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Abstract 

Title: Developing the Three Dimensional Tumor Model for Melanoma Drug Screening 

Author: Guochang Ye 

Advisor: Dr. Michael B. Fenn 

     Two-dimensional (2D) Tissue Culture Treated Plastic (TCTP) is widely used for 
cancer drug screening and has dominated the field for a long time. Compared with 
traditional two dimensional cell culture, a three dimensional tumor model may able 
to provide more reliable experimental results related to drug screening and 
discovery. With the development of nanoparticle chemotherapies, there is a need 
for ways to better investigate and characterize the effect of the 3D tumor 
environment. Cerium oxide nanoparticles, Nanoceria, is one of the potential 
solutions being explored for treating melanoma in the future in combination with 
conventional chemotherapies. This is attributed to its special dual functions: 
accumulating the radical oxygen species to help kill the melanoma cells in the 
acidic tumor microenvironment and acting as anti-angiogenic factor by modifying 
the tumor stromal components, while also providing oxidative protection to the 
surrounding tissue in the physiologically neutral pH microenvironment of normal 
tissues. 
 
     In this study, the effect of extracellular matrix (ECM) stiffness on melanoma 
cells is investigated using a new three dimensional collagen-based tumor model. 
Initially, cell morphology and proliferation are characterized with respect to the 
different matrices. Then, a proof-of-concept drug screening of nanoceria in 
combination with commonly used small molecule chemotherapy drugs are assessed 
in terms of cytotoxicity and cell death mechanism using the characterized 
substrates. Finally, the ability of nanoceria to induce differential expression of 
several key metastatic drivers in tumor cells is caused by pH driven redox surface 
chemistry known to cause mitochondrial stress. Lysyl oxidase, MMP9 and hypoxia 
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induce factor 1 alpha (HIF1α) expression, which are related to redox stress 
pathways and ECM remodeling, are investigated under tumor hypoxia-like 
conditions to demonstrate the importance of 3D tumor ECM models for developing 
a new nanoceria treatment for melanoma. The results show the biocompatibility 
and biomimetic properties of crosslinked, plastically compressed collagen gels 
(XPC) as models for melanoma tumors for in-vitro studies. Furthermore, the 
potential of nanoceria as an adjuvant chemotherapy for melanoma is demonstrated 
to show different efficacy on the collagen models compared to typical 2D TCTP 
culture. Finally, the expression of HIF-1α, MMP9 and lysyl oxidase are shown to 
be increasing with the increasing of oxidative stress, and provides a motivation for 
further studies of nanoceria using 3D models to develop a new effective treatment 
for melanoma. This research will help lead to a more broadly attention of 
application of this novel tumor model for further melanoma research, and can 
provide many clues to explain the mechanism of nanoceria with respect to the 
complex interplay of tumor hypoxia and the tumor ECM.  
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Chapter 1 

Introduction and Background 

Melanoma 
     The increasing number of cancer patients in our society requires improved ways 
of diagnosing and treating the disease. With this pressure, people’s lifestyles are 
changing in order to keep themselves away from many carcinogens. Cancer cells 
are defined as those growing uncontrolled and that can move to a stage that allows 
them to spread by a process called metastasis. Based on the science of 
histopathology, there are two general types of tumors, one benign tumors, grow 
locally without any invading behavior into the surrounding tissue; and malignant 
tumors, which have invasive properties and spawn metastases. Often, a malignant 
tumor can develop from a benign tumor. A patient with a benign tumor has a much 
higher survival rate under proper care and treatments before the tumor becomes a 
malignant tumor [1]. If the process of tumor metastases can be prevented, this will 
make for a very successful step in the fight against cancer.  
     Skin cancer is one of the most common kind of cancer, and it is shown that one 
fifth of Americans will have a high possibility to develop skin cancer in their lives 
[1]. In the world, the rate of patients with skin cancer is around 15 to 25 cases for 
every hundred thousand people [1]. There are three main kinds of skin cancer, 
including basal cell carcinoma, squamous cell carcinoma, and melanoma. The first 
two kinds of skin cancers are non-melanoma types. Basal cell carcinoma is the least 
risky types of skin cancer. That area of skin can be looked in a dome shape which 
may have blood vessels in it. It can be pink, brown or black. Although, less likely, 
the squamous cell carcinoma can spread to the tissue, bones and nearby lymph 
node, where it is difficult to be treated or cured. Melanoma is the deadliest, high 
risk type of skin cancer, developed from the pigment containing cells, melanocytes 
[83]. Melanoma is one of few cancers continuing to show increased incidence. In 



 

2 
 

2015, there was about 137,000 patients diagnosed with melanoma in United States. 
Among the patients with skin cancer, approximately 75% resulting in death are 
related to melanoma [29]. Therefore, more than 3 billion dollars is spent to treat 
melanoma each year in the United States [17].  
     Normally, patients need to spot the suspect location then talk to their doctor. 
Until that, the doctor will exam the location and make a recommend if a biopsy is 
needed. “ABCD Rule” is the common way to detect a spot. A for asymmetry: one 
half of mole does not look like the other half; B for border, is it the border of the 
mole blurred; C for color, is its color more than brown, and shows blue, red and 
black; D for diameter, is it a large mole and expanding? Most cases can be cured if 
it is detected before the cancer has migrated and invaded other organs. Among the 
chemotherapy and radiotherapy, surgically removing melanoma tumor is still 
golden rule to cure melanoma until the development to the stage IV [29]. With the 
undesirable side effect and shortness of conventional treatments to melanoma, the 
increasing development of nanomedicine may contribute and improve on 
conventional treatments. 
 

Stiffness of extracellular matrix and cancer invasion 

     Extracellular matrix (ECM) plays a crucial role in regulating cell proliferation, 
differentiation and behavior [18]. The ECM is composed of ground substance and 
extracellular fibers. Proteoglycans, glycoproteins, glycosaminoglycans, protein, 
ions and some other small molecules. The components and composition of ECM 
have a large variation due to the fact that ECM can affect growing cells and can be 
modified by the living cells [20, 21]. In the model of dynamic reciprocity, ECM 
can provide signal stimulation to maintain tissue integrity by transmembrane 
receptor and the cytoskeleton to the nuclear matrix and chromatin [90]. The main 
functions of the ECM are serving as physical support and facilitating cell signaling. 
Providing the physical support is a network of collagen (the main component of 
human skin) which can attribute to the mechanical properties of the ECM that 
regulates the cell attachment and movement [7, 20]. Facilitating cell signaling, the 
special microenvironment of ECM can serve as a storeroom for the signal 
molecules related to the cell metabolism. The ECM functions in tumorigenesis and 
metastasis, it can affect the cancer cell's migration, proliferation, and in developing 
drug resistance. The physicochemical complexity of the ECM, including 
mechanical properties, the composition and the structure, can be used for 
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determining the causative effects on cancer metastasis and progressing. The crucial 
role of ECM can be studied using JMN-1B (human malignant mesothelioma cells) 
seeded on three dimensional collagen (type I) and they have an effective expression 
of matrix metalloproteinases 2, membrane type I metalloproteinase, 
metalloproteinase inhibitor 2 more than seeding on a standard two dimensional 
model. Membrane type I metalloproteinase are essential for cancer invasion.  
     The influence of the ECM on the malignant transformation was first shown by 
Mina Bissell and Valerie Weaver. In their research, the reversion of the malignant 
phenotype of human breast cells is observed in a recently developed three 
dimensional tumor model. The ECM and its receptors are believed to dictate the 
phenotype of mammary epithelial cells. [91] It is well known that on tissue culture 
plastic, normal mammary epithelial cells fail to organize themselves [3]. Although, 
on three dimensional type I collagen gel, these cells were shown to behave more 
like the native in-vivo conditions of the tumor. This work provided great support 
for the use of three dimensional model system for cancer biology studies and drug 
screening is widely recognized as a crucial part [3, 6, 7, 28, 36, 37, 39, 87].  
     However, the components of ECM for cancer tissue have been continually 
studied. The effect of ECM on melanoma is not well understood. The physical 
properties of the ECM, with mechanotransduction being the foundations of biology 
in the fields of embryogenesis, wound healing, fibrosis, angiogenesis and 
vascularization, and tumor development and cancer biology. Mesenchymal stem 
cells express genetic markers and are shown to differentiate to neuronal cells on 
soft matrix, but expressed genetic markers of osteoblasts when grown on 
chemically crosslinked substrate [92]. EMC is still a niche area of study [19], 
especially in the field of cancer metastasis related to the mechanical property of 
ECM. Integrins allow for mechanotransduction when cancer cells sense and 
respond to the mechanical information from the ECM. The stiffness of the matrix is 
able to drive malignant behavior via clustering integrins [23, 24, 25, 40]. The 
clustering of integrins can activate extracellular signal–regulated kinases, increase 
the contractility and focal adhesions of cancer cells in order to promote the 
invasion. Integrins are membrane spanning proteins, composed of two subunits that 
can bind and recognize some specific amino acid sequences in ECM. With the 
participation of integrins, the stimulation from the surrounding ECM can be sensed 
and sent to the cell via the integrins to the actin fibers and finally to the nucleus in 
order to regulate gene expression and activate various signaling pathways (e.g., 
ERK/MEK/FAK) related to cells migration, proliferation, and differentiation. In 



 

4 
 

particular, the integrins can sense and transmit force, via mechanotransduction, 
then activate actin fiber rearrangement to allow the cells to sense their surrounding 
environment and therefore the cells can react to changes in the environment both 
intracellularly as well as through extracellular matrix remodeling. This allows the 
cells to adapt tandem with other cells and prepare a conducive microenvironment to 
the function of the tissue type. When this process out of regulating, such as in 
cancer, the cancer cells along with other stromal cells (e.g., fibroblast) work 
together to reshape the ECM into an increasingly tumor conducive environment via 
a dynamic and reciprocal process [33, 41, 45, 68]. Tumor cells release the 
transforming growth factor β1 to induce oxidative stress dependent myofibroblasts 
with high expression of α smooth muscle actin. Then activated myofibroblasts 
release the pro-invasive signal to induce cancer cells begin to proliferate at higher 
rates and steer towards metastasis [44, 46]. As the malignant cells break through 
the vascular walls, they can then be disseminated via the circulatory system to 
distal organs, resulting in metastatic sites. Tumor cells of specific origin are known 
to demonstrate ‘organotropism’ in which the cancer cells spread to organs 
preferentially. Metastatic melanomas found in the brain, liver and lungs and are 
often fatal. It is believed that the ECM property at the primary tumor site may play 
a role in guiding cancer cells to develop to the certain types of metastasis. 
     Cancer cells on the ECM can sense and react to mechanical cues in the 
microenvironment [10, 34, 35]. In the field of studying cancer cell migration and 
metastases, focal adhesion kinase (FAK) and matrix metalloproteinases(MMPs) are 
potential therapeutic targets for curing melanoma and breast cancer. In the study of 
MCF-10A (the invasive human breast cancer cells), FAK may participate in the 
actomyosin contractility attributing to cancer invasion [3]. Focal adhesion kinase is 
found to be highly expressed in many types of cancers, playing a crucial role to 
transmit the stimulation to promote integrin attachment to the extracellular matrix, 
and the stimulation from the extracellular matrix [4]. During this signal transaction, 
focal adhesion kinase acts as a signal junction during the cell migration. For tumor 
cells, migration with high permeability may point to cell metastasis [30, 32, 33, 
34].  
     The ability of invasion through the boundaries of nearby tissue is a critical 
feature of tumor metastasis. For assisting cancers cell migration, it comes to the 
matrix metalloproteinases (MMP), a group of proteins which have zinc within the 
molecule and are responsible for degradation of ECM to help the cell in moving 
through the matrix with a high degree of freedom [22]. MMP can break down 
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certain types of collagen, fibronectin and other proteins in the ECM. For gaining 
efficient cell migration, cells have to coordinate between the attachment and 
detachment on the ECM, which depends on their mechanism of migration (e.g., 
mesenchymal vs. amoeboid). After the activation of integrins, phosphorylation 
FAK, the activated form of FAK, binds to Src protein and from the adhesion 
associated complex in order to promote cancer cell survival and migration. MMPs 
are for breaking down the ECM for cell invasion. In different types of cancer or in 
different stage of cancers, the expression of FAK and the secretion of MMP can 
provide information about the cell migration state at the molecular level. The 
special role of MMP in cancer metastasis makes MMP a potential target for 
treatment. Inhibitors of MMP have been developed and are a potential therapeutic 
drugs for preventing metastasis of some cancers [93, 94]. However, successful drug 
performance has been intermediate due to inability of conventional two 
dimensional tumor models to provide the complexities of the ECM and tumor 
microenvironment. In cancer research, the cell migration state is important and may 
influence the drug screen results. Generating a matrix tumor models for a drug 
screening platform of the future, expressions of FAK and MMP are the parameters 
key to assess if the matrix can stimulate the seeded cancers cells to behave in a 
more aggressive metastatic-like behavior as in the native in-vivo conditions. [22, 
30,40] 

