

producing topographical image of the sample looked at. They are characterized by a very 

low energy, usually below 50 eV, which allow them to be attracted easily from an in-

chamber detector, where they are collected and converted to create the final SEM image. 

Still in SEM, BSEs are also used to create SEM images: they are scattered backwards as a 

result of the interactions between the negatively charged electrons and the positively 

charged nucleus. These electrons have high energy that equals around the 60-80% of the 

energy of primary electron beam, and are usually detected by a dedicated solid-state 

detector. Since the intensity (i.e. the number) of BSEs emitted from the sample increases 

with the atomic number of the sample, element with higher atomic number result in higher 

BSEs production. For this reason BSEs are mainly used for getting compositional contrast 

in the SEM images. [74] 

In transmission electron microscope (TEM), transmitted electrons (TEs) are the 

electrons that have enough high energy that allow them to pass through a specimen made 

enough thin, and therefore, carry information about its internal structure. TEs are those 

used for the formation of TEM images, and they can be detected after crossing the sample 

through fluorescence screen or through a CCD camera, the latter also permitting to record 

and store the TEM images. Many other signals can be used for getting information about 

the sample imaged by and EM, such as X-rays, which are used in analytical electron 

microscope to determine, qualitatively or quantitatively, the specimen chemical 

composition. [74], [75] 
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Figure 7. Electron beam interaction with matters. [75] 

	

1.5.4 Electron Microscopy Types 

There are basically two general types of electron microscopes, as already 

introduced above, SEM and TEM. These types share the above-mentioned components, 

however several differences among them are present, in particular regarding the electron 

energy with they can work, the geometry of the electron beam they use (parallel for TEM 

and convergent for SEM), the way by which they interact with the samples, their magnetic 

lenses number and configuration and the type of detectors that are used to create images, 

as will be specified below. [76] 

 

1.5.4.1 Transmission Electron Microscopy 

The configuration of TEM is shown in figure 6, which demonstrate the path of 

electrons from the electron gun until they reach the florescence screen. After the production 

of the electrons in the electron gun, they pass through different electromagnetic lenses 

within the column. First, they cross the condenser lens as mentioned above, and then 

penetrate the specimen passing through an objective lens, which is responsible for focusing 

the image of the sample. Then, the beam passes through the intermediate and projector 
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lenses that projects and magnifies the sample image into the fluorescent screen, which is a 

metal plate coated with phosphors that fluoresces when hit by electrons. Currently, any 

TEM is provided with a CCD camera, where the electrons are detected and properly 

converted in order to create  two dimensional image that can be then recorded and stored. 

[76] 

TEM requires high acceleration voltage (usually higher than 80 keV) to facilitate 

the penetration of the electrons through the sample. The acceleration voltage influences the 

resolution of the TEM, according to the De Broglie wavelength, through which TEM can 

provide a resolution of just few angstroms, which is more than enough to detect the features 

typical of a cell ultrastructure. Higher acceleration voltage also provides better penetration 

of the sample, but in general, specimen must be ultra-thin and electron-transparent in order 

to let the electrons passing through it, typically less than 500 nm.  

TEM has been widely used in biological researches. It is used to obtain high 

resolution images of the cellular ultra-structures of eukaryotic and prokaryotic cells. It is 

also used for determine the distribution of elements, especially when contained 

nanoparticles, inside cells. Furthermore, TEM was used extensively in cancer studies, 

especially those dealing with the use of nanomaterial as drug delivery agents, due to its 

unique ability to examine the cellular-nanoparticles interactions. Recently, TEM was used 

to study the effects of cerium oxide NPs on ovarian cancer (OvCa), [77] to test the influence 

of silver NPs on a leukemia cells line (U937), [78] and moreover to investigated the 

distribution of iron NPs on a breast cancer cell lines. [79] 
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1.5.4.2 Scanning Electron Microscope 

The path of electron beam in the SEM is similar to that of the TEM, which has been 

described above, but with several important differences. After the release of electrons from 

the electron source and the condensation of the beam by the condenser lens with a certain 

spot size, the beam passes through a scanning coil (beam deflector), which provides the 

electron beam to be scanned over a sample region with an area that defines the 

magnification used, and an objective lens, which provides the fine focusing of the electron 

beam on that area. The e-beam is thus scanned over the specimen surface point by point in 

a raster pattern. The sample is located at the bottom of the column in a chamber that also 

usually contains SEs and BSe detectors. [80] 

The preparation of a biological sample for SEM is less complex than that of TEM 

with regard to the sample size; since it is only restricted by the sample chamber’s size. 

However, SEM requires further sample processing that should provide the conductivity of 

its surface in order to ground the electrons coming from the primary electron beam. For 

this reason, biological sample must be coated with conductive metal, such as gold or 

platinum, to avoid the accumulation of the negative charge on the sample. [71] 

SEM was used to quantify gold NPs in unstained mammary cancer cell line (SK-

BR-3). [81] Other studies also used SEM as a main technique to study the morphology and 

topography of breast cancer cells and to define the boundary structure of numerous normal 

(MCF10A) and breast cancer (MCF7 and MDA-MB231) cell lines. [82] Moreover, SEM 

was used to study the behavior of gold NPs penetration throughout the barrier of an 

uncoated skin tissue. [83] 
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1.5.4.3 Energy Dispersive X-rays spectroscopy. 

By detecting some among the signals produced by the electron-matter interaction 

that occurs in an EM sample, electron microscopy could be used to concomitantly 

determine its chemical composition. With this aim, the energy dispersive X-ray 

spectroscopy (EDX) is widely used: it is based on the detection of characteristics X-ray 

produced by the interaction between electron beam and sample, and sort these signals 

according to their energy in a way that enables plotting a graph showing different peaks 

corresponding to the different elements contained in the sample. [71] X-rays are produced 

when the electrons of the beam hit the specimen causing core electrons to be ejected from 

the sample’s atoms, at certain shell, bringing them into an excited state corresponding to 

the core electron shells vacancies just created. Afterwards, electrons of higher shells fall to 

fill the temporarily created vacancies and the difference in energy between the higher and 

lower shells can be emitted as X-ray photons, as simplified in the schematic diagram 

reported in figure 8-A. The released X-ray are classified according to the shell in which the 

electrons are going to fill the vacancy, for instance K, L, M, and sub-classified based on 

the electron transition between shells, as seen in figure 8-B. Characteristics X-ray are then 

plotted on a spectrum to determine the identity of the elements contained in the analyzed 

sample, where each elements is recognized by the release of certain X-ray energy set that 

characterize it. [84] , [85] 
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Figure 8. EDX Spectrum formation of: A: the process of generating characteristics x-ray. B: the classification of X-rays 
based on the atomic shells, and C: the EDX spectrum.  [85], [86] 