Hypoxia and metastasis 

     Tumors are dynamic complex systems. At the beginning, simple diffusion of 
oxygen and nutrient can satisfy the need for growing. With increasing tumor 
volume, simple diffusion cannot meet its cellular needs. Tumor cells have to create 
a transport path and reprogram themselves to adapt to this strict environment. On 
one side, malignant tumor can release vascular endothelial growth factor to 
stimulate a new vessel formation, tumor neovascularization, to achieve the 
transport function for the growth of tumor [95]. The normal vasculature is well 
organized, evenly distributed among the tissues and has regular solid vessel wall 
support with the pericytes. The tumor vasculature is disorganized with unregulated 
vessel diameter [76, 77]. This is described as fenestration. Due to a lack of 
pericytes and rapid, irregular formation, the vessel wall is leaky and easily 
penetrated. The appearance of the leaky vasculature, is regulated by signals such as 
tumor-released vascular endothelial growth factor, and provides the perfect path for 
migration of tumor cells. Their growth and metastasis are supported by vasculature, 
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which can provide oxygen, nutrients, promoting factors, and can transport the 
metabolic waste out of the tumor, as well as provide pathways for metastatic 
escape. On the other side, tumor cells reprogram themselves at the gene expression 
level to adapt to this harsh environment. Simple diffusion cannot reach deep inside 
the tumor. Insufficient oxygen and high demand of energy, tumor calls obtain a 
large amount of ATP from glycolysis. Lactic acid, as the byproduct, cause an acidic 
environment and contributes cell death [72]. With cell death, reactive oxygen 
species are released to the tumor ECM and increases oxidative stress. For adapting 
to the low pH, hypoxia and oxidative stress surrounding, hypoxia-inducible factor 
1(HIF-1) plays an important role to regulate the gene expression [74, 75, 85].  
     While simple diffusion can satisfy the need of small tumor. For a larger tumor, 
the area inside can be divided into four zones: Proliferative zone, necrotic zone, 
invasive and metastatic zone and immunoinvasive zone [2]. In each zone, the 
environment is not the same. The proliferative zone, normally located on the 
surface of tumor, is the area where tumor cells proliferate quickly because of 
sufficient oxygen and nutrients. The necrotic zone is the area with insufficient 
oxygen or nutrients to support tumor cell proliferate. Without vascularization to 
this area, the amount of oxygen cannot satisfy the need, this causes a hypoxic 
condition. With insufficient oxygen and high demand of energy, tumor cells will 
obtain the ATP from high rate of glycolysis and leave the byproduct, lactic acid. 
The releasing of lactic acid from the tumor cells contributes to lower pH. This is 
called the Warburg Effect [72]. Furthermore, carbon dioxide, which cannot be 
transported out of the tumor through the vascular system, dissolves into the 
interstitial fluid and further causes an acidic environment. Lacking of nutrients 
causes death of tumor cells at the necrotic zone. The invasive & metastatic zone 
and immunoinvasive zone will be formed with the formation of vasculatures or the 
generation of vasculatures insider the tumor. In the immunoinvasive zone, immune 
cells are attracted by the secretion of chemokines and the expression of adhesive 
molecules on the vascular endothelium, and promoting invasion into the tumor. 
This phenomenon forebodes the existence of vasculature inside the tumor. The 
vasculature not only can support the growth of tumor cells, but also provides an 
access for migration of tumor cells. In the invasive and metastatic zone, the 
metastatic tumor cells try to penetrate to the vasculature and migrate within the 
circulatory system after gaining mobility. Hence the tumor structure and oxygen 
gradient, chemical component distribution are interacting with each other [2]. 
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     Physically, healthy cells cannot continue to proliferate due to inhibition by the 
surrounding tissue and restriction of nutrition delivery. Cancer cells can ignore all 
of this and can grow and proliferate without any control. The morphology of the 
cancer cell is shown more round and compact and is observed at the light 
microscope level and can be described as a cluster of transformed cells growing 
among in a monolayer of normal cells. Inside the cancer cell, the energy 
metabolism can be transferred from aerobic state to anaerobic state, it means, 
during the cell respiration of normal cells, glucose is broken down into pyruvate in 
the process of glycolysis, then pyruvate is used in the citric acid cycle to generate 
large amount of ATP and carbon dioxide; but in the cancer cell, the pyruvate 
molecules may not break down completely instead transferring to lactate, through 
the mitochondria in the cancer cell [71, 72,73]. Due to the accumulation of lactate 
and poor vascular support inside the tumor, cancer cells are living in an acidic and 
hypoxic environment, compared with normal cells [2]. The cellular pH gradient is 
reduced in tumor tissue compared to the surrounding healthy cells, and this 
difference can provide an exploitable way for the drug development [96]. The basis 
of the work in this thesis is based on how the hypoxic environment influences 
melanoma cells interaction with the ECM and how using 3D cell culture models 
these environmental conditions can be taken advantage of for potential treatments  
     In glycolysis, pyruvate kinase catalyzes the conversion of phosphoenolpyruvate 
(PEP) to pyruvate, and this enzyme has two isoforms (M1 and M2). The M1 
isoform is normally found in the adult tissue, the M2 isoform, which can lead the 
pyruvate to the conversion of lactate instead of being decomposed in citric acid 
cycle in mitochondria, and is expressed especially in the early state of the 
development of embryo and in cancer cells. If M2 isoform is inhibited, the growth 
of cancer cells will slow down [69, 70, 71]. From this evidence, it not hard to 
believe that the cancer cells actively avoid mitochondria to process the pyruvate 
metabolism. The hypoxic physiologic state may support cancer growth and 
proliferation. Additional, the reactive oxygen species can damage the DNA 
molecular and increase the mutation rate of gene in the cancer cells. With the 
mutation, the benign tumor can easily gain the ability to invade and metastasis like 
malignant cancer. Based on all these clues, it is possible to conclude that cancer 
cells have their own method to help themselves to adapt this low pH and hypoxic 
surrounding. Demonstrating these conditions in-vitro using 3D models we hope to 
be able to better develop a revolutionary strategy for treating melanoma. 
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     In the hypoxic condition, cancer cells are able to reprogram their metabolism to 
a suitable mode for surviving. Hypoxia-inducible factor, as known as HIF, is 
considered as the main innate regulator for adaptation of cells to hypoxia. They are 
two kinds of HIF (HIF-1, HIF-2). The studies on the function of HIF-2 is not 
mature yet [65]. For the HIF-1, the studies show us a fact that it has essential role 
on participating the mediation of cancer cell survival, metabolism and metastasis. 
With the degree of hypoxia increasing, the HIF-1 transcription factors are induced, 
HIF-1 is expressed. The imbalance of HIF-1 expression may cause tumor 
expansion and progression towards the malignant form [9], and induce cancer cells 
to produce transforming growth factor Beta1 (TGFβ1) to induce formation of 
myofibroblastic cells [44]. And much worse is that the myofibroblastic cells can 
strengthen the invasive ability of tumor cells (Paracrine Mechanisms).  In mouse 
embryonic fibroblast(MEFs), HIF-1 can target the gene of macrophage migration 
inhibitory factor to delay the onset of senescence which is believed as an essential 
role to suppress tumor progression [9]. Furthermore, when the cells of the skin are 
exposed to oxidative stress which is caused by the exposure of UV and able to 
cause the malignant transformation of melanocytes by modulating DNA 
methylation [97], MITF (microphthalmia-associated transcription factor) can 
induce the expression of HIF-1 by binding to HIF-1 promoter active the HIF-
dependent prosurvival pathways of melanocytes. These not only can explain why 
the skin is the most resistant to oxidative stress, but also can reflect some clues that 
HIF-1 is playing an important role in maintain metabolism for the expansion and 
progression of cancer. From now, inside the tumor, the high oxidative stress, which 
induced by the hypoxic surrounding, can induce MITF to activate HIF-1 expression 
in order to prevent the cell senescence and active the prosurvival pathways. It may 
answer the question that why in the deepest part of tumor, the tumor cells are still 
struggling to adapt to live within barely oxygen and high oxidative stress. 
However, the death of tumor cells caused in the necrotic core are common [9, 84, 
85, 86, 89]. 
    The tissue oxygenation plays a critical role in regulation of gene involved in 
cancer cells survival and metastasis. The metastasis of cancer is a complex process 
of gaining an invasive phenotype to spread to the nearby tissue. However, a 
hypoxic condition is toxic to either healthy cells or cancer cells. Cancer cells have 
the unique adapting mechanism to survive. This extremely condition can promote 
the additional mutation of cancer cells leading to cells adaption. Furthermore, 
tumor neovascularization can be activated in hypoxic condition by inducing pro-
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angiogenic factors. This provides tumor cells directly with a path to access to blood 
vessels, facilitating to the invasion of tumor cells. Epithelial-mesenchymal 
transition (EMT) is a changing in phenotype of epithelial cells that detaching from 
the original site and gaining mobility [98]. The stiffness of matrix drive cancer cells 
metastasis relying on mechanotransduction pathway [99]. When observing the 
morphology of cancer cells, the mesenchymal phenotype is always indicating the 
mesenchymal migration and the invasion pattern. Hypoxia is also involved in the 
EMT process via downregulation of E-cadherin, up-regulating the gene related to 
the expression of MMP-2, which is responding to degrade the ECM in order to 
promote the metastasis, especially decomposing the major structural component of 
basement membranes, the type IV collagen [32]. For promoting the tumor cells 
survival, the expression of alpha 5 integrin, which is involved angiogenesis and 
fibronectin adhesion, can mediated survival signals without any adhesion to the 
ECM, is up-regulated via HIF-1 in the hypoxic condition [64, 65, 67, 68]. In terms 
melanoma, HIF-1 becomes a recognized biomarker relating to the metastasis of 
varied metastatic melanoma. It can up-regulate a group of target genes which is 
involved in the cell invasion of uveal melanoma. However, the effect of hypoxia 
and HIF to metastasis of melanoma is recognized [45, 100, 101]. The mechanism 
of HIF-1 and MMP remodeling activity is not well studies yet. 
     Furthermore, the expression of lysyl oxidase (LOX) is elevated in the hypoxic 
human tumor cells during the procession of human breast tumor metastasis [45]. 
LOX is a secreted enzyme which able to crosslink the collagen fibers to increase 
the stiffness of ECM. With the increasing the stiffness of ECM, the integrins, as 
mechanotransductor, can sense the changing of mechanical property then promote 
the cancer migration and up-regulating the survival. At the same time, MMPs 
breakdown the protein network of the ECM to allow the cancer cells to move 
through the matrix. In the hypoxic condition, HIF-1 can induce the expression of 
LOX by up-regulation at the message RNA level in the breast cancer cells [45]. 
LOX, a copper-dependent secretion-type enzyme, plays a crucial role in developing 
the invasive phenotype of pro-hypoxic human cancer cells. Scientists have used 
BAPN as a specific and irreversible inhibitor of LOX to treat lung cancer and liver 
cancer modulated mice [65]. After this treatment, there is not any metastases in the 
mice` liver or lung. In the hypoxic condition, matrix metalloproteinases (MMP) and 
fibronectin, which both are known signs of cancer metastasis, can be measured as 
highly expressed. The up-regulation of fibronectin can be induced by the LOX 
dependent activation of FAK [66]. The induction of increased MMP activity in 
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cancer cells is also a result of the HIF-1 regulatory pathways observed in the 
hypoxic condition. In tandem with LOX activity, increased MMP activity is a 
response to the hypoxic environment via HIF1 regulation and therefore both are 
utilized in the processes of cancer progression and metastasis. With the up-
regulation of LOX, the malignant cancer cells acquire of motility and produce a 
large amount of fibronectin in order to promote cell migration. The 
phosphorylation of FAK is activated with the expression of LOX, then cause 
fibronectin activation indirectly. At the same time, the large production of MMP-2 
promotes the cancer cell adhesion.  
     Based on this data, and the role of HIF1 and MMP activity in metastatic matrix 
remodeling, we speculate that LOX plays a role in hypoxia mediated invasion that 
works in tandem with MMP-2. This work will investigate the nature of the 
relationship of LOX and MMP-2 activity under HIF1 regulated hypoxic conditions 
of melanoma cells using collagen-based ECM models. Therefore, we suppose that 
if the expression of LOX is inhibited in the hypoxic situation, the tumor cell will 
not behave as aggressively, and the mobility of cancer cells will decrease. We 
further hypothesize that the matrix properties, such as stiffness, can further regulate 
the reciprocal activity of LOX and MMP-2 under hypoxic conditions, and thus 
stiffer matrices under hypoxic conditions will drive more rapid remodeling. 
However, these signaling pathways of mediation in melanoma is still remain 
unclear. 

Cerium oxide nanoparticle 

     Radiotherapy, chemotherapy and traditional surgery are the main treatments for 
skin cancer. Removing cancer tissue by surgery is the golden standard for treatment 
of benign tumor. However, surgery methods are less effective than the 
chemotherapy treatments when facing a malignant melanoma. According to the 
American Cancer Society (ACS), melanoma has been divided into several stages 
[29]. Stage 0 melanoma is referred to as melanoma in situ, meaning that the 
abnormal melanocytes in the body may develop into the cancerous condition. In the 
stages IA and IB, the earlier stages of melanoma, the cancer cells have not gained 
the high mobility to invade and spread. The five-year survival rate is between 70%-
90% at this stage. In stage II, melanoma cells have developed to become ulcerated, 
but have not spread to the lymph nodes or the lymphatic vessels across the nearby 
tissues. Patients in this stage are with 50%-80% of five-year survival rates. In stage 
III, melanomas spread locally from the location where they started and invade into 
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the vital organs. In the stage III, there are three substages (IIIA, IIIB and IIIC) 
[102]. In the stage IIIA, the melanoma cells have spread to 1 to 3 lymph nodes. The 
lymph nodes are enlarged in the stage IIIB and IIIC. More lymph nodes will spread 
by melanoma cells in the stage IIIC. The five-year survival rate of these stage is 
68%, 43% and 24% with the melanoma developing [62]. The survival rate for a 
patient with stage IV melanoma between 15%-20%, and the cancer cell may invade 
into the around tissue and migrate to another new home, such as brain and lung. 
The spreading of this stage is far more beyond the original area. This is the latest 
stage of melanoma [62, 63, 102]. For the malignant melanoma, as the most 
aggressive type of skin cancer, has doubled the case by twice every 10-20 years [1]. 
However, during the stage that melanoma tissues have not spread to nearby tissue 
or invaded so far to reach the vital organs, surgical treatment can lead to high 
survival rates. The prognosis of advanced melanoma is hard to reach 5 years for 
patients. At advanced stage of melanoma, the cancer has already spread and 
invaded, preventing cell migrating or invading may be crucial for prolonging 
patients` life span.  
     Chemotherapy for treating the melanoma has been used, but with little success. 
Many types of chemotherapy have been used for treating melanoma, such as 
Temozolomide, Doxorubicin and Dacarbazine [59, 60, 105]. Varied effect is also 
following with them. Melanoma immunotherapies is becoming popular and has a 
high value for developing individualized therapeutic management [103, 104]. 
Costly treatment agents and special individualized patient management can 
contribute to a high price of immunotherapies. Immunotherapies are relative 
expensive and also have a certain limitation which only work typically for some 
specific kind of melanoma with specific markers only. In some case, the melanoma 
patients have the antigen expressed which is suitable for accepting 
immunotherapies, otherwise there is not much that can be done after surgery for 
metastatic disease. Due to the low efficiency of using conventional chemotherapy 
and limitations of immunotherapies at treating metastatic melanoma, melanoma in 
the late stage is so deadly. All of these make the improving of the efficacy of 
conventional therapies become so important, such as combination of Dox and the 
nanoceria. Theoretically, the nanoceria can induce death of the tumor cells in the 
hypoxic tumor environment with low dose of chemotherapy agent. It also 
contributes for reducing the undesirable side effect caused by chemotherapy drug 
[44, 46, 47]. The nanoceria can protect normal cells from oxidative stress caused by 
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the systemic toxicity of chemotherapy drug as well as the potential combination of 
Radiation therapy with conventional chemotherapy. 
     One such chemotherapy, Doxorubicin (Dox) can interact with DNA molecular 
of tumor cells via intercalation and inhibition of topoisomerase II [60, 61]. The 
topoisomerase II plays an important role in relaxing supercoils in DNA. When 
topoisomerase II is inhibited, the transcription of tumor DNA molecular is ceased. 
Doxorubicin also can react to the DNA molecule during the DNA replication 
processing in order to stop the tumor cells from proliferating. With the intercalation 
effect of doxorubicin, cancer cells will active the DNA damage response and then 
active the apoptosis processing. This mechanism of drug effect related to directly 
interrupt the tumor DNA function, makes doxorubicin have been applied for 
different kinds of cancer, including breast cancer, lung cancer and melanoma. This 
unspecific targeting mechanism also contribute to its cytotoxicity of doxorubicin, 
including cardiomyopathy and fatal typhlitis [61]. In the advanced stage of 
melanoma, the cancer cells have developed with the extremely resistance to 
chemotherapy via releasing TGFβ1 to recruit the fibroblasts to protect melanoma 
cells from the cytotoxicity caused by doxorubicin [8, 27, 31, 48]. With similar drug 
mechanism targeting to DNA molecular to trigger the death of cancer cells, 
temozolomide (TMZ), an oral chemotherapy drug, can add a methyl group or alkyl 
group to DNA which is normally happens at the N-7 or O-6 position of guanine 
residues of DNA in the cancer cells. The efficiency of temozolomide is depended 
on if the tumor cell can synthesize O6-alkylguanine DNA alkyltransferase which 
can remove the addition alkylate group on O6 position of DNA [56, 57, 58]. When 
providing for the side-effects of temozolomide, bone marrow suppression is the 
common side-effects, otherwise nausea and vomiting is the common non-
hematological side-effects. These two chemotherapy both have their own limitation 
on applying and considerable side-effective to the patients [56, 59].  
     With the limitation and the undesirable side-effects of chemotherapy, 
nanotechnology can service as supplementation therapy methods to support the 
classical anti-cancer strategies to cure melanoma. With the tiny diameter, 
nanoparticle have highly reactive surface that makes it interesting. The surface 
energy of nanoparticle is higher than the single molecular of bulk material. And the 
characteristics of nanoparticles can be affected and modified within a tiny 
changing. Hence nanoparticle have the huge potential to innovative engineered 
with a wider range of application, such as nanomedicine. [51, 52, 53] 
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     The targeting strategies of nanomedicine has been divided into two main group, 
one is activated targeting, and the other one is passive targeting. For the activated 
targeting, nanoparticles act as nanocarrier. The tumor targeting antibodies and 
ligands are attached with nanoparticle, to promote a high efficient bond to the 
specific cancer cells. This is contributed with the high reactivity and large surface 
area which can provide new strategies for drug delivery. It will reduce the damage 
to the surrounding healthy tissue. The passive targeting is that the nanoparticle can 
pass the leaky vessels around the tumor and enter into the tumor, the other step is 
the nanoparticles are retained inside the tumor and the tumor targeting ligand 
begins to bind to the surface of cancer cells, since the tumor has a poor vascular 
system. The phenomena are what we call enhanced permeability and retention 
effect (EPR) [51]. In Deboshri Banerjee and Shiladitya Sengupta`s research [54, 
55], the conjugation with chemotherapeutic and nanoparticles and small angiogenic 
molecule inhibitors make this nanomedicine more efficient than the classical 
chemotherapy by prolonging the staying time of drug insider the tumor [51, 52]. 
Due to the high reactive surface, the dispersion stability property and 
physicochemical characteristic of nanoparticle can be easily influenced by a small 
changing of environment. Nanoparticle may aggregate together due the positive 
and negative surface charge of each nanoparticle [51]. However, there is no 
absolute ideal size of nanoparticles that are better than others, it is all relative 
depended on the application. In some cases, the large diameter of nanoparticle, 
between around 100 nm, may cause body inflammation and conjugate together in 
the blood before being transported to the tumor tissue. It will bring to the failure of 
nanomedicine [50, 51]. By optimizing the diameter of nanoparticle, basing on the 
needs of application, can reduce body inflammation and cytotoxicity. For example, 
nanoceria oxide nanoparticles(CNPs) are found to toxic to U937 (the human 
monocytic cell line) when the diameter is out of the range between 7 to 94 nm [43]. 
For downscaling the particles size, the nanoparticles may not be recognized by 
immune system so that the nanoparticles are accumulated into the body which will 
cause the uncertain problem. Additionally, small size nanoparticles can easily 
across the brain-blood barrier and cause unknown effect to the brain function. 
These uncertainty function of nanomedicine is a major concern [5], such as 
cytotoxicity. However, these bring to a doubt that the nanoparticle-base 
chemotherapy is more powerful than the traditional chemical drugs. With enough 
researches related to the nanomedicine are done in the future, the nanoparticles will 
become a practical way for curing cancers. 
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     In this research, biological function of nanoceria will be examined. Cerium, as a 
rare-earth element, has been engineered to nanoparticle format, cerium oxide 
nanoparticles(CNPs), can switch oxidation states between III and IV depending 
upon the pH of environment [44, 47, 49]. These reversible chemical properties are 
due to the valence structure of cerium atom which is combined with inherent defect 
in the crystal lattice structure. 

 
Figure A. The dual-function of nanoceria. Increasing oxidative stress in acidic environment, decreasing 
oxidative stress in neutral environment. From: Michael Fenn. "Nanoceria Adjuvant Chemotherapy for 
Treatment of Advanced Metastatic Melanoma." 2016. 
 

     In the physiological condition(pH=7.4), Figure A, the ratio of Ce3+/Ce4+ is 
higher than in the acidic environment. CNPs act as antioxidants, similar to Vitamin 
C, preventing the accumulation of reactive oxygen species (ROS) among the cells, 
and as an oxygen buffer that can reduce oxygen in the hypoxic condition. [43, 44] 
This radical scavenging effect can reduce the amount of radical in order to protect 
the tissue DNA molecule from radiation damaging. The unique oxygen buffer 
capacity of CNPs will cause the oxygen modulation in the ECM and stabilize the 
HIF-1α in order to induce the angiogenesis when the tissue is in the high oxygen 
deficient environment [12, 16, 38].  
     Due to the poor vascular system inside the tumor, the environment is hypoxic 
and acidic, compared with normal tissue. In the acid environment (pH ≤ 6), the 
ratio of Ce3+/Ce4+ will decrease, and Ce4+ will largely exist in the substrate. 
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CNPs can bring pro-oxidant activity and increase oxidative stress to induce 
apoptosis of cancer cells, as well as inhibiting the pro-invasive signaling from 
tumor stromal cells which is believed to provide the necessary assistance for the 
tumor metastasis. Additionally, CNPs attenuate the function of oxygen buffer 
capacity and inhibit the pro-angiogenesis in order to prevent the further invasion of 
cancer cells. In the tumor, this abnormal angiogenesis can contribute to cancer cells 
growth, survival rate and metastasis processing. The mechanism of this inhibition 
can be described as CNPs may modulate angiogenic signaling downstream of 
vascular endothelial growth factor, including the inhibition of MMP2 activity. 
However, CNPs may not directly inhibit the expression of vascular endothelial 
growth factor to inhibit the pro-angiogenesis [15].  
     For being as a nanomedicine, these reversible function of CNPs, depending on 
the environment pH, can kill the cancer cell and protect the healthy tissue. In the 
normal tissue, the pH is close to neutral, and CNPs work as antioxidant dose which 
can reduce oxidative stress and protect the DNA molecule. This research will focus 
on the novel CNPs coated with Dextran, an FDA approved carbohydrate which is 
commonly used as a pharmaceutical excipient. The dextran coating can avoid 
nanoparticle conjugating to themselves. This formulation of CNPs, dextran coated 
nanoceria (NC-Dex) has improved stability and longer systemic circulation time, 
comparing to the CNPs. NC-Dex will act as the chemotherapy adjuvant with the 
conventional chemotherapy agent for curing melanoma, including doxorubicin and 
temozolomide [13,14,46]. When the body uptakes these drug, NC-Dex will 
preferentially home inside the tumor caused by EPR effect (Passive Targeting) with 
its nanoparticle size, impair the cancer cells with its ability of increasing oxidative 
stress and inhibit the pro-angiogenesis in the acidic environment. The anti-tumor 
activity of doxorubicin can be described as causing DNA damages, inducing 
apoptosis via cell-cycle arresting and creating reactive oxygen species via a redox 
cycling process. In the physiological environment of nearby healthy tissue, NC-
Dex can become as antioxidant to eliminate the undesirable toxic effect caused by 
the doxorubicin in order to attenuate the side-effect of conventional chemotherapy. 
In the area of normal tissue with high oxygen deficiency, the providing of oxygen 
buffer capacity from NC-Dex can induce the pro-angiogenesis to improve the tissue 
oxygen distribution [44]. However, the side-effect of doxorubicin is also 
considerable, including hair loss, heart hurt and myelosuppression. To prevent from 
generating ROS in the normal tissue and largely reduce the side-effect caused by 
doxorubicin, NC-Dex can be applied to protect the health tissue via its antioxidant 
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property in the physiological pH and also can cause the cancer cell apoptosis by 
generating ROS. By combination with NC-Dex and doxorubicin, it can reduce the 
side-effect and lead a sizeable tumor cell death [13, 46].  

Research Goal 

     Conventionally the drug screen is performed on the simple tissue culture treated 
plastic culture plate, as a two dimensional model, which may not be sufficient to 
provide an accurate assessment of the drug function due to the lack of supporting 
ECM. Since the cancer cells on two dimensional models are shown to be more 
sensitive than the cells living in the native physical condition. The three 
dimensional model applied to drug screening deserves further consideration. It is 
becoming more popular to move to a two dimensional model in the melanoma drug 
screening field. As the main component of human skin, type I Collagen has been 
used for generating the, three dimensional collagen matrix for the melanoma 
studies in this work. In this work, a new three dimensional tumor matrix, which has 
a stiffer property than the normal collagen gel, will be generated. By comparing 
different types of matrix with different mechanical properties, the most suitable 
matrix for melanoma tumor modeling for a specific cancer cell should be derived. 
Tumor cells that can form solid tumors in the body may grow better on stiffer 
matrix, and therefore the cells should behave more aggressively. The degree of 
aggressiveness of melanoma cells can be assessed from the morphology, mobility 
and the effect to healthy human tissue. The following aims will provide the basis 
for assessing the effect of the matrix properties on melanoma cell’s metastatic 
phenotype and drug treatment efficacy: 
 
Aim 1: Investigating the effect of stiffness of collagen matrix to melanoma cell 
proliferation and morphology. Search for a suitable collagen matrix for generating a 
better three-dimensional tumor model, which can be able to serve as a more 
accurate drug screening platform. Investigate cell proliferation and growth behavior 
via cell morphology, mobility and the tumorigenic behavior in presence of healthy 
human tissue-derived cells (the human umbilical vascular endothelial cells). 
  
Hypothesis: A stiffer matrix will cause the cells to proliferate at a higher rate and 
express a phenotype characteristic of more metastatic behavior. After compressing 
the collagen gel, the mechanical property has been modified and becomes stiffer, 
which may provide an ideal microenvironment for cancer cell to develop. The 
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genipin crosslinking technique is another way to remodel the soft collagen gel to a 
stiffer matrix. By combining these methods to generate a new collagen matrix, it 
may produce a new platform for generating the tumor model, which is able to 
perform drug screening at the three-dimensional scale. Integrins can sense the 
stiffness of matrix then promote the melanoma cell migration and survival. A375 
cells may proliferate more rapidly on stiffer matrix, and thus the cells should 
behave more aggressive on crosslinking compressing collagen matrix, which will 
be reflected by a more mesenchymal-like morphology. 
 

1. Generate crosslinked, plastically compressed collagen.  
2. Investigate biocompatible characteristics of this new matrix. A375 cells are 

seeded on four different collagen matrix (collagen gel, compressed collagen 
gel, crosslinking collagen gel and crosslinking compressed collagen gel), 
and cell viability results will be collected in the certainly period of time. 

3. Actin will be stained with Alexa488-Phalloidin, which can provide 
morphology information to delineate the shape of the cell, and the DAPI 
will show the nucleus shape of the cancer cells. 

4. A375 cells will have pFAK staining performed, as the expression of pFAK 
can be used to assess the adhesion and migratory potential of the cells. 

5. Co-culture the A375 cells with the human umbilical vascular endothelial 
cells (HUVEC), and staining procedure will be applied to assess the 
morphology of each cells. This can lead to clues about how the A375 cells 
affect the growth of HUVEC in order to assess the degree of malignancy of 
A375 cells. 

 
     Based on the previous results, the softest collagen matrix and the stiffest matrix 
will be selected for melanoma drug screening. The tissue treated culture plastic 
plate will serve as a control group with the conventional two dimensional model. 
For melanoma drugs screening, dextran coated nano-cerium oxide particles, 
doxorubicin (Dox) and temozolomide (TMZ) will be applied to the cells alone and 
in combination. The result of this study will show the differential effects on the 
melanoma cells on a 2D plastic substrate compared to treatment on the different 
collagen matrices.  
 
Aim 2: Investigating difference of the drug resistance of melanoma on Gel and 
TCTP, and exploring the chemotherapy adjuvant function of nanoceria to 
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melanoma on Gel, XPC and TCTP. Assess the effect of dextran coated nanoceria 
particles, which improve treatment efficacy of doxorubicin or temozolomide in 
terms of cytotoxicity, apoptosis and cell viability for A375 and VMM-1 cells.  
 
Hypothesis: Melanoma cells in a three dimensional tumor model have high 
resistance to the treatment, and nanoceria shows potential as the chemotherapy 
adjuvant for improving the efficiency of chemotherapy agent. Gel, as a three 
dimensional matrix, can provide physical support and facilitate into the cell signal. 
Melanoma cells growing on the Gel can develop with a higher resistance to the 
melanoma drug. Nanoceria particles can induce oxidative stress in a low pH to 
cause cell apoptosis and attenuate cell viability. This should increase the effects of 
oxidative stress by a switch in surface oxidation state allowing for radical oxygen 
species (ROS) to be produced in the presence of hydronium ions (acid), these ROS 
molecules work synergistically with the chemo drugs to cause the cells to become 
more susceptible to apoptotic cell death caused by the drugs, as the ROS will 
overload the mitochondria and produce other negative side effects via highly 
reactive oxygen side reactions propagating uncontrolled (e.g. DNA disruption). It 
will show no cytotoxicity increment when this drug is applied with the doxorubicin, 
but increase the cell apoptotic effect and decrease the cell viability. Nanoceria will 
influence the efficacy of conventional small molecule chemotherapeutics (Dox or 
TMZ) in a differential manner dependent upon the cell-seeded substrate. 
 

1) After 72-hour period of treatment, NC-Dex (100 uM), Dox (2 uM), NC-Dex 
(100 uM) +Dox (2 uM), VMM-1 cell viability will be measured with 
AlamarBlue assay. 

2) The effect of treatments to A375 cells, cell apoptosis, cytotoxicity and cell 
viability will be assessed via ApoTox-Glo Triplex Assay. 

 
     Three dimensional tumor models can mimic the physiological condition better 
than the traditional culture platform, so that cancer cells may more aggressive and 
cancer cells on the three dimensional tumor model shows more resistant to the 
cancer drug than on the TCTP. The drug screening on this tumor model can 
produce accurate and reliable result. As a nanomedicine, the reversible function of 
NC-Dex, depending on the environment pH, can kill the melanoma cell and protect 
the healthy tissue. At this section of research, some clues which is related the 
principle of the effect of CNP will be investigated. And some information about 
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how ROS can affect VMM-1 protein expression can be obtained for better 
understanding the effect of mechanism of nanoceria to melanoma cells in a hypoxic 
condition. Normal hypoxic condition is created in an expensive hypoxia chamber. 
In this chapter, low cost hydrogen peroxide will substitute the costly hypoxia 
chamber to create a hypoxic condition on a prior collagen matrix as a tumor model 
[74, 75]. This trial may also provide a chance to explore the method for generating 
a hypoxic tumor model for supporting the drug screening. The confidence is 
coming for the induction that hydrogen peroxide may able to induce HIF-1α in 
order to create the hypoxic condition. And HIF-1α is broadly accepted as the key 
protein as the dominator to regulate the survival of cancer cells in the hypoxic 
condition. The expression of HIF-1α can affect the protein expression related to the 
melanoma migration and metastasis. 
 