 

From the above explanation, it can be concluded that both SEM and TEM are 

helpful tools to characterize the internalization of nanoparticles into cells for several 

reasons. First, it provides sufficient resolution that allows the visualization of: a) the entire 

cells or its details, in terms of its external morphology and of the eventual nanoparticles 

attached to its external membrane (SEM); b) the cells ultrastructure as well as the presence, 

inside them, of internalized NPs (TEM). Finally, EDX microanalysis can be used to 

perform chemical analysis of the sample, which can confirm the localization of CNPs 

inside the cell (TEM) or on its surface (SEM).  
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1.6  Research Significance 

The main aim that has inspired this research is highlighting the new emerging hopes 

to use nanoceria (cerium oxide nanoparticles) to mitigate this serious health problem.  

 

1.6.1 Study Objectives 

The expected goal of this study is to characterize and evaluate the internalization 

and possible ultrastructural modifications of breast cancer cells (MCF-7) compared to 

healthy breast cells (MCF-12), exposed to CNPs using SEM and TEM imaging and 

concomitant EDX analysis. With this purpose, treatments have been carried out for the two 

cell lines, through culturing with three different concentrations, 75, 150, and 300 µg/mL of 

CNPs, followed by varying the incubation times for the 300 µg/mL group for periods of 1, 

3 and 7 days, where MCF-7 represents the experimental assay, while MCF-12 represents 

the control assay against which the experimental assay has been compared.  
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2 Chapter 2: Materials and Methods 

Materials 
	

2.1 Chemical Reagents  

Glutaraldehyde 25% solution (cat. no. 16210), osmium tetroxide 4% aqueous 

solution (cat. no. 19170), sodium cacodylate (cat. no. 12300), copper grid 200 and 300 

mesh (G200-CU) were purchased from Electron Microscopy Sciences (EMS). Dulbecco's 

Modified Eagle Medium (DMEM; Life Technologies, cat. no. 3000008086), DMEM/F12 

medium (ATCC, cat. no. 30-2006), Fetal Bovine Serum (FBS; Life Technologies, cat. no. 

10500064), Horse Serum (ATCC, cat. no. 30-2040), L-glutamine (Sigma Aldrich, cat. no. 

G3126), penicillin-streptomycin (Sigma Aldrich, cat. no. P4083), Hydrocortisone (Sigma 

Aldrich, cat. no. H0888), Human Insulin (Sigma Aldrich, cat. no. I9278), Human 

Epidermal Growth Factor (hEGF; Peprotech, cat. no. AF-100-15), Dulbecco's Phosphate 

Buffer Saline (D-PBS; Sigma Aldrich, cat. no. D8537), Tryple23	Express Enzyme 1x 

(Life Technologies, cat. no. 12604039), 0.4% trypan blue solution (Sigma Aldrich, cat. no. 

T8154), Sodium Hydroxide (Sigma Aldrich, cat. no. 30620-1KG-R), Epoxy resin 

Durcupan9: ACM (Sigma-Aldrich, cat. no. 44611 (component A), 44612 (component B), 

and 44613 (component C)), Hexamethyldicilazane (HDMS; Fluka analytical, cat. no. 

F2619), Colloidal silver liquid (Ted-Pella, cat. no. 16034). Ethanol and methanol alcohols 

were acquired from Fisher chemicals. 

In addition, all the instruments used in this study are summarized in details in Table 

1 in Appendix 1. 

 

 



	

	

36	

 

2.2 Cell Lines 

Two cell lines were used in this study: MCF-12A and MCF-7. MCF-12A is a healthy 

human female breast cell line, which was purchased from American Type Culture 

Collection (ATCC) (ATCC®	NO. CRL-1078269:).	This cell line is recommended by 

ATCC to be maintained in complete growth media that contain 1:1 mixture of DMEM and 

Ham's F-12 medium (DMEM/F-12), supplemented with 0.020 µg/mL EGF, 0.5 µg/mL 

hydrocortisone, 10 µg/mL insulin, 5% horse serum, 100 IU/mL penicillin and 100 µg/mL 

streptomycin, 2mM L-Glutamine. [87] MCF-7 is a human female adenocarcinoma cell line 

that was also obtained from ATCC (ATCC®	NO. HTB-229:). MCF-7 cells were cultured 

in DMEM growth medium, supplemented with 10% FBS, 100 IU/mL penicillin and 100 

µg/mL streptomycin, 2mM L-Glutamine. [88] 

 

Methods 
 

2.3 Cell Culture 

2.3.1 Thawing Frozen Cells 

A cryovial containing the frozen cells, MCF-12 or MCF-7 were retrieved from 

liquid nitrogen tank and immediately (2 to 3 minutes) thawed in a 37°C water bath. After 

centrifugation, both cell suspensions were gently transferred to a 25 cm2 culture flask 

(Corning, ca. no. 430641) with pre-warmed complete growth media and incubated at 37°C, 

5% CO2. Cell status was examined daily to ensure the optimum conditions of growth (free-
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contamination, pH) as well as confluency of cells. Lastly, cells were split each 2 to 3 days 

per week. 

2.3.2 Cell Cultivation and Seeding 

	
Breast cell lines were grown as monolayer on adherent culture plates at 

37°C, 5%	CO2 and were sub-cultured when reached 75-85% confluency. Briefly, the 

growth media, for both MCF-7 and MCF-12 cell lines, were discarded and the cells were 

washed with 1x Phosphate-Buffered Saline (PBS). After, cells were incubated with pre-

warmed Tryple Express at 37°C until cell detachment. Cells then were investigated under 

an inverted light microscope to ensure a proper detachment as cell in suspension appear 

rounded. A double volume of fresh complete growth media was added to inactivate the 

trypsinization activity and suspension was gently pipetted up and down to break up cell 

clumps. Next, the cell suspension was transferred into a 15 mL conical tube and centrifuged 

at 1000 rpm for 5 minutes. Lastly, the supernatant was discarded and the cell pellets were 

dissolved using fresh cell culture medium and incubated at 37°C, 5% CO2 for further 

experiments. 