Aim 3: Investigating the expression of HIF-1α on melanoma with the induction of 
oxidative stress, and exploring the expression of LOXL2 and selected ECM 
proteins regulated by HIF-1α under oxidative stress. Proof of the induction of HIF-
1α with hydrogen peroxide and finding an optimal induction time. Since HIF-1α is 
a regulator of LOX family. LOXL2`s expression and secretion status is assessed 
within the certain condition that HIF-1α can be expression under the incubation of 
hydrogen peroxide. Investigating the modification to the expression of some 
selected proteins, which related to the extracellular matrix and mobility of 
melanoma cells, with the HIF-1α regulation. All of these selected proteins are on 
the list of popular treatment targets of melanoma drug.  
 
Hypothesis: Oxidative stress induces HIF-1α; LOXL2 is largely released to ECM 
with the regulation of HIF-1α. The modifications to the expression of selected 
ECM proteins are obvious under oxidative stress. Hydrogen peroxide can induce 
the expression of HIF-1α by activating the reduced oxidative stress sensor protein, 
NFkB. Cytotoxicity of hydrogen peroxide with long incubation time causes cell 
death. Hydrogen peroxide can induce HIF-1α, the expression of LOXL2 will 
increase and this enzyme will be largely release so that the western blot of cell 
lysate will show a strong signal and no signal after that time point. It may cause by 
largely target protein releasing out from the cells. And LOXL2 may improve the 
cell migration after it has been released into the extracellular matrix. HIF-1α 
expression may also affect other certain proteins related to the extracellular matrix 
and mobility of melanoma cells.  
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1. 50uM hydrogen peroxide will be added into the serum free media to culture 

the cell for 0, 3, 6, 9, 12 hours. Cell lysate will be collected for western blot. 
The expression of HIF-1α will be shown on blot membrane in the different 
incubation time. 

2. 50uM hydrogen peroxide will be added into the serum free media to culture 
the cell for 0, 3, 6, 9, 12 hours. Cell lysate will be collected for fluorescent 
western blot. The expression of LOXL2 will be shown on blot membrane in 
the different incubation time, and the release time point will be inducted.  

3. LOXL2 conditional media will be used for cell migration assay on transwell 
plate. The growth media and 50uM hydrogen peroxide media will be used 
as control group. One is the negative control and the other is the positive 
control. 

4. 50uM hydrogen peroxide will be added into the serum free media to culture 
the cell on collagen gel and plastic plate, for 0, 3, 6, 9, 12 hours. Cell lysate 
will be collected for western blot. The expression of couple proteins (HIF-
1α, MMP2, MMP9 and N-cadherin) will be shown on blot membrane in the 
different incubation time.  
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Chapter 2 

Materials and Experiment Protocols 

 

Type I collagen matrix preparation: 

     In this experiment, four kinds of collagen based matrix are investigated [78, 79, 
88] and compared with TCTP.  
 
Collagen Gel: 

1. 200 ul type I collagen solution (Collagen:10*PBS=1:8, adding 0.1 NaOH to 
adjust pH to 7) is cast in the 48 well sterile cell culture plastic plate. 

2. Incubate under a humid environment for 1 hour. The matrix is ready to be 
used. 

Compress Collagen 
1. 700 ul type I collagen solution (Collagen:10*PBS=1:8, adding 0.1 NaOH to 

adjust pH to 7) is cast in the cone model. 
2. Incubate in a humid environment for 1 hour.  
3. Use tweezers remove the gel from the model gently.  
4. Assemble the compression sandwich. Put a metal mesh as a base, and lay a 

paper for absorbing extracted solution from the collagen gel. And put a 
piece flexible nylon mesh on it.  

5. Put the collagen gel on the nylon mesh, use tweezers to let the get stand up, 
and cover it with another nylon mesh.  

6. Cover the nylon mesh with paper, then lay a 10-gram weight on it for 3 
minutes.  

7. Remove the upper nylon mesh and use tweezers transfer the compressed 
collagen to deionized water. The collagen gel become a collagen shield after 
the compression.  
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8. Cut the compress collagen in a proper size fit a 48 well plate.  
Crosslinking Collagen Gel: 

1. Wash the rubber ring with deionized water 
2. Use super glue to fix the rubber ring on a slide of glass and wait for 5 

minutes to let to glue dry.  
3. 200 ul type I collagen solution (Collagen:10*PBS=1:8, adding 0.1 NaOH to 

adjust pH to 7) is cast in the rubber ring. 
4. Incubate in a humid environment for 1 hour. 
5. Add 1.5 ml genipin solution into each well of 24 well plate 
6. Use tweezers to remove the whole rubber ring, and press the edge of the 

ring gently, the collagen gel will detach from the ring and drop into genipin 
solution. One sample per well. 

7. Use parafilm to sealed the 24 well plate and store the whole plate for 72 
hours.  

8. Before seeding the cell, the matrix will be sterile in 70% ethanol for 1 min 
and washed with sterile PBS three times. 

Crosslinking Compress Collagen: 
1. 700 ul type I collagen solution (Collagen:10*PBS=1:8, adding 0.1 NaOH to 

adjust pH to 7) is cast in the cone mold. 
2. Incubate in a humid environment for 1 hour.  
3. Use tweezers remove the gel from the model gently.  
4. Assemble the compress sandwich. Put a metal mesh as a base, and lay a 

paper for absorbing extract solution which lead from the collagen gel. And 
put a piece flexible nylon mesh on it.  

5. Put the collagen gel on the nylon mesh, use tweezers to let the get stand up, 
and cover it with another nylon mesh.  

6. Cover the nylon mesh with paper, then lay 10-gram weight on it for 3 
minutes.  

7. Remove the upper nylon mesh and use tweezers transfer the compressed 
collagen to deionized water. The collagen gel become a collagen shield after 
the compression.  

8. Cut the compress collagen in a proper size which can fit for a 48 well plate.  
9. Use tweezers to transfer each compressed collagen shield into each well of 

24 well plate which has already contain 1.5 ml genipin solution. 
10. Use paraffin wax to sealed the 24 well plate and store the whole plate for 72 

hours.  
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11. Before seeding the cell, the matrix will be sterile in 70% ethanol for 1 min 
and washed with sterile PBS three times. 

pHEME coating: 
1. Prior to the cell seeding, the XPC wells are treated with pHEMA coating to 

avoid cell attach to the well bottom.  
2. Dissolve 1% pHEME into pure ethanol and sonicate at 37 °C until pHEME 

fully dissolve.  
3. Add 150 ul pHEME working solution into each well and air dry the plate 

into the bio-hood.  
4. After drying, open the cap of plate and treat with UV light for 1 hour inside 

the bio-hood to avoid any contamination.  
 
Prior to the cell seeding, the substrate wells are treated with pHEMA coating to 
avoid cell attach to the well bottom. Dissolve 1% pHEME into pure ethanol and 
sonicate at 37 °C until pHEME fully dissolve. Add 300 ul pHEME working 
solution into each well and air dry the plate into the bio-hood. After drying, open 
the cap of plate and treat with UV light for 1 hour inside the bio-hood to avoid any 
contamination. Then this pHEME treated culture plate can be used and start with 
casting the collagen gel. After the collagen gel done, transfer the rest of collagen 
substrate into this plate when the collagen substrates have been proceeding with a 
full sterile process. cells will be seeded in each matrix, and TCTP is control. The 
seeding density is 10000 cells per cm2. The cell viability will be measured via 
AlamarBlue.  
 

AlamarBlue cell viability Assay 

     Plasma membrane integrity, DNA related activities, enzyme activity and 
synthesis of ATP can be used as the indicators of cell viability and cell death. MTT 
is a usual way to monitor the cell viability. In the MTT assay, Tetrazolium dye 
reduction is dependent on NAD(P)H-dependent oxidoreductase enzymes. 
NAD(P)H-dependent cellular oxidoreductase enzymes, in the cytosolic 
compartment of the live cell, are able to reduce MTT 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide to its insoluble formazan, which is purple color 
and can be measure the absorbing signal. Under that statement, that cells with a low 
metabolism are only able to reduce a little MTT is reasonable. With this comparing, 
rapidly dividing cells or healthy cells are capable to turn into a high rate of MTT 
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reduction. Since the reduction of MTT is dependent on NAD(P)H-dependent 
oxidoreductase enzymes in the cytosolic compartment of the life cell, this assay can 
alter or affect metabolic activity. In other word, MTT has an amount of 
cytotoxicity. For long term experiment, using MTT assay to monitor cell viability 
is not that reliable or accurate. Additionally, MTT reagent is not steady under the 
exposure of the light so that some of the experiment steps should be done in the 
dark conditions. This increases the probability on an inaccurate experiment result.  
     Recently, AlamarBlue is popular due to its non-toxic property which can be 
used for a longer experiment term. It can be used for long term cell proliferation 
which is MTT cannot support. Resazurin, the active ingredient of AlamarBlue 
assay, is non-toxic, and can be reduced to resorufin with strong fluorescent after 
penetrating into the live cell. After incubating with the live cells, the color of 
solution is transferred from blue to red, from weak fluorescent to strong 
fluorescent. It is suitable for most cell types and easy to perform. The most 
attraction is its high sensitivity which is believed can detect as few as 50 cells. 
Upon that, AlamarBlue assay is believed to lead to the reliable results [81, 82].  
 

1. Add 10% volume of AlamarBlue® reagent directly to the growth media to 
earn working solution 

2. Add 300 ul working solution in each well gently in 48 well plate 
3. Incubate the 48 well plate for 2 hours at 37 °C in a cell culture incubator, 

protected from direct light.  
4. After the incubation, using pipette to transfer the solution of each well in 48 

well plate to 96 well plate, each well in 96 well plate can obtain 100 ul 
solution. Three wells on 96 well plate will on behalf of one well on 48 well 
plate. 

5. Record results on 96 well plate via using the fluorescence plate reader: Read 
fluorescence using a fluorescence excitation wavelength of 540–570 nm 
(peak excitation is 570 nm). Read fluorescence emission at 580–610 nm 
(peak emission is 585 nm).  

6. Add fresh growth media in each well in 48 well plate and incubate at 37 °C 
for next time point`s experiment.  

 
     In the AlamarBlue assay, a standard curve is necessary. For obtaining a standard 
curve, different seeding concentration is applied and cultured for 4 hours at 37 °C. 
After incubation, collecting the signal of fluorescence for building a linear standard 



 

25 
 

curve related the signal value to the cell seeding density. Until that, an equation can 
be found and can be used for calculate the cell number of each well. All this steps is 
assuming that the seeded cells in each well are not going to divide in this 4-hour 
incubation period. During each signal reading in multi-point time, the peak 
excitation is consistently set at 570 nm, and the peak emission is set at 585nm. All 
the result of cell viability will turn into the number of cells on the chart. By 
comparing the result of different groups or different time point, the reaction of cells 
to these four kinds of collagen based matrix can be obsessed. If the number of cells 
is going up, that may lead to the fact that this kind of collage matrix is more 
suitable and ideal for this kind of cancer cell growing. Basing this result of cell 
viability in different time points, the ideal collagen matrix can be chosen for the 
carrier as the tumor model which can be applied for an advanced cancer drug 
screening. 
 

1. Cell growth standard curve on 48 well plate 
2. Warm up a tube of sterile trypsin and fresh growth media in water bath in 

37 °C 
3. Transfer a flask of cells from an incubator to bio-hood platform  
4. Use sterile pipette to discard the old media in the 75 cm2 flask  
5. Wash the cell with warmed 1X PBS to remove dead cells 
6. Add 3 ml trypsin into the flask and incubate at 37 C 
7. Incubate the flash until the cells are turning into round shape, then applied a 

gently shake on the flash 
8. Add 3 ml warmed growth media to stop the trypsin`s digestion 
9. Use pipette to transfer the whole solution from the flash to 15 ml centrifuge 

tube 
10. Centrifuge the cells at 125g for 3 minutes 
11. Discard the supernatant 
12. Add warmed fresh media into the centrifuge tube to mix the cells 
13. After the mixing, collect the solution and process the cell counting. Trypan-

Blue is used to distinguish the dead cell. 
14. After the certain dilution with the warmed fresher media, seeding cell on 48 

well plate. It has eight groups with different seeding density, 100000, 
50000, 25000, 12500, 6250, 3125, 1562.5 cells per cm2. Last group is blank 
fresh media without any seeding as the control group. Each group has five 
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replicates. After the seeding, the total volume of each well is 300ul. 
Incubating the plate at 37 °C for 4 hours. 

15. After 4 hours, discarding the old media, and adding 300 ul AlamarBlue 
working solution (10% AlamarBlue stock solution in growth media) to each 
well. Incubating at 37 °C for 2 hours.  

16. After the incubation, using pipette to transfer the solution of each well in 48 
well plate to 96 well plate, each well in 96 well plate can obtain 100 ul 
solution. Three wells on 96 well plate will on behalf of one well on 48 well 
plate. 

17. After the transferring, read the fluorescent signal on 96 well plate, and 
processing the data for obtaining a linear equation related the signal and cell 
seeding density. The number of seeded cell can be calculated by multiply 
the seeding density with the growing area of the well. 

Cell staining Assay  

Alex488-Phalloidin: 
     Phalloidin, found in poisoned mushroom, can bind to filamentous actin (F-actin) 
that lead to prevent the depolymerization of actin fibers to kill the live cell. It can 
be labeled with fluorescent signal which can lead to effectively improve the quality 
of the cell imaging under the fluorescent microscopy. Compared with some normal 
antibody, Phalloidin has smaller size, it still cannot permeate cell membranes 
effectively which makes them useless with living cells without any modification. 
Due to the ability to be attached with fluorescent labels and its highly selective 
binding to filamentous actin, Phalloidin can be applied for cells staining to 
visualize the arrangement of F-actin, assess the actin distribution as well as cell 
motility. 
 
DAPI: 
    DAPI (4',6-diamidino-2-phenylindole) is a fluorescent stain which was found in 
1971 for curing trypanosomiasis. During the biological research, DAPI is 
commonly used for nuclear staining for both the live cell and dead cell by binding 
to A-T rich regions of DNA. For live cells staining, the concentration of DAPI 
should be higher than the concentration for staining fixed cells. The reason is DAPI 
cannot effectively pass the cell membrane in the live cells. In this experiment, 
DAPI is applied to stain the cell nuclear in the fixed cells. The information it 
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provides can be used for cell counting, cell distinguish and assess the apoptosis of 
the cells. 
 
Fixative media: 3.7% formaldehyde dissolved in based media (without any serum). 
Discard the remaining after using.  Fixative media can stop any biochemical 
reactions inside the cell in order to preserve the shape of treated tissues for the 
staining process. 
 
Permeabilization solution: 0.2% Triton X-100 in PBS. Sonicate the solution for 30 
minutes before using. The permeabilization solution can largely open the channel 
on the membrane of the cell and allow Phalloidin and DAPI entry into the cell 
effectively. By this way, it can improve the quality of the imaging and boost the 
fluorescent signal. 
 
Blocking Buffer: Mix 1% bovine serum albumin and 0.05% Triton X-100 in PBS. 
By blocking some non-specific site, it can avoid staining dye`s non-specific 
binding for improving the quality of the imaging and largely reduce the background 
on the imagine. 
 
Washing buffer: 1X PBS 

1. In 48 well, for A375 cells (the human skin malignant melanoma), take out 
the culture plate from the incubator, using pipette to discard the old media 
gently in the well, adding 500 ul fixative media into each well to fix the cell 
for 15 min at 37 °C. 

2. Discard the fixative media and wash with 1X PBS three times. 
3. Discard the wash buffer and add 500 ul Permeabilization solution into each 

well for 15 min. 
4. Discard the Permeabilization solution and wash with 1X PBS three times 
5. Prepare Alex488-Phalloidin working solution, add the stock solution of 

Phalloidin into 1X PBS in the ration of 1:25. (wrap with Aluminum foil to 
avoid the light). 

6. Prepare DAPI working solution, add 3 ul stock DAPI into 30 ml 1X PBS, 
(wrap with Aluminum foil to avoid the light). 

7. Add Alex488-Phalloidin working solution for 20 min at 37 °C. 
8. Add 200 ul Alex488-Phalloidin working solution in each well and 

incubated at room temperature for 25 minutes in the dark place. 
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9. Remove the Alex488-Phalloidin working solution and wash with 1X PBS 
three times. 

10. Add 500 ul DAPI working solution in each well and incubated at room 
temperature for 5 minutes in the dark place. Wash with 1X PBS three times, 
and observe the sample under the fluorescent microscopy.  

 
     A375 cells is seeded on the TCTP, crosslinking compress collagen and collagen 
gel. The TCTP group is a control group. In the day 3, the old culture is discarded 
and the human umbilical vein/vascular endothelial cells (HUVEC) is seeded on 
each matrix. A specific media which suitable for HUVEC growth is applied. Both 
of seeding density are 10000 cells per cm2. The plate will be incubated at 37 for 
another 3 days. In the day 6, the cells on each matrix will be fixed and stain with 
Alex488-Phalloidin and DAPI to observe cell morphology. Three replicated is in 
each group. 
     A375 melanoma cell and HUVEC co-culture:  A culture of HUVECs and A375 
cells were grown on a set of gel, PC, and TCTP substrates.  Prior to seeding, the 
substrate wells are treated with pHEMA coating.  First the A375 cells were seeded 
on the substrates at 10000 cells/ cm2 in DMEM and cultured for 3 days.  After 3 
days, the media was removed, the substrates are washed with PBS once, the 
HUVECs were then seeded at 5000 cells/cm2 on the substrates, and the media was 
changed to fresh medium.  The cells were then cultured for 4 more days and the 
media was changed for fresh media every 2 days. 
 

ApoTox-Glo Triplex Assay [11] 

     The ApoTox-GloTM Triplex Assay can assess cell viability, cytotoxicity and 
apoptosis. For assessing cell viability, GF-AFC (glycyl-phenylalanyl-
aminofluorocoumarin) can enter live cells and is cleaved by the specific protease, 
which is only found inside the live cells, to generate a fluorescent signal which is 
proportional to the number of living cells to assess the cells viability. GF-AFC is 
live cell permeable. After the cleaving, AFC will be released inside the live 
cells.Compared with the former, the cytotoxicity marker, bis-AAF-R110 (bis-
alanylalanyl-phenylalanyl-rhodamine) is not live cell permeable. That means this 
reagent is not allowed to enter the live cells. For the dead cells, due to a certain 
degree of membrane loss and leaking, the dead cell protease will release and react 
with the bis-AAF-R110. After the cleaving, R110 will be released outside of the 
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cells. This reaction will generate a fluorescent signal which is different from the 
fluorescent signal of cells viability. Both of them has their own excitation and 
emission peak which allow them to be measured at the same time. For the apoptosis 
detecting, the Caspase-Glo 3/7 reagent is cleaved and generate a “glow-type” 
luminescent signal which is produced by luciferase. And this luminescent signal is 
also proportional to the degree of caspase activity. In this research, cell viability, 
cytotoxicity and apoptosis can be monitor at the same time from the same sample. 
 
Assay Preparing: 

     Viability/Cytotoxicity Reagent: For 96-well plates, after calculating the 
amount of solution, then transfer GF-AFC and bis-AAF-R110 into the assay 
buffer. Each of 10 ul reagent will be mixed in 2 ml the assay buffer. Mixing 
the Assay Buffer containing until the reagent dissolved completely.  
     Caspase-Glo® 3/7 Reagent: Open the assay kit, transferring the whole 
buffer from the Caspase-Glo® 3/7 Buffer bottle to Caspase-Glo® 3/7 
Substrate bottle which is in amble color. Mixing the Assay Buffer containing 
until the reagent dissolved completely. 

 
Experiment Step: 

1. A375 cells was seed on Gel, XPC and TCPT on 96 well plate. Each group 
has three replicates of each matrix. There are four kinds of treatment, 
Nanoceria (100 uM)/NC-Dex (100 uM)/Dox (2 uM)/NC-Dex (100 uM) 
+Dox (2 uM), will be added in different group. It has five groups (one 
group is blank and without any treatment). The cells are cultured for 3 days. 

2. After 3 days, four kinds of treatment, Nanoceria (100 uM)/NC-Dex (100 
uM)/Dox (2uM)/NC-Dex (100 uM) +Dox (2 uM), are added in different 
group. The fifth group is the control group, and is changed with fresh 
media. Each well of each group has 100 ul solution. 

3. Culture cells for 24 hours inside the incubator at 37 °C.  
4. Add 20 ul of Viability/Cytotoxicity Reagent, which has mixed with GF-

AFC Substrate and bis-AAF-R110 Substrate to each wells, and apply the 
gently hand shaking for 30 seconds. 

5. Incubate the 96 well plate for 30 minutes in the darkness at 37 °C. 
6. Measure fluorescence on the 96 well plate. For measuring the AFC signal, 

set the excitation wavelength at 400, the emission wavelength at 505. For 
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cell cytotoxicity R110 signal, the excitation wavelength is 485, the emission 
wavelength is at 520.  

7. Add 100 ul of Caspase-Glo® 3/7 Reagent to each well, and apply the gently 
hand shaking for 30 seconds. 

8. Incubate the plate in the darkness for 30 minutes at room temperature. 
9. Measure luminescence， the excitation wavelength is 490, the emission 

wavelength is at 527.  
10. Data processing on Excel. 

     A375 cells was seed on Gel, XPC and TCPT. In day3, four kinds of treatment, 
Nanoceria (100 uM)/NC-Dex (100 uM)/Dox (2 uM)/NC-Dex (100 uM) +Dox (2 
uM), were added in different group. After 24 hours, the ApoTox-Glo Triplex Assay 
is performed.  

Cell growth standard curve in 96 well plate 

1. Warm up a tube of sterile trypsin and fresh growth media in water bath in 
37 °C 

2. Transfer a flask of cells from an incubator to bio-hood platform  
3. Use sterile pipette to discard the old media in the 75 cm2 flask  
4. wash the cell with warmed 1X PBS to remove dead cells 
5. Add 3 ml trypsin into the flask after washing and incubate at 37 °C 
6. Incubate the flash until the cells are turning into round shape, then applied a 

gently shake on the flash 
7. Add 3 ml warmed growth media to stop the trypsin`s digestion 
8. Use pipette to transfer the whole solution from the flash to 15 ml centrifuge 

tube 
9. Centrifuge the cells at 125g for 3 minutes 
10. Discard the supernatant 
11. Add warmed fresh media into the centrifuge tube to mix the cells 
12. After the mixing, collect the solution and process the cell counting. Trypan-

Blue is used to distinguish the dead cell. 
13. After the certain dilution with the warmed fresher media, seeding cell on 48 

well plate. It has eight groups with different seeding density, 100000, 
50000, 25000, 12500, 6250, 3125, 1562.5 cells per cm2. Last group is blank 
fresh media without any seeding as the  

14. control group. Each group has five replicates. After the seeding, the total 
volume of each well is 100 ul. Incubating the plate at 37 °C for 4 hours. 
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15. After 4 hours, discarding the old media, and adding 100 ul AlamarBlue 
working solution (10% AlamarBlue stock solution in growth media) to each 
well. Incubating at 37 °C for 2 hours.  

16. After the incubation, read the fluorescent signal on 96 well plate, and 
processing the data for obtaining a linear equation related the signal and cell 
seeding density. The number of seeded cell can be calculated by multiply 
the seeding density with the growing area of the well.  °C 

     CNP`s viability, cytotoxicity and apoptosis: A375 cells was seeded on Gel and 
TCPT (the control group, will be seeded with cell in the day 2). In day3, four kinds 
of treatment, Nanoceria (100 uM)/NC-Dex (100 uM)/Dox (2 uM)/NC-Dex (100 
uM) +Dox (2 uM), were added in different group. After 24 hours, the ApoTox-Glo 
Triplex Assay were performed. 
     Drug concentration and cell viability: VMM-1 cells (the human brain metastasis 
melanoma) is seed on Gel and TCPT (the control group, will be seeded with cell in 
the day 2). In day3, three different kinds of treatment, TMZ, NC-Dex and 
doxorubicin, are added separately in different group with the different 
concentration. On TMZ group, six concentrations (100 uM, 200 uM, 400 uM, 600 
uM, 800 uM, and 1 mM) is selected. On NC-Dex group, six concentrations (25 uM, 
50 uM, 100 uM, and 200 uM) is selected. On doxorubicin group, six concentrations 
(0.25 uM, 0.50 uM, 1 uM, and 2 uM) is selected. After 24, 48 and 72 hours, the 
AlamarBlue cell viability Assay were performed. 
 
pHEME coating: 

1. Prior to the cell seeding, the XPC wells are treated with pHEMA coating to 
avoid cell attach to the well bottom.  

2. Dissolve 1% pHEME into pure ethanol and sonicate at 37 °C until pHEME 
fully dissolve.  

3. Add 150 ul pHEME working solution into each well and air dry the plate 
into the bio-hood.  

4. After drying, open the cap of plate and treat with UV light for 1 hour inside 
the bio-hood to avoid any contamination.  

     Then this pHEME treated culture plate can be used and start with casting the 
collagen gel. After the collagen gel done, transfer XPC into this plate when the 
collagen substrates have been proceeding with a full sterile process. A375 cells and 
VMM-1 will be seeded in each matrix, and TCTP is control. Due to the fact that the 
cell on TCTP group will group fastest than the rest of the groups and it is necessary 
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to let the cell grow in the consistent culture state, the cells on XPC and Gel group 
will seed in the beginning and cultured for three days before any treatment, the 
TCTP group, as the control group, will be seeded with cell in the day 2. That means 
cells in the TCTP group have one day to grow before the drug treatment. This 
decision has been taken is basing the growth curve results from the chapter I. The 
seeding density is 10000 cells per cm2. The cell viability will be measured via 
AlamarBlue in day 3, 4, 5 and 6. AlamarBlue assay standard curve is built for 
assess the cell number on each group with the fluorescent signal of each group. 
Three replicated is in each group.  

BCA protein concentration 

1. Follow the concentration chart to prepare the BCA standard solution. 
2. Prepare the working solution by mixing solution A and solution B in the 

ratio of 50:1 
3. Add 25 ul of each protein sample in each well on 96 well plate, each 

concentration has three replicates 
4. Some protein sample is not enough as 25 ul, it can be dilute with RIPA 

buffer. The final volume is 25 ul. 
5. Add 200 ul of working solution into each well,  
6. Gently shake for mixing the protein sample with working solution 
7. Incubate at 37 °C for 1 hour 
8. Cool down to room temperature, then measure the signal 
9. Data analysis, calculate the concentration of unknown protein sample. 

Result can be used for calculating the loading amount in western blot 

Western blot 

Solutions to make: 
10X Transfer buffer (1L): 100 ml, 10X Tris/Glycine Buffer; 200 ml, MeOH; 700 
ml, NanoPure water. 
10X TBS (pH 7.4 1L): 0.15 M Tris base, 18.2 g; 1.5 M NaCl, 87.65 g; NanoPure 
water, 1.0 L.                                        
TBST (1L): 10X TBS, 100ml; NanoPure water, 900 ml; 0.05% Tween-20, 0.5 ml  
Stripping buffer (1L, pH 2.0): 25mM Glycine-HCl, 1.88 g; 1%SDS, 10.0 g 
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SDS-PAGE 
1. Remove the package and the comb of Criterion gel, rinse with deionized 

water. 
2. Assemble the equipment and fill with running buffer. 
3. Load the protein samples  
4. Connect to the power supply, 200 volts constant and run until the blue dye 

begin to come out from the bottom of the gel. 
5. Remove the cassette, carefully transfer the gel in a cold transfer buffer for 

15 minutes before transferring process.  
 

Assemble transfer tank 
1. Open the sandwich holder, place wet sponge, wet filter paper, gel, wet 

nitrocellulose membrane, wet filter paper and wet sponge in order, from the 
black side to red side. 

2. Close the hole and place it in the transferring tank with cold transfer buffer. 
3. Leave a magnetic stir bar and cold pad inside the tank to resist the heat 

which generate during the transferring. 
4. Adjust the level of cold transfer buffer to marked site in the tank. 
5. Connect to power supply and set the mode at 100 volts for 60 min. Observe 

the bubble to make sure it is running. 
6. Disconnect the power supply, open sandwich, observe if the color marker is 

transferred to the membrane.  
7. Mark the corner of the membrane with pen to inform that it is the direct 

side. Then air dry the nitrocellulose paper before blocking. 
 
Western blotting: 

1. Add blocking buffer with membrane for 1 hour at room temperature, 
continuous sharking on the shark platform.  

2. Dilute primary antibody and incubate together with blot for overnight at 4 
°C. Continuous sharking is required. 

3. Wash blot with TBST for four times, each period is 15 minutes. Continuous 
sharking is required. 

4. Dilute the secondary antibody and incubate together with blot for 1 hour at 
room temperature. Continuous sharking is required. 

5. Wash blot with TBST for four times, each period is 15 minutes. Continuous 
sharking is required.  
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6. Gently drip dry blot. 
7. Use the Super Signal West Pico Rabbit IgG Detection Kit. Basing for the 

size of blot, by add working solution on the blot and incubate 
8. At room temperature for 5 min. The ratio of solution A and solution B in 

the working solution is 1:1. This 5-min incubation should avoid light. 
9. Process Imaging the blot. 
10. Process Stripping membrane 
11. Heat up the water bath to 55 °C, then incubate the blot with over amount 

stripping buffer for 30 min at 55 °C. 
12. Discard the stripping buffer and adding over amount TBST, agitatedly 

washing for 10 min. 
13. Then incubate the blot with over amount fresh stripping buffer for 30 min at 

55 °C again. 
14. After incubation, wash the blot with TBST 
15. If next detection is needed, blocking buffer can be added at this point. If 

storing the blot is needed, then air drying the blot is recommended. 
 

Cell lysate 

Cell lysate for 75 cm2 plastic flask 

1. Cell is seeded on TCTP, discard the old media, add 10 ml ice cold PBS to 
rinse two times to remove the residual media 

2. Add 400 ul RIPA working solution (1% EDTA and 1% protein inhibitors 
cocktail) and scrape the cells  

3. Collect the cell into 50 ml conical tube and incubate for 30 min on ice with 
agitatedly shaking 

4. During the incubation, pass the cells through 27-gauge syringe needle 5 times 
5. Centrifuge the conical tube at 10000g, 15 minutes, for collecting the 

supernatant 
6. Save 50 ul for BCA assay to determine the protein concentration, the rest of 

them is mixed with 4X sample buffer and heat at 95 °C for 10min. Store at -
20 °C. 
 