MCF-12A and MCF-7 cells were counted using 0.4% trypan blue, a dye which 

selectively stains dead cells, while it is excluded by viable cells. 10 µL of the cell 

suspensions were mixed with 10 µL of 0.4% trypan blue, and the mixture was injected into 

a Bürker chamber (depth 0.1mm) and cells were counted inside 3 large squares under an 

inverted light microscope (Nikon, Eclipse TS100). The total cell number was obtained 

using the following formula: 
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Cell Density (cells/mL) = Average number of cells x 2 (dilution factor) x 104 

Note: the average number of cells is referred to 1mL of suspension 

Where cells were counted at the 9 squares of the trypan blue and then averaged by dividing 

by 9 to have the number of cell at each square.  

After that, 2 x 105 cells were cultured in 6 multiwell plates (Corning® CellBind, Cat. No. 

CLS  3335) for FACS-Propidium Iodide (PIs) viability test performed at 1 day and 3 days 

post NPs administration (Figure 9). Moreover, pre-coated Poly-L-Lysine round glass 

coverslips (12 mm-diameter) were placed in two 24 multiwell plates (Corning) and 4 x 104 

cells were seeded onto the coverslips for TEM and SEM experiments, at 1, 3, and 7 days 

of NPs exposure. In addition, 2x104 MCF-12A or MCF-7 were seeded in 12 multiwell 

plates (Corning® CellBind®, cat. no. CLS3336) for trypan blue viability experiments 

(Figure 10). Each well was filled with either 0.5 mL (24 multiwell plate) or 1 mL (12 

multiwell plates) or 2 mL (6 multiwell plates) of the indicated cell media and incubated at 

37 ◦C for 24 hours to allow cell attachment before adding CeO2 NPs. 

 

	
Figure 9. 6 well plate layouts for Propidium Iodide assay: cells were seeded with different concentrations of nanoceria 

(75, 150,300 µg/mL). Note: The diameter of each well is 34.8 mm 
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Figure 10.  TEM - SEM (left) and Trypan blue (right) multi-well plate layouts.  
Note: the TEM-SEM well plates contain coverslips, while for the trypan blue assay, cells were directly seeded onto the 

bottom of the wells. 
 

2.4 Cerium Oxide Nanoparticle Preparation  

Cerium Oxide nanopowder were prepared in our lab. It was synthesized by 

water/ethylene glycol-based precipitation. The surface of the CNPs was functionalized 

using MEEETES (6- {2-[2-(2-Methoxy-ethoxy)-ethoxy]-ethoxy}-hexyl) triethoxysilane, 

which is a hydrophilic molecule to allow CNPs dispersion in an aqueous medium. The 

nanoparticles were characterized, after the functionalization, using TEM, which showed 

semispherical and monodispersed NPs with a mean diameter of 7.4(±0.7) nm (data not 

shown). 

 

2.5 Exposing Cultured Cells to Cerium Oxide Nanoparticles 

CNPs were resuspended in sterile MilliQ water and sonicated for 45 minutes using 

a water bath ultrasonicator. After 24 hours from seeding, cells were taken out from the 

incubator and placed under the fume hood. Cells were exposed to 75, 150 and 300 µg/mL 



	

	

40	

of cerium oxide nanoparticles and incubated for 1 and 3 days for the PI assay, as illustrated 

in Figure 9.  

Moreover, viability of cells exposed to 300 µg/mL of CeO2 nanoparticles for 1,3, 

and 7 days was assessed by trypan blue assay, as shown in Figure 10. 

 
 
 
 

2.6 Cell Viability Assay 

For the assessment of the cellular viability, two assays were used to validate the data: 

propidium iodide viability assay and trypan blue assay. The two assays are based on the 

principle that viable cells with intact cell membrane exclude both dyes, whereas dead cells 

with damaged cytoplasmatic membrane permit the dyes to pass through and, as a result, 

dead cells appear colored. 

2.6.1 Fluorescence-Activated Cell Sorting (FACS) Analysis using 

Propidium Iodide (PI) Staining 

PI is a red fluorescent nuclear dye, which intercalates in the DNA double strands 

of dead cells; it has maximum fluorescence excitation wavelength at 493 nm and emits at 

a maximum wavelength of 617 nm.  

For viability assay, cells were cultured, as described in section 1.3.2, in 6 multiwell 

plates (34.8 mm well diameter). After completing the incubation time for 1 day and 3 days, 

cells were collected, as previously described, and resuspended in 500 µL of PBS into 5 mL 

polystyrene tubes and placed in ice. Data for unstained samples were acquired before 

adding 1µL/mL of PI solution to each sample, just prior to analysis by FACS CANTO II 
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flow cytometer (Becton Dickinson). PI was excited by 488nm laser light and detected with 

in the PE/Texas Red channel with a bandpass filter 610/10. The experiment was repeated 

two independent times in quadruplicate for both cell lines, and 105 events for each sample 

were acquired. Data were analyzed by FlowJo software. Subsequently, after background 

subtraction, the median fluorescence intensity (MFI) values for each sample was exported 

in an Excel file and mean and standard deviation finally calculated.  

For further assessment the viability of MCF-7 and MCF-12A were examined at a 

time point of 7 days to check the viability trend at a longer time where the same process 

described before was repeated with samples that were cultured and incubated for 7 days.   

 

2.6.2 Trypan Blue Assay 

Cell viability were evaluated, after CNPs exposure, using trypan blue exclusion 

assay to quantify viable and dead cells. In this assay, blue dye selectively penetrates and 

stains dead cells, which can be distinguished from live clear (unstained) cells under 

microscope (Figure 11B).  

After each time point (1, 3, and 7 days), samples in 12 multiwell plates were 

subjected to the following protocol. The medium of each well was transferred into 15-ml 

tubes and cells in the wells were washed with PBS, detached by Tryple, and resuspended 

by medium. All the solutions were harvested in 15-mL tubes per sample.  

Cell counts were performed, as detailed in 2.3.2 section, mixing 10 µL of 0.4% 

trypan with 10 µL	of cell suspension, followed by loading 10 µL of cell suspension/trypan 

blue mixture into a Bürker chamber.  In order to count cells, the slides were examined 

under microscope, and live and dead cells inside 9 squares within the gridded area were 
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counted, as shown in Figure 11. Each count was repeated in triplicate and each experiment 

was performed in duplicate. The total amounts of cells were handled using Microsoft Excel, 

where the data were normalized through determining the percentage of live cells as the 

ratio between the average of the live cell number in the sample (MS) and the average 

of the number of cells in the untreated control (M0): 

 % Live cells= Ms/ M0x 100 

	

Figure 11.  The components of the cell counting. A: Bürker counting chamber with 9 squares of 1 𝑚𝑚" each. B: 
Illustration of live and dead cells as seen under the microscope. 

	

2.7 Sample Preparation for transmission electron microscopy (TEM) 

analysis 

Biological samples need to be properly processed before being visualized by 

electron microscopy. In this experiment, samples have been prepared using a chemical 

fixation approach, as summarized in figure 12 and described in the following sections. 
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Figure 12.  TEM sample preparation steps. See text for the details. 

	

2.7.1 Chemical Fixation and Dehydration  

After seeding the cells on 13 mm glass coverslip in a 24-well plate for 24h, and 

exposing them to nanoceria for the specified time points (1 day, 3 days, and 7 days), 

samples were taken out of the incubator and processed for the TEM visualization. First the 

coverslips were transferred from the well plate into 35 mm glass petri-dishes, which were 

filled with 2% glutaraldehyde buffered with 0.1 M Cacodylate at pH 7.3, for 3 minutes at 

room temperature (RT) to replace the culture media, then incubated for another 25 minutes 

in the same fixative solution at RT. The main aim of this step was to fix the cellular 

proteins, where glutaraldehyde crosslink with protein building blocks, especially lysine. 

After the fixation, samples were washed three times with 0.1 M cacodylate buffer, each for 

5 minutes at RT, to adjust the osmolality and to prevent the cellular damage. The cells were 

then exposed to 1% osmium tetroxide in 0.1 M cacodylate buffer, an agent that fixes the 
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lipid part of the cell, also staining them and thus providing the contrast to the image for 

transmission electron microscopy imaging, for 25 minutes at RT, followed by three washes 

with distilled water each for 3 minutes, and the treatment with a second staining solution, 

for 20 minutes at RT. 

The dehydration of the specimens was then initiated through a graded series of 

ethanol (25%, 50%, 70%, 90%, 95%) each for five minutes at RT. After that, the samples 

were immersed two times with 100% ethanol, followed by another two immersions using 

propylene oxide, each for 10 minutes, to remove the residuals of the ethanol that was used 

for dehydrating the sample. 

	

2.7.2 Resin embedding 

After completing the dehydration process, the cell monolayers were infiltrated by 

an increasing concentration of Durcupan® ACM resin (25% resin + 75% Propylene Oxide; 

50% resin + 50% Propylene Oxide; 75% resin + 25% Propylene Oxide) each for 1 hour 

and a half in stirring conditions at RT, followed by immersing the sample with 100% resin 

for 24 hours. At the day after, the resin in the samples were replaced by a fresh 100% resin 

for 1 hour. Then, the glass coverslip, with the seeded cells, were transferred into a clean 

glass slide, and at the same time a plastic Eppendorf tube was filled with resin and flipped 

over the coverslip. The whole set was then transferred into an oven at 60 °C for 2 days. 

Lastly, the polymerized resin and cells were separated using a temperature shock through 

liquid N". 

 



	

	

45	

2.7.3 Sectioning 

The purpose of this step is to produce ultrathin sections of resin suitable for EM 

visualization. The process first involves the production of semi-thin sections, with a	

hickness of 400 nm, with the purpose of checking the condition of the cell, followed by the 

production of ultrathin sections, with thickness of 50-70 nm, for the TEM visualization. 

First in order to produce the semithin section, the polymerized resin was trimmed 

using a razor. The trimmed sample was loaded into the vertical stage of an ultramicrotome 

(Leica EM UC7), (figure 13A), and then in the pivoted support. At the meanwhile, a glass 

knife, which was prepared by a knife maker (Leica EM KMR3), was loaded into the 

horizontal stage of the ultramicrotome, (figure 13B). After that the thickness of sectioning 

was adjusted from the control panel to be 400 nm and the speed of sectioning was set to 3 

mm/s. Simultaneously, a glass slide was prepared by placing a drop of 10% ethanol. The 

desired sections, afterwards, were collected from the liquid boat and placed on top of the 

ethanol droplet. The glass slide then was heated to evaporate the ethanol droplet, and to 

allow the sections to be attached to the glass slide surface. Then, few drops of sodium 

metoxide were added to the surface holding the sections to dissolve the remaining resin, 

followed by staining the section using crystal violet and basic fucsin. Thereafter, the section 

was examined under the light microscope to check the health of cell and to localize points 

of interest for the thin sectioning. 

The same procedure described above was repeated to prepare ultrathin sections, 

with a further reduced resin surface, where a diamond knife was used instead of the glass 

knife. The sections thickness was first adjusted at 100 nm and, once the sections were 

produced, the thickness was gradually lowered to 90, 80, and lastly 70 nm or even less 
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according to the needs. Once a ribbon of silver to pale gold sections were produced, the 

ultramicrotome was stopped. The reflected color provides an indication of actual section 

thickness, where pale gold to silver correspond to a thickness of 50-70 nm respectively, as 

illustrated in figure 14A. 

 

 

	

Figure 13. Ultramicrotome components. Panel A shows the horizontal stage, where the glass knife is loaded. Panel B 
Shows the vertical stage, where the resin containing sample is loaded. 

	

	

2.7.4 Ultrathin sections mounting on TEM grids 

	
The desired ultrathin sections were then collected and carefully placed on a 300-

mesh copper grids, as shown in figure 14B, 14C, which was investigated under stereo 

microscope to ensure the sections proper attachment to the grid mesh. The grids were then 

let dry and lastly stored in a labeled grids box.	
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Figure 14.  Illustration of the process of sectioning and mounting on grids. Panel A shows the reflected color of thin  

sections as they appear under the microscope. Panel B reports the process of collecting the sections using a metal small 
loop. Panel C whows the process of transferring the sections onto the EM grid. 

	

	

	

2.7.5 Ultrathin Sections Staining 

Biological sample are composed of light elements e.g. C, N, H, O, which have low 

atomic number. Due to that, these elements exhibit low contrast if imaged by TEM. Hence, 

they require a staining with heavy metal in addition to osmium tetroxide such as lead citrate 

or uranyl acetate, if available. 

Lead citrate was used to stain the samples, as displayed in figure 15s. First, a stripe 

of parafilm was placed on a petri dish and a drop of lead citrate was placed on its top along 

with placing a pellet of NaOH to remove atmospheric humidity, as shown in figure 15A. 