Cell lysate on collagen gel 

1. Cells were seeded on collagen gel on 48 well plate 
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2. Aspirate the media gently 
3. Wash with PBS for two times for removing the dead cell and the residual 

media. 
4. Transfer samples to eppendorf tube, each group has 6 samples. One 

eppendorf tube has 6 samples 
5. Add 350 ul collagenase in each eppendorf tube, incubate at 37 °C for 15 

minutes.  
6. Each 5 minutes, shaking the eppendorf tube upside down is required 
7. After the incubation, the solution becomes clear. 
8. Centrifuge the eppendorf tube at 200 rcf for 5minutes. 
9. Aspirate the supernatant layer 
10. Mix with 300 ul ice cold PBS   
11. Centrifuge the eppendorf tube at 200 rcf for 5minutes. 
12. Remove the PBS and mix with 300 ul RIPA working solution (1% EDTA 

and 1% protein inhibitors cocktail)  
13. Agitatedly shaking the eppendorf tube for 15 minutes on ice 
14. Reserve 10 ul for BCA assay to determine the protein concentration, the rest 

of them is mixed with 4X sample buffer and heat at 95 °C for 10min. Store 
at -20 °C. 

Collagen coated the transwell plate 

1. Pass acetic acid through the membrane filter and dilute it with culture 
degree water to earn 0.02N acetic acid 

2. Add a certain amount of type I collagen stock solution in 0.02N acetic acid, 
the final collagen concentration is 0.059 ug/ul 

3. Add 600 ul solution into each well, gently shake to cover the membrane 
with the solution 

4. Incubate the whole plate for 2 hours at 37 °C 
5. Remove the remain solution, and air dry. Until that, the plate is ready to be 

used. 

HIF-1α induction 

1. VMM-1 is seeded on plate and cultured for three days. The seeding density 
is 20000 cells per cm2.  
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2. Discard the old media, and add 50uM hydrogen peroxide working solution 
into well. 

3. After 3, 6, 9, 12 hours` incubation, lysate the cell and extract the protein for 
western blot.  

4. Western Blot for HIF-1α: After the incubation, VMM-1 cell lysate is 
applied and protein of cells is extracted for western blot. For detecting HIF-
1α expression, the concentration of the primary anti-HIF-1α antibody (ab 
51608) is 1:2000 in 2% fat-free milk. 5% fat-free milk is also serviced as 
blocking buffer. After an hour blocking with 5% BSA, then add the diluted 
primary antibody into the container and incubate at cold room overnight. 
Washing the blot membrane with TPST is necessary for reducing the 
nonspecific binding before the step of applying the secondary antibody. In 
this experiment, actin acts as the loading control. The primary anti-actin 
antibody (SC-8432) is diluted in TBST in the ratio of 1:1000. The blocking 
buffer is 5% BSA. After the comparing with the protein standard curve, the 
protein concentration from each group can be calculated. The loading 
volume of protein in each lane is 30ug, and each group has two loading 
lanes. 

LOXL2 induction 

1. VMM-1 is seeded on plate and cultured for three days. The seeding density 
is 20000 cells per cm2.  

2. Discard the old media, and add 50um hydrogen peroxide working solution 
into well. 

3. After 3, 6, 9, 12 hours’ incubation, lysate the cell and extract the protein. 
4. Process fluorescent western blot 

 

Cell migration assay 

1. Coated the collage in the transwell chamber 
2. Seed the cell in 400000 cell per well for 4 hours. Upper and Bottom is 

growth medium. 
3. Discard the medium in the upper chamber, change with Serum free 

medium, LOXL2 control medium and H2O2 induced medium, culture for 
24 hours 
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4. Take the chamber our, clear the upper side of membrane and fix the cell 
which has already transfer to the other side of membrane.  

5. Stain with DAPI and account under microscopy.  

Selected Protein expression. 

1. VMM-1 is seeded on plate and on Collagen Gel, cultured for three days. 
The seeding density is 20000 cells per cm2.  

2. Discard the old media, and add 50um hydrogen peroxide working solution 
into well. 

3. After 3, 6, 9, 12 hours` incubation, lysate the cell and extract the protein. 
4. Assess target protein expression. It is including MMP-2, MMP-9 and HIF-1 

α. N-cadherin and actin is the control loadings. 
 

Statistical analysis 

     In this research, a one-way and two-way Analysis of Variance (ANOVA) are 
performed on this data to test for significant difference (p < 0.05). In the case that 
significant difference is shown, p < 0.05, a Tukey's Honest Significant Difference is 
performed on the data to determine the significantly difference among experimental 
data. A sample standard deviation is used to determine statistical error. 
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Chapter 3 

 
Fabrication and Testing of Mechanically Competent 3-

D Collagen Matrices as Tumor Models  

 

Research Goal 

     Normally the drug screen is performed on the simple plastic culture plate, as two 
dimensional model, which may not sufficient to provide an accurate assessment of 
how the drug may function in-vivo. The cancer cells growing on two dimensional 
substrates are shown more sensitive than the cells living in the native physiological 
condition. The use of collagen matrix three dimensional models is becoming more 
popular and gradually substituting the two dimensional model in the drug screening 
field. However, the stiffness of collagen gel (2 mg/ml) is around 330 Pa, and it is 
still a gad comparing with the stiffness of the physiological mammary tumor (about 
4050 Pa). The stiffness of tissue treated culture plastic plate is about 2.8x10^9 Pa 
which is far stiffer than in the physiological environment [3]. For exploring a better 
tumor model, at this research, a new three dimensional tumor model matrix, which 
has a stiffer property than the normal collagen gel, will be generated. Its stiffness is 
much closer to the physiological condition. Genipin, which is extract from gardenia 
fruit and commonly used for protein crosslinking, is used as cross linking solution 
to generate cross linking collagen. The human skin malignant melanoma cells, 
A375 cells, is seeded on these collagen matrixes in this section. By assessing the 
A375 cells viability, with the AlamarBlue assay, on the different kinds of matrix, it 
can find out one suitable matrix for melanoma tumor modeling for providing an 
accurate melanoma drug screening result for the future.  
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Statement and Hypothesis 

Aim: Investigating the effect of stiffness of collagen matrix to melanoma cell 
proliferation and morphology. Investigating the biocompatibility of collagen 
matrixes and the effect of matrix properties on cell behavior and growth. Searching 
for a suitable collagen matrix for generating a better three dimensional tumor model 
which can be able to service as a more accurate drug screening platform. Assessing 
the melanoma cell behavior and the cell morphology in order to evaluating the 
degree of aggressiveness of melanoma.  
Hypothesis: A stiffer matrix will cause the cells to proliferate at a higher rate and 
express a phenotype characteristic of more metastatic behavior. After compressing 
the collagen gel, the mechanical property has been modified and becomes stiffer 
which may provide an ideal microenvironment for cancer cell to develop. The 
genipin crosslinking technique is another way to remodel the soft collagen gel to a 
stiff matrix. By combining these methods to generate a new collagen matrix, it may 
produce a new platform for generating the tumor model which is able to perform 
drug screening in a three dimensional scale. Both of methods, compressing and 
crosslinking, can make the collagen become stiffer than the collagen gel. Due to the 
stiffness value is much closed to the tumor in the physiological environment, the 
XPC may suitable for melanoma cancer cells to grow on. With the proper 
stimulation of stiffness of collagen substrate, A375 cells may grow better on stiffer 
matrix, and the cell should behave more aggressive on crosslinking compressing 
collagen matrix than other collagen substrates. It can be reflected on the cells 
morphology. 

1. Crosslinking compressed collagen is generating. The collagen gel has been 
made at first, then compressing procedure is performed. After that, genipin 
chemical crosslinking technique is been applied on the prior compressing 
collagen gel. In this section, collagen gel (Gel), compressed collagen gel 
(PC, plastic collagen), crosslinked collagen gel (XGel) and crosslinked 
compressed collagen gel (XPC) are generated.  

2. Biocompatible characteristic of this new matrix is investigated. In the 
experimental group, A375 cells is seeded on four different kinds of collagen 
matrix (collagen gel, compressed collagen gel, crosslinking collagen gel and 
crosslinking compressed collagen gel) within the seeding density of 10000 
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cells per cm2 on 48 well plate. The plate is coated with pHEMA prior to lay 
on the collagen substrate to eliminate the undesired attachment on the plate. 
In the control group, A375 cells is seeded directly on 48 well plate without 
laying any collagen substrate or pHEMA coating. The cell viability results 
will be measured in the day 1, day 3, day 5, and day 7.   

3. A375 cells are seeded on Gel, XGel, PC and XPC. The staining process is 
on day 3, day 5 and day 7. For assessing the shape of A375 cytoplasm, 
actin, as one of the rich protein among the cytoplasm, will be stained with 
the Alexa488-Phalloidin which can provide enough information to delineate 
the shape of the A375. For assessing the nucleus of A375, DAPI, as a 
common used nucleus blue stain, is applied after the staining of actin.   

4. FAK, found to be highly expressed in many types of cancers, is playing a 
crucial role to transmit the stimulation to make integrin attach to the 
extracellular matrix, and the stimulation may from the extracellular matrix. 
During this signal transaction, focal adhesion kinase acts as a signal 
junction during the cancer cells migration and metastasis. A375 cells are 
seeded on Gel, XPC and TCTP (as the control group). Nucleus of A375 
cells are stained with DAPI into blue color, and the pFAK is been stained 
with primary antibody (ab 81298, 1:500) and secondary antibody 
(AlexaFlour 555, 1:1000) to an orange color. The expression of pFAK can 
be used to assess the mobility of the cell. 

5. Co-culture the A375 cells with HUVEC, and staining procedure will be 
applied on both of the cells. A375 is seeded on Gel, XPC and TCTP for 3 
days, and HUVEC is seeded on each matrix. After 24-hour incubation, both 
kinds of cells are fixed and stained with Alexa488-Phalloidin and DAPI. 
The morphology of each cells can bring out some clues about the effect of 
A375 cells to the growth of HUVEC in order to assess the degree of 
malignancy of A375 cells. 
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collecting the signal. All the well in 48 well plate has their own three replicates on 
96 well plate. All the data are copied to Microsoft Excel for data analysis. There are 
8 groups of different seeding density on Figure 1-1(A), from 100000 cell/cm2 to 
1562.5 cell/cm2, and it should include one negative control group which have no 
seeding instead of 10% AlamarBlue working solution. The value of signal of each 
group is the average of the value of these three replicates. In this conditions, the 
signal from the control group is treated as background signal, and the values of 
signals from the rest of groups should be minus the value of signal of control. At 
this point, the final value of signal from the negative control group is 0, since it is 
minus itself. The seeding density is acted as X axis, and the values of eight groups 
is Y axis. A line can be generated and equation between the value and the cell 
seeding density can be found. Additionally, due to the fact that the growth area of 
each well is known, the number of cells which have been seeded on can be 
calculated. On the Figure 1-1(B), the values of cell seeding number of each group 
can replace the value of seeding density of each group. Until that, a new equation 
will be generated, and it is related to the cell number and the value of signal.  
     For calculating the number of cells on each collagen matrix, the AlamarBlue 
assay can provide the information of cells viability, then the results of cells 
viability are related to this AlamarBlue standard curve, the cell number can be 
found. Since the cells grow on the three dimensional collagen matrix for 7 days, the 
AlamarBlue can provide the information of cell number within an accurate range 
and low toxicity. It is low toxic so that it can be used for the long term experiment. 
The AlamarBlue standard curve acts as a reference for assessing cell viability. The 
assumption is that cells viability is related to cells proliferation. It means the cells 
which show highly viability can proliferate faster than the other cells with low 
viability. After the data analyzing, the equation is generated and can be used for 
calculating the cells number of each well in different experiment status after 
collecting the signal in the same conditions.  
     Beside to the equation, this is a R value shows up. When the value of R is closed 
to 1, that means the data show more linear property. The relation between the 
signal and the cell viability is believed as a linear. In this assay, the value of R is 
around 0.98. It means the relation between the seeding density and the signal show 
linear property, and the assay has been performed correctly. The equation can be 
applied confidently for the further experiment to calculate the cell number on each 
kind of matrix in the different incubation time. Based on this, R value is an 
important value that can describe if the AlamarBlue assay is performed correctly. If 
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the R values is far less than 1, that may inform that some issue occur during the 
assay. Make sure each step is performed carefully and correctly. Checked the 
seeding density of each group. And check the cells under the microscopy to 
monitor if the cell is getting contaminated. However, AlamarBlue is designed for 
assessing cells viability, it still is an important tool for calculating the cells number 
and cell proliferation. In this section, AlamarBlue assay is used at day 1, day 3, day 
5 and day 7 for monitoring the A375 cell viability on different kinds of collagen 
based three dimensional matrixes.  
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  Figure 1-2. AlamarBlue result of A375 Cell proliferation on Collagen Substrates. The picture above shows 
the AlamarRed signal intensity related to the cells number of A375 after seeding on different kinds of collagen 
matrix for 7 days. On the vertical axis show the number of cells on each substrates on different time point. On 
the horizontal axis, has divided into five groups, the collagen gel group (Gel), the crosslinked collagen gel 
group(X-Gel), the compressed collagen gel group (PC), the crosslinked compressed collagen group (XPC) and 
the tissue culture treated plastic plate group (TCTP, as control group). In each group, three replicated substrates 
will seed with cell, and two replicated substrates without seeding for generating the background signal. In each 
group, four different colors are representing different time points. (*: P < 0.05) 
 