Then the grid was placed on the top of the lead citrate droplet, with the side containing 
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sections exposed to the drop surface, followed by washing the grid in three pure water baths 

as shown in figure 15B. Finally, the grid was dried using filter paper and stored in the grid 

box. 

 

	
Figure 15.  Specimen contrast enhancement. A: specimen incubation with lead citrate droplet. B: grid washing with 

three water bath, 10 times each. 

	
	

2.8 Sample Preparation for Scanning Electron Microscope (SEM) 

	

2.8.1 Chemical Fixation and Drying  

The chemical fixation for SEM samples was similar to the process described in 

section 2.7.1. Cells were fixed with 2% glutaraldehyde in 0.1 M Cacodylate as a primary 

fixative and followed by 1% osmium tetroxide buffered with 0.1 M Cacodylate as a post 

fixative. Each fixation step lasts for 25 min at RT. Then, samples were dehydrated using 

agradient concentrations of ethanol (25%,40%,50%,60%,70%80%,90%,95%) for five 

minutes each, followed by the dehydration with absolute ethanol, 2 times 10 minutes each. 

After that, and in order to avoid air drying, samples were dried using HMDS. To do that, 

samples were immersed in a series of increasing HMDS concentration (25% HMDS + 75% 

absolute ethanol; 50% HMDS + 50% absolute ethanol; 75% HMDS + 25% absolute 
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ethanol). Finally, the samples were treated with 100% HMDS for 20 min, followed by a 

last treatment with fresh 100% HMDS for overnight drying to permit HMDS evaporation. 

  

 

	

2.8.2 Sputter Coating  

After drying, the coverslips were mounted on an aluminum stubs and glued using 

conductive silver paint, placed entirely throughout the edges of the coverslips. Finally, the 

stubs were coated with 25 nm of gold by a Cressington 208HR sputter coater, to make the 

samples electrically conductive. 

 

	

2.9 Imaging Analysis  

2.9.1 Transmission Electron Microscopy (TEM) with EDX Analysis   

For the TEM analysis FEI TECNAI SPIRIT TEM (FEI, Hillsboro, OR) was used, 

which was equipped with a LaB6 electron source, a 4kx4k FEI Eagle CCD Camera, an EDS 

Si(Li) detector, and operating at 120 kV. TEM images were acquired at different 

magnifications, followed by performing EDX chemical analysis at different sites of each 

sample to check the presence of the CNPs.  
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2.9.2 Scanning Electron Microscopy (SEM) with EDX Analysis 

Once ready, the MCF-7 and MCF-12 samples were imaged by SEM. The purpose 

of the SEM analysis was to examine the external morphology of the cells. SEM 

investigations were performed by a Zeiss Merlin microscope, equipped with a Schottky 

FEG, and an SDD EDS detector for the analysis of the specimen chemical composition. 

The SEM was first operated at an acceleration voltage at 10kV and a current of 135 pA. 

Then, numerous images were acquired for each sample at different magnifications, 

followed by running EDX chemical analysis on many regions of each sample, but using a 

beam current of 5.5 nA in order to increase the signal to noise ratio of the EDX analysis. 

 

Statistical Analysis: 

The results are presented as mean ± standard error. One-way analysis of variance 

(ANOVA) was performed to identify for differences among groups. A p-value <0.05 was 

considered significant. 
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3 Chapter 3: Results 

3.1 Ultrastructural Characterization of MCF-7 and MCF-12A  

MCF-12A and MCF-7 both cell morphology and ultrastructural organization were 

characterized by using SEM and TEM analyses. Electron micrographs from different fields 

and magnifications were acquired in order to perform a comprehensive topographical and 

morphological analysis. 

With regard to the SEM analysis, lower magnifications of MCF-12 highlighted cells 

with uniformed flattened shape, as seen in Figure 16-A and B. Conversely, MCF-7 showed 

different sizes and shapes, in fact they were elongated or cuboidal, (Figure 17-B and C) 

with a number of thin and thick filopodia, as indicated in the magnified image in Figure 

17-D. Moreover, MCF-7 exhibited more widespread microvilli on their membrane surface 

compared to the healthy cells (Figure 18-A and B). 

The ultrastructural characterization of both cell lines demonstrated that MCF-12A 

cells had both regular and irregular nuclear shapes, with shallow indentations in the nuclear 

surface or occasional nuclear invaginations, and usually contained 1 or 2 nucleoli. (Figure 

19-A). Their cytoplasm was characterized by abundant, electron dense and elongated 

mitochondria (Figure 20-A), typical of healthy cells, with clearly distinguished cristae, as 

well as sparse endoplasmic reticulum and normal Golgi apparatus with aligned stacks of 

flattened cisternae.  

 The morphology of MCF-7 at lower magnification is showed in Figure 19-B. Nuclei 

appeared more regular in shape than in MCF-12A, though sometimes nuclear invaginations 

were also observed in MCF-7 cells, but they appeared to be deeper into the nucleus and at 

lower frequency than for MCF-12A. One or two strongly electron dense nucleoli were also 
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present into the nuclei. Mitochondria in MCF7 exhibited partial or total cristolysis with 

cristae disarrangement (Figure 20-B). 

	
        Figure 16. Representative SEM micrographs of MCF-12 cells cultured on glass slides.  Topological 

features, at low magnification (A) and high magnification (B) 

	
	

	

Figure 17. Representative SEM images of MCF-7 cells. A and B: overviews illustrating different cell 
morphologies. C and D: MCF-7 showing cellular filopodia and microvilli	
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Figure 18.  SEM images showing microvilli formation on the external membrane of MCF-12 (A) and 

MCF-7 (B) cells 

	

	
Figure 19. TEM images of ultrathin sections showing the morphology of not treated MCF-12 (A) and MCF-
7 (B) cells. N: nucleus, PM: plasma membrane,  HC: hetrochromatine, NM: nuclear membrane, M: 
mitochondria, m: microvilli, LD: lipid droplets. Magnification in A: 1900X, in B: 1400X  



	

	

54	

	
Figure 20. TEM images showing mitochondria morphology in MCF-12 (A) and MCF-7 (B)  

	
	
	

3.2 Nanoceria effects on MCF-7 and MCF-12A at Various 

Concentrations and Exposure Times 

3.2.1 PI viability assay 

Because of the potential of Cerium Oxide to selectively act on healthy and cancer 

cells, MCF-12A (healthy) and MCF-7 (cancerous) cells were grown in the presence of 

different concentrations of CeO2 with a mean particle size of about 5-8 nm. These 

experiments have aimed at investigating the suitable CeO2 amount being able to promote 

MCF-7 cell death, without affecting, or limiting the effects on, MCF-12A cell viability.  

CeO2 MEEETES functionalized nanoparticles (hereafter referred to as CeO2 

nanoparticles) were dispersed by sonication in ultrapure deionized H2O and added to cell 

cultures at the following concentrations: 75 µg/mL, 150 µg/mL and 300 µg/mL.  
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Total cell death was evaluated after 1, 3 and 7 days of treatment by staining cells 

with Propidium Iodide and analyzed by flow cytometry, as extensively explained in the 

Materials and Methods section.  

Figure 21-B shows that, after 1 day of treatment, MCF-7 cell death increased in a 

dose-dependent manner, with the higher amount (300 µg/mL) inducing more pronounced 

effects on cells viability. Although a certain degree of cell death was also observed in MCF-

12A cells at 1day (Figure 21-A), this appeared not increasing with the CeO2 NPs, as the 

lower concentration (75 µg/mL) exhibited 2-fold increase in cell death compared to 

untreated control, while 150 and 300 μg/mL induced a smaller mortality (1.5-fold change) 

with no significant differences between them.  

Furthermore, the exposure of both cell lines to CeO2 NPs for 3 days resulted in a 

slight reduction of cell death compared to 1 day in both MCF-12A and MCF-7. However, 

after 3 days, similar trends were detectable and cancer cells still showed mortality to the 

higher NP dose with respect to the healthy counterpart (Figure 21-A and B). 

Based on the results of 1 and 3-days time points and in order to evaluate long-term 

effect on cell viability, propidium iodide assay was performed at 7 days from a single 300 

μg/mL CeO2 exposure. Interestingly, as showed in Figure 22-A, ceria toxic effects could 

be reverted in MCF-12A cells in the long run. In fact, CeO2 -treated MCF-12A mortality 

significantly decreased, while with MCF-7 cells the mortality remained elevated even after 

7 days from the initial stimulus (Figure 22-B). The dot plot diagrams (Figure 23) represent 

the distribution of live and dead cells in MCF-12 and MCF-7. 
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Figure 21. The histograms represent cell death in MCF-12A (A) and MCF-7 (B) treated with 
different concentrations of CeO2 for 1 and 3 days, as evaluated by Propidium Iodide staining. Results 
are presented as the median of 2 independent experiments repeated in quadruplicate and plotted as 
fold changes relatively to control (Ctr - untreated cells).  A.U.: arbitrary units *= p-value < 0.05   
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Figure 22.  Evaluation of cell death in MCF-12A (A) and MCF-7 (B) after 7 days from the initial treatment 
with 300 µg/mL of CeO2 NPs. Results are presented as the median of 2 independent experiments repeated in 
quadruplicate and plotted as fold changes relatively to control (Ctr - untreated cells).  A.U.: arbitrary units;  
*=p-value<0.05 
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Figure 23. Representative FACS dot plots that show Side Scatter (SSC) versus Forward Scatter (FSC) of live 
and dead cell distribution, where FSC is a measurement of the amount of the laser beam that passes around 
the cell and gives information regarding the size of the cell, while SSC is a measurement of amount pf the 
laser beam that bounces off of cells and gives information about the type of the cell (live or dead). MCF-12 
(A, B) and MCF-7 (C, D) were treated with 300 µg/mL of CNPs for 1, 3 and 7 days. The green color 
represents dead cells and the red color represents live cell. Ctr=control (untreated) cells 

	

 

 

 

 

 

 

 

 

MCF$12A(Ctr( MCF$12A(CeO2(300μg/mL(1d( MCF$12A(CeO2(300μg/mL(3d( MCF$12A(CeO2(300μg/mL(7d(

A B C D 

MCF$7((CeO2(300μg/mL(7d(MCF$7((CeO2(300μg/mL(3d(MCF$7((CeO2(300μg/mL(1d(MCF$7((Ctr(

E F G H 



	

	

59	

3.2.2 Trypan blue viability assay  

Since the effect of 300 μg/mL on cell death was consistent in cancerous cells, we 

also performed cell counts at this concentration after a single CeO2 exposure by trypan blue 

exclusion method. Accordingly, after 1 day of treatment, the highest CeO2 dose reduced 

the number of live cells, but at greater extent in MCF-7 if compared with MCF-12A (~20% 

vs ~65% of reduction, respectively) (Figure 24).  However, the relative percentage of MCF-

12A live cells appeared to be reduced at 3 days (~60±5.6 %), but increased again after 7 

days (86±14 %), with no significant difference with the control. On the contrary, MCF-7 

cells preserved a similar viability when exposed to the ceria for 1 and 3 days (38±11 %; 

49±16 %); in fact, ceria treatment for 3 and 7 days reduced the relative percentage of live 

cells of ~60% and 50% with no statistically relevant differences. (Figure 24). 

The viability of cells was tested using PI and then validated using similar 

parameters by trypan blue. For the cancer cell, the two tests attained similar trends of 

viability, whereas the incubation time is increased, the viability is decrease. The healthy 

cell, on the other hand, did not reserved similar effects to that was seen with the cancer cell 

at the various incubation time. 
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3.3 Cellular Uptake and Localization of Cerium Oxide Nanoparticles. 

In order to understand cell ability to uptake the nanoparticles, the samples were 

investigated by SEM and TEM. The recognition and validation of the CNP presence into 

the samples have been performed through X-ray analysis using an EDX detector mounted 

in both the instruments. SEM was used to study the distribution of the NPs over the samples 

outer membranes, while TEM was utilized to investigate the internalization process along 

with the localization of the nanoparticles in the cellular ultrastructure. 

3.3.1 Presence of CNPs on the cell surfaces 

SEM micrographs revealed the distribution of CNPs on the surface of MCF-12A at 

different incubations times (1, 3 and 7 days), as illustrated in Figure 25. The micrographs 
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Figure 24.Trypan blue assay to evaluate live cell number of MCF-12A and 
MCF-7 cells after 300 µg//mL CeO2 exposure for 1 and 3 and, and up to 7 days. 
Results are presented as the median of 2 independent experiments repeated in 
quadruplicate and plotted as percentage relatively to control (Ctr - untreated 
cells)   
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demonstrate the attachment of the CNPs to the cellular outer membrane, in form of clusters 

over and around the microvilli surface. In MCF-7, similar behavior was observed for all 

the time points, with some NP aggregates adsorbed on the cell membrane and wrapped by 

filopodia (Figure 26). Moreover, some NPs were also found near the cells. 