     A375 is seeded on different kind of collagen matrix within three replicated 
substrates. The seeding density is 10000 cell/cm2 on 48 well plate. The amount of 
growth medium added is 300 ul. Before seeding procedure, pHEMA coating is 
necessary. It can largely reduce cell adhesion on the plastic bottom which will 
contribute to the inaccurate measure of cell viability on collagen substrates. Based 
on this, the result of AlamarBlue is only from the cells on the substrate. The cells 
seeded on TCTP acts as a control group. AlamarBlue assay is used to measure the 
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cell viability from day 1, day 3, day 5 and day 7. The data is used in the equation, 
which has generated in the A375 AlamarBlue growth standard curve, for 
calculating the number of cells on each group of different period of incubation 
time. From the Figure 1-2, it is not difficult to find that A375 is more likely for 
growing on stiffer matrix. One-way ANOVA analysis is performed for comparing 
A375 cells number of each group on day 7. The substrate is set as the independent 
variable. Tukey`s HSD pairwise comparison is performed. P value is less than 0.05. 
All substrates showed significant different between each other (some of them are 
not marked on the Figure 1-2 due to the limited space).  
     In this experiment, four collagen matrixes have different degree of stiff property. 
The range of the stiffness of the matrix is Gel < X-Gel < PC < XPC < TCTP (Gel: 
collagen gel; X-Gel: crosslinked collagen gel; PC: compressed collagen gel; XPC: 
crosslinked compressed collagen gel; TCTP: the conventional tissue culture treated 
plastic plate). In the day 1 of each group, the number of cells is similar to each 
other. But the gap appearances until day 5. In the Gel and the X-Gel groups, A375 
grow slowly. Even in the day 7, the data shows slight difference compared with the 
day 5. In the PC and the XPC groups, A375 grows faster than in the Gel and the X-
Gel groups, and gain a certain amount of increment in the last day of incubation, 
and the date from XPC group almost catches up with the TCTP group which is 
behalf of traditional two dimensional culture. In these two group, the large 
increment gained is between the day 3 and day 5, it is same as the other group. 
From the result, the crosslinking compressed collagen matrix(XPC) is more likely 
to be the best matrix for A375.  
     However, none of measurement related to the mechanical property is conducted 
in this research. From evaluating the shape and the texture of each collagen matrix 
applied in this experiment via tweezers, it can distinguish the stiffness of the matrix 
(Gel < X-Gel < PC < XPC < TCTP). This simple assessment is also coordinating 
with the A375 viability result on this section. As a control group, TCTP is the 
stiffest model among these, with a 2.8x10^8 Pa. It is far stiffer than the tumor in 
vivo. And TCTP is not able to provide three dimensional physical support and 
facilitate within the cell signal like ECM. TCTP definitely is not an optimal choice 
for generating three dimensional melanoma model. However, collagen gel may 
provide support like tumor ECM dose. With the stiffness of 330 Pa, collagen gel is 
too soft and failing for provide enough mechanical stimulation. In the X-Gel and 
PC groups, the result of A375 cell viability is not comparable to the XPC group. 
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filaments, the degree of spreading is less than on XPC group. In the day 5, the cell 
morphology of each group begin to show different between different groups. In the 
last day of the observation, day 7, it is easily to see the difference between each 
group.  
     In the Gel group, Figure 1-3(A), 1-4(A), 1-5(A), cells in different observation 
time, show little different in the morphology. The shape of cells is tending to be a 
pronounced rounded shape without largely spreading of actin filaments. In the 
XGel group (Figure 1-3(B), 1-4(B), 1-5(B)) and the PC group (Figure 1-3(C), 1-
4(C), 1-5(C)), the morphology of A375 is similar to the Gel group. On TCTP 
group, Figure 1-6(B), the phenotypes of A375 exhibits a mesenchymal type with 
sizeable increasing spreading of actin filaments. On the XPC group (Figure 1-3(D), 
1-4(D), 1-5(D), 1-6(A)), with the stiffest matrix, the morphology of A375 show to a 
mesenchymal phenotype with a higher degree of spreading of actin filaments, 
comparing to the other group, except the TCTP group. From the day 3 to day 7, 
basing on DAPI staining, the nucleus is slight to grow closely to each other on the 
different group. This may cause by the ongoing of proliferation of A375, the 
number of cells is increasing.  
     With the increasing of the stiffness of substrates, the morphology of A375 is 
pretend to transfer from the pronounced phenotypes with less actin spreading to the 
mesenchymal phenotypes with more actin spreading. The largely spreading 
phenotypes may forebode the behavior of A375 on XPC is more aggressive. By 
comparing with the morphology of A375, XPC shows its potential to be the best 
A375 melanoma model.  
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applied at here. A375 is seeded on four kinds of matrix, and TCTP act as a control 
group. The pictures above show the phosphorylated Focal Adhesion Kinase 
(pFAK) staining (Immunocytochemistry/Immunofluorescence staining) of A375 
cells in orange color. The concentration of ration of the secondary antibody Alexa 
555 is 1:1000 and the ratio of the primary anti-FAK antibody ab 81298 is 1:500. 
For nucleus is stained with DAPI in blue color.  
     From the picture Figure 1-7. (A), (B), (C), on Gel, XGel and PC group, cells 
are not tending to express pFAK and the cytoplasm is stained with a faint orange 
color. However, there is still some orange spot around the A375 on PC group. On 
the TCTP group, Figure 1-7. (E), the expression of FAK is shown with highly 
concentrated orange spots in a circular type pattern and spreading out pattern. This 
is the group that is observed with higher expression of FAK, among these groups. 
However, from the Figure 1-7. (D), A375 on XPC has less expression of FAK than 
in TCTP group. The distribution of the orange spot on XPC is more considerable 
than the rest of three collagen based matrix groups.  
     pFAK`s expression, which is closely related to the melanoma cells migration 
and metastasis, will increase with the increasing of the stiffness of collagen matrix. 
Comparing with Gel, XGel and PC, A357 seeded on XPC can grow in a higher 
proliferation rate, cells morphology is seeming to behave aggressive with the 
increasing expression of pFAK, which can be found in the metastasis melanoma 
cell with enhancing cell mobility and high survival rate. By considering the 
previous results, the XPC is shown its potential again to be the best option that able 
to mimic the metastasis condition for A375 melanoma model. 
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     A375 is seeded on Gel, XPC and TCTP for 3 days, and then the HUVECs are 
seeded on each matrix. After 24-hour incubation, cells are fixed and stained with 
AlexaFlour 488 Phalloidin and DAPI. On the TCTP and XPC group, the actin 
filaments show the cells are tending to be a rounded morphology, HUVEC and 
A375 is difficult to be distinguished and identified. However, the size of nucleus of 
HUVEC is slightly bigger than A375 which can be used for identifying the 
HUVEC and A375 in some portion of images. The actin filaments are seeming like 
spread longer on XPC group than on TCTP group. On the Gel group, the actin 
filament of HUVEC is unique extended. It seems like assembling bridges with 
other nearby HUVEC. 
     In this experiment, the growth of HUVEC is affected by the substrate and the 
growth of A375. From the pictures, the morphology of cells can export some 
information to assess how A375 behave. If A375 become more aggressive, they 
may try to prevent the HUVEC from growing and communicating. If A375 behave 
unlike the metastasis form, then these two kind of cells may grow together and 
have their own space.  
     Since TCTP cannot afford a three dimensional space for growing HUVEC and 
A375, the morphological difference between the A375 and HUVEC is not easy to 
be distinguish on the Figure 1-8, A1 and A2. When the co-culture is happened on 
the Gel (Figure 1-8, B1 and B2), the morphology of A375 is about a rounded 
condition, which have been observed on the prior experiments. And HUVEC seems 
like growing among the A375 and try to connect each other to around the A375 
with its especially elongated actin filaments. These unique morphologies of 
HUVEC are only found on the Gel group. On the XPC group (Figure 1-8, C1 and 
C2), A375 is tend to behave in a high mobility with longer actin filaments, and 
HUVEC grows scatter. The phenotypes of HUVEC is shown a rounded shape. 
Comparing with the Gel group, HUVEC on XPC group showed with less vivid. On 
one side, the stiffness of collagen gel (2 mg/ml) is about 330 Pa which is closed to 
the stiffness of native environment of HUVEC. Then XPC may be too stiff for 
HUVEC. On the other side, A375 on XPC has higher mobility and a higher 
survival rate than on Gel group. Due to losing the living space, the growth of 
HUVEC may be inhibited. Furthermore, XPC may able to induced A375 to gain 
the high ability to invasive into HUVEC and make them grow dispersedly. All of 
these assumption above may explain why HUVEC shows unique phenotype on 
Gel, instead on XPC. However, it is stilled waiting to be proved during the further 
investigation.  
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      According to all of result in this single section, it is reasonable to conduct that 
A375 seeded on XPC is closer to malignant condition with showing high mobility. 
However, A375 cells are not derived from metastatic cell populations. XPC surely 
can provide a better microenvironment for generating an A375 melanoma tumor 
model. During this section, further experiment to access the invasion of A375 in a 
biomolecular level is needed. 
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Chapter   4 

Demonstrating Therapeutic Efficacy Screening using 
the 3D Collagen Matrix Models - Evaluation of 

Nanoceria as a Chemotherapy Adjuvant 

Research Goal 

     From the result of last section, the AlamarBlue assay demonstrated that cells 
seeded on XPC have higher proliferation rates, reaching that observed for cells 
seeded on the traditional cell culture plastic plates. The morphology of the cells is 
mesenchymal-like, similar to the cell growing on the culture flask. When the cells 
have been seeded on the gel which is the softest substrate, the cell proliferation rate 
is slower than the XPC group. The morphology cells on the Gels appear rounded in 
shape, and shows less mobility with less extended actin cytoskeleton. In this 
chapter, two of four kinds of matrix, the softest matrix and the stiffest matrix, will 
be applied for drug screening, including Doxorubicin (Dox), Temozolomide (TMZ) 
and Dextran coated nanoceria particles (NC-Dex). In the experiment, the stiffest 
substrate is in TCTP group which is acted as a control group. TCTP group is using 
the normal tissue culture treated plastic plate which has been served in traditional 
two dimensional culture for a long while. The stiffest collagen based matrix is in 
the XPC group. The Gel group has the softest collagen based matrix. XPC and Gel 
are applied here as a proof-of-concept for melanoma drug screening assays using 
the matrices for testing nanoceria, doxorubicin and Temozolomide, alone and in 
combination.  
     The main functions of the ECM is to serve as the physical support for the cells 
and facilitate cell communication. For providing the physical support, network of 
collagen (the main component of human skin) can attribute to the mechanical 
property of the ECM that regulates the cell attachment and movement. For 
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facilitating within the cell signaling, the special microenvironment of ECM can 
serve as a storeroom for keeping the signal molecules related to the cell 
metabolism. For the functions of ECM in the tumorigenesis and metastasis, it can 
affect the cancer cell's migration, proliferation, and developing the drug resistance. 
Considering the previous results, collagen based tumor model is believed to mimic 
the physiological condition better than the traditional culture platform, so that 
melanoma cells should behave aggressively, and melanoma cells on the three 
dimensional tumor model will show the higher resistant to the melanoma drug than 
on the TCTP. The drug screening on this tumor model may produce accurate and 
reliable result for curing melanoma. During this section, human brain metastasis 
melanoma cells (VMM-1) as a metastasis type of melanoma cells, and human skin 
malignant melanoma cells (A375) are applied.  

 

Statement and Hypothesis 

Aim: Investigating difference of the drug resistance of melanoma on Gel and 
TCTP, and exploring the chemotherapy adjuvant function of nanoceria to 
melanoma on Gel, XPC and TCTP. Investigating difference of the drug resistance 
of melanoma on Gel and TCTP by comparing the effect of couple selected 
treatment to the VMM-1 for assessing the Dox, TMZ, NC-Dex function and 
efficiency on three dimensional tumor model. Further assessing the effect of 
dextran coated nanoceria particles, which can be the chemotherapy adjuvant (assist 
treatment) with the doxorubicin, to cytotoxicity, apoptosis and cell viability of 
A375 and the cell viability of VMM-1. 
 
Hypothesis: Melanoma cells, in a three dimensional tumor model, have high 
resistance to the treatment, and nanoceria shows potential as the chemotherapy 
adjuvant for improving the efficiency of chemotherapy agent. Melanoma cells 
seeded on collagen matrix will have different behavior and reaction to the 
treatment. On the three dimensional tumor model, the collagen matrix may support 
melanoma cells, similar to the physiological condition. On the plastic plate, cancer 
cells are more sensitive to the treatment which will lead to a large number of cell 
death, comparing with the three dimensional tumor model. Between these three 
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dimensional collagen tumor models, cells seeded on three dimensional tumor 
model will show with a higher resistance to the treatment. 
Dextran Nanoceria oxide particles can increase oxidative stress in a low pH to 
cause cell apoptosis and attenuate cell viability. It also shows no cytotoxicity 
increment when this drug is applied with the doxorubicin, but increase the cell 
apoptotic effect and decrease the cell viability. Nanoceria will influence the 
efficacy of conventional small molecule chemotherapeutics (Dox or TMZ) in a 
differential manner dependent upon the cell-seeded substrate. 
 

1) Different concentration of the dextran coated nanoceria particle, 
doxorubicin and Temozolomide will be applied as a treatment on VMM-1 
cells which is cultured on the softest matrix (collagen gel, Gel) and tissue 
culture treated plastic plate. Plastic plate is serviced as control group which 
is on behalf of the simple two dimensional culture. Cell viability will be 
measure in a day 0, day 1, day 2 and day 3, with AlamarBlue Assay. VMM-
1 is seeded on Gel for three days, seeded on TCTP for 1 days with 10000 
cells per cm2 on 96 well plate. Then VMM-1 is treated with treatments for 3 
days. On TMZ group, six concentrations (100 uM, 200 uM, 400 uM, 600 
uM, 800 uM, and 1 mM) is selected. On NC-Dex group, six concentrations 
(25 uM, 50 uM, 100 uM, and 200 uM) is selected. On doxorubicin group, 
six concentrations (0.25 uM, 0.50 uM, 1 uM, and 2 uM) is selected. 

2) In this part, XPC is added. VMM-1 is seeded on XPC, Gel and TCTP with 
seeding density of 10000 cells per cm2. Since the growth rate on different 
substrate is different. For obtaining the similar cells number, on the XPC 
and Gel substrates, VMM-1 is allowed to grow for three days, VMM-1 
grows on TCTP for 1 day. It has five groups, NC-Dex (100 uM), Dox (2 
uM), NC-Dex (100 uM) +Dox (2 uM), will be considered as one single 
group. The control group has cells grows on without any treatment. The 
fifth group is the negative control group; the treatment is 1% triton x-100. 
After 72-hour period of treatment, VMM-1 cell viability will be measured 
with AlamarBlue assay. 