EDX spectra confirmed the presence of cerium (Ce) in the aggregates for both cell 

lines, as revealed by characteristic peaks of Ce located at 0.88 and 4.84 keV (Figure 27 and 

28 -A, B and C).  
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Figure 25. SEM micrographs of MCF-12A  treated for 1 day (A, B), 3 days (C , D) and 7 days (E,F) 
showing cerium oxide NP distribution. Scale bar in A,C,E 10 µm, in B,D,F 1 µm    
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Figure 26. SEM images showing cerium oxide NPs presence over the aouter membrane in MCF-7 
cells treated for 1 day (A, B), 3 days (C , D), and 7 days (E,F) with 300 µg/ /mL of CNPs . Scale 
bar length in A,C,E: 10µm, in B,D,F: 1µm 
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Figure 27.  SEM-EDX analysis for MCF-12A cells treated with nanoceria for 1 (A), 3 (B) and 7 (C) days 
with the respective spectra 1 day (a), 3 days (b) and 7 days (c).  Scale bar 500 nm 
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Figure 28. SEM-EDX analysis for MCF-7 cells treated with 300 µg/mL of nanoceria for 1 (A), 3 (B) and 7 
(C) days with the respective EDX spectra (1 day (a), 3 days (b) and 7 days (c)).  The inset in figure c shows 
the spectra acquired in the area delimited by the orange circle in figure C, where no Ce signal is detected. 
Scale bar length in A, B, C: 250 nm 
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3.3.2 The internalization and sub-cellular localization of CNPs 

TEM was performed to demonstrate cell ability to uptake nanoceria at different 

time points. Figure 29 shows the steps of one of the possible internalization process of 

nanoceria in MCF-12A, consisting in an initial phase of NP adhesion to the cellular 

microvilli (Figure 29-A) followed by the internalization of the NPs (Figure 29-B), through 

such microvilli. Similar behavior was also detected in some MCF-7 cells (data non shown). 

Once inside, cerium oxide NPs were enclosed in double membrane vesicles distributed all 

over the cellular cytoplasm, but especially around the nucleus in both cell lines, as shown 

in Figures 30. Based on the structural features, these vesicles were identified to be 

multivesicular bodies, multilamellar bodies, as well as lysosomes, in which the presence 

of Ceria was confirmed by EDX spectra (Figures 31 and 32).	

Ultrathin sections of CeO2-MCF-12A cells revealed no substantial differences in 

mitochondrion morphology throughout the culture time (Figure 31, A,B,C), with respect 

to untreated cells. Moreover, no alterations of other sub-cellular compartments were 

detected, while an evident increase of double membrane-autophagosomal structures and 

lysosomes containing CNPs was observed in the cytoplasm at 3 days. Analysis at 7 days 

showed that CeO2 NPs persisted inside cells into presumptive lysosomes, though NPs 

amount appeared reduced, most likely related to NP dilution during cell division and or 

removal after medium replacement. On the contrary, in MCF-7 treated cells, 

mitochondrion swelling and partial or total cristae disruption were observed (Figure 32, A, 

B, C) especially at 3 days of treatment, and after 7 days from initial exposure. Moreover, 

endoplasmic reticulum swelling was also evident (Figure 32-C). As in normal breast cells, 
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the cancerous cells display CNPs inside autophagosomes and lysosomes, thus indicating 

similar trafficking mechanisms for the two cell lines. 

 

	

Figure 29.	Represetnative TEM images showing CeO2 NPs (300 µg/mL) adhesion (A) and internalization 
(B) in MCF-12A, both treated for 1 day with 300 µg/mL of CNPs  

 

	

 
 

Figure 30. TEM images of ultrathin sections showing cerium oxide NPs localization in double-membrane 
vesicles (multilamellar and multi-vesicular bodies) and lysosomes. A, B: MCF-12A; C, D: MCF-7. 
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Figure 31. TEM and related EDX analysis of MCF-12A treated with 300 µg/mL CNPs for A: 1 day, B: 3 

days, and C: 7 days, Scale bars length: 500 nm. 
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Figure 32.  TEM and related EDX analysis of MCF-7 treated with 300 µg/mL of CNPs. A: 1 day, B: 3 

days, C: 7 days. Scale bars length: 500nm. 

 

 

 

 

Co
un

ts
'

keV'

A a 

Co
un

ts
'

keV'

B 

C 

Co
un

ts
'

keV'

b 

c 



	

	

70	

4 Chapter 4: Discussion 
Cerium oxide nanoparticles are currently investigated for several bio-medical 

applications as therapeutical agents, mainly due to their ability to confer protection from 

oxidative stress, without inducing relevant cytotoxic effects in in vivo and in vitro studies 

[56], [57], [58]. Nevertheless, recent evidence highlighted the selective role of these NPs 

on normal and diseased tissues/cells [47] , [63]. As an example, ceria NPs have been 

reported to induce pro-apoptotic responses in tumor cells indicating them as an anticancer 

drug, to be used alone or in combination with other treatments.  

4.1 MCF-12A and MCF-7 cells behavior and response to the nanoceria 

treatment   

In the present study, breast normal and cancer cells (MCF12-A and MCF-7) were 

used as an in vitro study model to investigate the potential dual CNP behavior after 1 and 

3 days of exposure and the long-term effects up to 7 days. The two cell lines chosen for the 

present work displayed different morphological and ultrastructural features, related to 

genetic alterations occurring during cancer development and progression, and they were 

analyzed by using TEM and SEM imaging techniques.  

The results obtained from the viability tests showed a dose-response relationship in 

MCF-7 cells administrated with increasing ceria concentrations, with higher cytotoxic 

effects on cell survival exerted by 300 µg/mL dose just after 1 day of treatment. This effect 

was preserved at 3 days and maintained in the long run, as demonstrated by the increase in 

cancerous cell mortality and the reduction in live cells demonstrated this tendency. These 

results identified 300 µg/mL as the most appropriate nanoceria dosage for inducing cancer 

cell death. 
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On the other hand, MCF-12A also displayed to be sensitive to 300 µg/mL CNP 

treatment, but cell viability was quite less affected it compared with that of MCF-7, as it 

was maintained over 80% at 1 and 7 days. The cell number decrease observed at 3 days in 

MCF-12A- treated cells did not correlate with an increase of dead cells when compared to 

1 day, as evidenced by propidium staining assay. This suggests a possible initial decreasing 

of the cell growth rate, which could be due to the high intracellular loading of NPs. 

However, this effect was observed to be, as ceria-treated MCF-12A viability was rescued 

after 7 days and mortality even decreased with respect to the untreated cells.  

These findings reveal that normal cells can tolerate high doses of NPs, which, on 

the contrary, exert noxious long-lasting effects on cancer cells, then strongly suggesting 

that ceria seems to differently act on these cellular models. Noteworthy, these effects were 

evident after a single initial administration, without the need for a continued supply. 

 

4.2 Internalization of CeO2 NPs and Ultrastructural Characterization 

of breast normal and tumor cells after treatments 

SEM analysis of normal and cancer cells revealed that clusters of NPs adhered and 

distributed over the outer plasma membrane, possibly through electrostatic interactions 

between cerium oxide NPs and the cellular membrane. It has been widely demonstrated 

that NPs dispersed in biological fluids tends to form aggregated due to the “protein corona” 

phenomenon [42], which dramatically influences the interactions between cells and NPs, 

and their consequent internalization. [89] In our case, TEM analysis demonstrated that both 

MCF-12A and MCF-7 were able to uptake CNPs. Different internalization processes have 

been described in literature, mainly caveolin- and clathrin- mediated endocytosis and 
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micropinocytosis. [90], [91], [92] Moreover, the endocytosis efficiency relies on the cell 

type, and on the physiochemical proprieties of the NPs, such as size, shape and surface 

charge. [93] 

Here, we observed an initial binding of NP clusters to the plasma membrane of 

microvilli, followed by the internalization into the cell. However, the simultaneous 

presence of alternative mechanisms cannot be excluded and more experiments are required 

to verify these possibilities.    

Furthermore, after 1 and 3 days of treatment, TEM imaging, showed that CNPs 

were found localized inside the cytoplasm, mainly around the nucleus, enclosed by 

different single or double membrane vesicles. Such vesicles included lysosomes and multi-

lamellar/multi-vesicular bodies, which represent different steps of the autophagic pathway. 

The presence of CNPs inside such vesicles leads to suppose that, after internalization, early 

endosomes containing CeO2 NPs matures and develops into late endosomes (also known 

as multi-vesicular bodies), that finally can fuse with lysosomes, where the lysosomal 

enzymes degrade the sequestered material. [94] No evidence of free floating nanoparticles 

was detectable. 

EDX microarrays was used to confirm the presence of CNPs inside cells, which can 

be identified by locating the peaks of cerium at the EDX spectrum. 

In agreement with that observed by the viability tests, from an ultrastructural point 

of view, the qualitative TEM analysis of cells treated with 300 µg/mL of CNP seemed to 

indicate a higher induced cellular damage for MCF-7 cells than MCF-12A cells. MCF-

12A, at different incubation times, roughly preserved similar ultrastructure and shape, then 

with limited structural damages, with respect to the ones of the untreated cells. On the other 
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hand, the most significant alteration observed by TEM in the MCF-7 ultrastructure was the 

mitochondrial swelling with partial or total cristae disruption. Mitochondrial structure is 

closely related to their function, which, in turn, is crucial for cell survival. [95] In addition, 

TEM images showed ultrastructural changes of Golgi apparatus in MCF-7, including 

cisternae enlargement, occasional vacuolization of endoplasmic reticulum, noticeable at 1 

and 3 days, and persisted up to 7 days (Figure 20-B). Such an evidence supports the 

hypothesis that CeO2 NPs may interfere with some crucial intracellular pathways involved 

in cellular metabolism and energy production, such oxidative phosphorylation taking place 

inside the mitochondria. 

All together, these results could be considered as a further step towards the 

understanding of the major toxic effects induced by CeO2 NPs in breast cancer cells, which 

results in lower viability observed in these cells when compared to healthy ones.   

In conclusion, in the present experimental work we compared the effects of CeO2 

NPs on breast normal and cancer cells showing that 300 µg/mL of CeO2 NPs resulted the 

dose able to trigger potential long-lasting toxic effects in breast cancer cells, without 

causing severe damage in normal cells, in terms of viability and ultrastructural changes. 

This study represents a preliminary study and further will be then needed to fully 

understand cell-NPs interactions. 
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5 CONCLUSION  
	

The main aim of this thesis was to determine the effect of cerium oxide 

nanoparticles on cancerous and healthy breast cells by using different doses and exposure 

times. High dosage of 300 µg/mL of nanoceria at a time point of 1 day was seen to cause 

significant toxicity toward the cancer cells, with less effects on the survival of the healthy 

cells. These effects were seen to be maintained at longer times of 3 days and up to, at least, 

7 days, as identified by the viability assays. Electron microscopes were used to confirm the 

internalization of nanoceria and to investigate the cellular ultrastructure at the higher 

nanoceria dose at different time points. TEM confirmed the ceria internalization and 

localization inside the cellular cytoplasm of both the cancer and normal cells. Moreover, 

EM analysis of the sample treated with 300 µg/mL at 1 day showed alterations of the 

ultrastructure of the cancer cells, while it substantially remained unaffected after the 

treatment in the healthy cells. 

This preliminary study illustrates the possibility of using ceria as potential 

therapeutic agents, which could be used alone, or in combination with other existing 

treatment options. Yet, more examinations are still required for confirming the nanoceria 

mechanism in cancer microenvironment. 
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Appendix 1 
Table 1 List of the major instruments used in this study 

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Device Model Manufacture 

Centrifuge 5804 R Eppendorf™ 

CO2 Incubator Heracell™ 150i ThermoFisher 
Scientific Co. 

Fluorescence-
activated cell 

sorting 
FACS 

BD FACSCanto 
II 

Becton, 
Dickinson 

and 
Company. 

Glass Knife 
maker EM KMR3 Leica 

Microsystem 
Inverted light 
Microscope Eclipse TS100 Nikon 

Light 
microscope 

S6D, DM 
2700M Leica 

Oven PRECISION ThermoFisher 
Scientific Co. 

Scanning 
Electron 

Microscope 
SEM 

Zeiss Merlin 
SEM Zeiss 

Sputter Coater CRESSINGTON 
208HR TED PELLA 

Stereo 
Microscope LeicaM50 Leica 

Transmission 
Electron 

Microscope 
TEM 

FEI TECNAI 
SPIRIT TEM FEI 

Ultramicrotome EM UC7 Leica 
Microsystem 

Ultrasonic Bath 5800 BRANSON 

Water Bath Isotemp™ 205 Fisher 
Scientific™ 