3) The effect of NC-Dex to the A375 apoptosis, cytotoxicity and cell viability 
will be assessed via ApoTox-Glo Triplex Assay. It has five groups 
including the negative control group which is blank and the positive group 
without any treatment. And this group is treated as background signal which 
should be subtracted from the rest of group. A375 was seed on Gel, XPC 
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and TCPT on 96 well plate with seeding density of 10000 cells per cm2. 
Since the growth rate on different substrate is different. For obtaining the 
similar cells number, on the XPC and Gel substrates, A375 is allowed to 
grow for three days, A375 grows on TCTP for 1 day. Each group has three 
replicates of each substrate. There are four kinds of treatment, Nanoceria 
(100 uM), NC-Dex (100 uM), Dox (2 uM), NC-Dex (100 uM) +Dox (2 
uM), will be considered as one single group. After 24 hours of treatment, 
the ApoTox-Glo Triplex Assay were performed to assess cell apoptosis, 
cytotoxicity and cell viability of A375.  
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is seeded on TCTP for 24 hours. Since the growth rate is slower on the gel than on 
the TCTP. If VMM-1 is seeded on TCTP and Gel at the same time, then VMM-1 
will fully confluence on the TCTP after 3-day culturing which is satisfy the needed 
for drug screening. Normally the perfect time point for drug screening is about at 
the point of reaching 80% of cell confluence. However, this may vary on different 
experiment. If the three-day incubation is reduced to 2 days, then the cells number 
of VMM-1 on the gel is not enough for performing the drug screen. For 
overcoming this problem and getting an optimal confluence condition, VMM-1 is 
seeded on Gel for three days, and seeded on TCTP for 1 days before applying the 
treatments. It brings to the difference of cell number in the beginning between Gel 
group and TCTP group.  
     Treatments (Temozolomide, dextran coated nanoceria and Doxorubicin) with 
different concentrations are applied to the cells at 3 days. Before the incubation 
with the treatment, AlamarBlue assay is performed to assess the initial cell 
viability. After the incubation with the treatment for 24 hours, 48 hours and 72 
hours, AlamarBlue assay is performed to assess the cell viability at each time point. 
At each time point, the same treatment will be added to the same sample after 
finishing the cell viability assessment of AlamarBlue assay. On TMZ group, six 
concentrations (100 uM, 200 uM, 400 uM, 600 uM, 800 uM, and 1 mM) is 
selected. On NC-Dex group, six concentrations (25 uM, 50 uM, 100 uM, and 200 
uM) is selected. On doxorubicin group, five concentrations (0, 0.25 uM, 0.50 uM, 1 
uM, and 2 uM) is selected.  
     On the TMZ group, Figure 2-1 (A) and (B), lines in the different color are on 
behalf of different of concentration of TMZ treatment. After normalizing to the cell 
number data from the group without any treatment, the cell proliferation is shown 
on Figure 2-4. On the Gel substrate, Figure 2-1 (A), in the day 0, the beginning 
day, the number of VMM-1 are all about 2200. After 24-hour treatment, cells 
number increases to the range between 3500 to 4200. With the increasing time of 
treatment, the cell number of VMM-1 begins to decrease. In the day 3, the last day 
of treatment, the cell number is decreased to the range between about 1600 to 3200 
from about 2200 in the day 0. The decreasing rate of cell number of VMM-1 is 
correlated with the increasing concentration of TMZ. With increasing of treatment 
time, VMM-1 proliferation is deterred heavily. When the VMM-1 is seeded on 
TCTP group, Figure 2-1 (B), in the day 0, the cell number are all about 7800. In 
the day 1 to day 3, the decreasing rate of cell number of VMM-1 is also correlated 
with the increasing concentration of TMZ, this has been observed in the Gel group. 
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At the day 3, VMM-1 dead completely when is treated with 800 uM and 1 mM 
TMZ. By comparing with these two substrate, VMM-1 growing on TCTP is more 
sensitive to the TMZ treatment than on Gel group. The trend of decreasing cell 
number on TCTP is more significant than on the Gel group. When the 
concentration of TMZ is 800 uM, the cell number of VMM-1 on Gel decreasing 
from about 2200 to 1700 with decreasing in 22.73% in three days. In TCTP group, 
the cell number decreases from 7800 to 0 with 100% decreasing in three days.  
     On the group with doxorubicin (Figure 2-3), lines in the different color are on 
behalf of different of concentration of Dox treatment. After normalizing to the cell 
number data from the group without any treatment, the cell proliferation is shown 
on Figure 2-6. The decreasing rate of cell number of VMM-1 is nicely correlated 
with the increasing concentration of Dox, on the either TCTP substrate or Gel 
substrate. On the gel, Figure 2-3 (A), the highest reduction of cell number is 
happened within the highest concentration of Dox, 2 uM with a reduction from 
about 3000 to 950 (68.33% of deduction). With reducing the concentration of 
treatment, the reducing rate of cell number is slower. On the TCTP, Figure 2-3 (B), 
1 uM and 2 uM are sufficient to kill all of the cell in 100% in three days. The trend 
of decreasing cell number on TCTP is more significant than on the Gel group with 
increasing concentration of Dox. It has been observed in the TMZ group.  
     On the groups with treatment of dextran coated nanoceria oxide particles, 
(Figure 2-2), the results on both substrates do not show the exact correlation 
between the concentration of NC-Dex and the cell number as the result from TMZ 
and Dox. On the TCTP, Figure 2-2 (B), the growth of VMM-1 is deterred and the 
cells number are consistent in the three days without a large section of decreasing 
or increasing. In the group without any NC-Dex, the cell number is going up from 
about 6950 to 7600.The 100 uM NC-Dex show the highest potential to reduce the 
cell number. From about 7200 in the day 0 to 5500 in the day 3 with the decreasing 
of 23.61%.  The other groups show less changing on cell number. On the Gel 
substrate, Figure 2-2 (A), all of the group show decreasing on the cell number in a 
small degree. However, the trend of changing of cell number is not clearly 
observed with the treatment of NC-Dex in three days. The 100 uM NC-Dex do 
cause a relatively reduction on TCTP instead on Gel. The symptom that the VMM-
1 growing on the three dimensional model shows a higher drug resistance than 
growing on the TCTP is confirmed again. This can easily be observed after 
normalizing to the cell number data from the group without any treatment, the cell 
proliferation is shown on Figure 2-5.  
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     In these results, variances of cell numbers are observed in the day 0 (the time 
before adding the treatment), it can be easily found on Figure 2-3 (A) and Figure 
2-6 (A). VMM-1 cells are growing on Gel for three days before the treatment. 
These variances are caused during these three days. Ideally, the variances of cell 
numbers should be minimum in the day 0. It may be caused during discarding the 
old media and adding the fresh media. The propel force generated by pipette can 
wash VMM-1 cells off collagen gel. When removing the old media from the well, 
suction force generated by pipette can break down a piece of collagen gel and cause 
undesirable decreasing of cell number. Operation with sufficient carefulness can 
largely eliminate this error. Additionally, undesirable decreasing trends are 
happened to the group without any treatment; it can be easily found on the Figure 
2-1 (B). Ideally, cells number should increase. The fact is VMM-1 cells grow fast 
on the standard cell culture plate (TCTP). After the certain point, cells will die 
largely caused by the limitation of living space. The TCTP cannot provide enough 
place for cell attachment. To obtain a better result of the group without any 
treatment, the seeding density of VMM-1 cells should be optimized. By that VMM-
1 can still show growing during 72-hour treatment. These thoughts will be useful 
for the experiments repeating.   
     The traditional drug screening is performed on TCTP. That will bring some fault 
assessment and prediction on the performance of the melanoma drug. In this part, 
VMM-1 growing on two dimensional model (TCTP) is much more sensitive than 
on the three dimensional model(Gel). To sum up, VMM-1 seeded on TCTP is more 
sensitive and has less resistance to the Dox, TMZ and NC-Dex, comparing to the 
Gel group. However, the degree of affect to VMM-1 is different among different 
treatment on TCTP. 
     After observing the relatively significant reduction on cell number of VMM-1 
on the TCTP, the concentration of NC-Dex is selected as 100 uM for the following 
experiments. Since this drug screening is the first time to performed on the three 
dimensional model in our lab. The crosslinked compressed collagen (XPC) is not 
applied at this part. However, it still is an interested task that should be conducted 
to obtain more information related to apply this novel three dimensional tumor 
model on melanoma drug screening.  
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     Figure 2-7: The result of VMM-1 cell viability after treating with dextran coated nanoceria particles (100 
uM), doxorubicin (2 uM) and the combination treatment (100 uM dextran coated nanoceria particles and 2 uM 
doxorubicin) for three days on collagen gel (Gel), crosslinked compressed collagen gel (XPC) and the tissue 
culture treated plate (TCTP). On vertical axis, VMM-1 cell viability is shown in percentage, and normalized to 
the positive control group (No treatment) after subtracting the background. On each group, the blue bar is on 
behalf of treating with 100 uM NC-Dex, the red bar means treating VMM-1 with 2 uM doxorubicin, the green 
bar is on behalf of the result of the combination treatment (NC-Dex,100 uM & Dox, 2 uM). (*: P < 0.05) 

    Before applying any treatments, VMM-1 is seeded on XPC, Gel for three days, 
and on TCTP for 1 days with the same seeding density of 10000 cells per cm2 on 
96 well plate. Each group has three replicates. It has five groups, NC-Dex (100 
uM), Dox (2 uM), NC-Dex (100 uM) + Dox (2 uM) are three of them. The positive 
control group has cells grows without any treatment. The fifth group is the negative 
control group; the treatment is 1% triton x-100 in order to provide the result of 
completed cell death. After 72-hour period of treatment, VMM-1 cell viability will 
be measured with AlamarBlue assay. All the data is minus with the data from 
negative control group and normalized to the positive control group. The results are 
shown in percentage format. The results are divided into three main groups, Gel, 
XPC and TCTP. In each group, it has three bar with different color.  
     Two-way ANOVA analysis is performed on these VMM-1 cells viability within 
the treatments and the substrates as two independent variables. P value is less than 
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0.05. Tukey`s HSD is performed with the primary interest being substrates. A 
significant different is shown among all the substrates (Gel, XPC and TCTP). On 
the Figure 2-7, on the Gel group, VMM-1 still obtains 88% of cell viability after 
72-hour treatment with NC-Dex. In the other two groups, the cell viability is about 
the same, 40%. On the XPC group, cell viability after treating with NC-Dex is 
about 96%. In the other two groups, the cell viability is about the same, 16% in 
combination group, 12% in Dox group. On the TCTP, the cell viability is 66% in 
NC-Dex group. Cells viability, after treating with Dox and combination drug, is 
about 0 in the rest of two groups. These highly sensitivity of cells to the treatment 
have been observed on the last part of experiment. 
     Among these three kinds of treatment, the cell viability of VMM-1 is 
significantly affected by the Dox and the combination of Dox and NC-Dex. By 
comparing with the Gel substrate and XPC substrate, VMM-1 growing on XPC is 
more sensitive than on Gel, to the Dox and combination drug, except NC-Dex. By 
comparing with Dox and the combination treatment, the degree of affect is about 
the same. The role of NC-Dex, as the chemotherapy adjuvant in this condition, is 
not obvious. During this part of experiment, there are still some myth exist, such as 
NC-Dex can reduce the VMM-1 viability effectively when it is used alone, 
comparing to combination with Dox. However, the phenomenon, VMM-1 growing 
on two dimensional model (TCTP) is much more sensitive than on the three 
dimensional model (Gel and XPC) have been observed again.  
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     On the Gel substrate, Figure 2-8 (A), the effect of NC and NC-Dex to the A375 
is similar with about 10% cytotoxicity and 10% apoptosis. The effect of Dox and 
the combination drug is shown barely different, with about 40% cytotoxicity and 
30% apoptosis. On the XPC substrate Figure 2-8 (B), the effect of NC and NC-
Dex to the A375 is similar with about 35% cytotoxicity and 35% apoptosis. The 
effect of Dox and the combination drug is shown barely different, with about 50% 
cytotoxicity and 40% apoptosis. A375 on XPC is shown with a high sensitivity to 
the NC and NC-Dex. The cell viability is reduced from 75% on Gel to 30% on 
XPC with either NC or NC-Dex. The combination drug is shown with a slightly 
effectivity to A375 on XPC, comparing to the Dox treatment group. This is not 
observed onto the VMM-1. Maybe A375 can invasive into the soft matrix easily 
and hide away so that they are not largely exposure to the treatment. When the cell 
grows on the stiff matrix, it is harder to invasive into the matrix, then they will have 
more chance to be killed by the treatment.  
     On the TCTP group, Figure 2-8 (C), NC can cause 30% cytotoxicity and 40% 
apoptosis; NC-Dex can cause 35% cytotoxicity and 45% apoptosis; Dox can cause 
40% cytotoxicity and 45% apoptosis; combination drug can cause 40% cytotoxicity 
and 50% apoptosis. By comparing between NC and NC-Dex, NC-Dex can reduce 
the cell viability to about 15%, and NC can cause 25%. NC-Dex is seems more 
effective than the NC on the TCTP. However, it cannot be obviously shown on Gel 
group. By comparing between Dox and combination drug, the combination drug 
can induce about 5% more of apoptosis, decrease at least 5% of cell viability and 
remain similar portion of cytotoxicity. The combination drug is more effective than 
the Dox.  
     When the body uptakes the combination drug, NC-Dex, as the chemotherapy 
adjuvant to doxorubicin, will preferentially home inside the tumor caused by EPR 
effect and the its nanoparticle size, impair the cancer cells with its ability of 
increasing oxidative stress and inhibit the pro-angiogenesis in the acidic 
environment in order to assist doxorubicin to kill melanoma cells. This is not 
shown obviously on the Gel and XPC group. It may need a continuous study to 
prove this. From this experiment, the drug screening of the nano-based 
chemotherapy has been processed and can provide an example for assessing the 
combination of Dox and NC-Dex as a melanoma treatment.  
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Chapter   5                                                                                          

Proteins Expression related to the Hypoxic Condition 
on Three Dimensional Tumor Model 

Research Goal 

     From the last two sections, NC-Dex can cause cell death via inducing the cell 
apoptosis. Compared with the transitional two dimensional culture, tumor cells 
grow on three dimensional culture will show more ability of drug resistance. For 
the tumor, the tissue oxygenation plays a critical role in regulation of gene involved 
in cancer cells survival and metastasis. With insufficient oxygen and high demand 
of energy, tumor cells will obtain the ATP from high rate of glycolysis and leave 
the byproduct, lactic acid. The releasing of lactic acid from the death tumor cells is 
contributing to lower ph. The Warburg effect, tissue oxygenation and cancer 
metastasis are all interacting together.  
     NC-Dex can increase oxidative stress to kill the melanoma cells in acidic 
microenvironment, and acting as pro-angiogenesis to recover the surrounding tissue 
in the physiological neutral microenvironment. At this chapter, some clues which is 
related the mechanism principle of the effect of NC-Dex will be investigated. And 
some information about how ROS can affect VMM-1 protein expression can be 
obtained for better understanding the mechanism of nanoceria to affect melanoma 
cell in a hypoxic condition.  



 

74 
 

     Additionally, a hypoxic condition is created in an expensive hypoxia chamber. 
In this chapter, low cost hydrogen peroxide method will substitute the costly 
hypoxia chamber to create hypoxic condition on a prior collagen matrix as a tumor 
model. This trial may also provide a chance to explore the method for generating a 
hypoxic tumor model for supporting the drug screening. HIF-1α is broadly 
accepted as the key protein as the dominator to regulate the survival of cancer cell 
in hypoxic condition. The expression of HIF-1α can promote the cancer cell 
survival, metastasis and migration by regulating the expression of ECM proteins 
and lysyl oxidase family (LOX). LOX can crosslink the collagen fibers in the ECM 
to promote the melanoma cell metastasis by increasing the stiffness of ECM [68]. 
MMP can also help the melanoma cell to migration by degrading the ECM. Both of 
MMP and LOX family contribute to the metastasis processing of melanoma. LOX 
family are believed to be regulated by HIF-1. However, the study related to LOXL2 
is not commonly found. In this study, expressions of MMP-2, MMP-9 and LOXL2 
are focused. These studies may able to provide valuable information for melanoma 
drug developing and the drug mechanism of nanoceria. 
 

 

Statement and Hypothesis 

Aim: Investigating the expression of HIF-1α on melanoma with the induction of 
oxidative stress, and exploring the expression of LOXL2 and selected ECM 
proteins regulated by HIF-1α under oxidative stress. Proving the induction of HIF-
1α with hydrogen peroxide and finding an optimal induction time for inducing 
expression of HIF-1α. Since HIF-1α is a regulator of LOX family. The induction of 
HIF-1α can increase the expression of LOXL2. At this point, LOXL2`s expression 
status is assessed within the certain condition that HIF-1α can be expression under 
the incubation of hydrogen peroxide. Investigating the modification to the 
expression of some selected proteins, which related to the extracellular matrix and 
mobility of melanoma cells, related to the HIF-1α induction. All of these selected 
proteins are on the list of popular treatment targets of melanoma drug.  
 
Hypothesis: Oxidative stress induce the expression of HIF-1α; LOXL2 is largely 
released to ECM with the regulation of HIF-1α. The modifications on the 
expression of selected ECM proteins are obvious under oxidative stress. Hydrogen 
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peroxide can induce the expression of HIF-1α by activating the reduced oxidative 
stress sensor protein, NFkB. Since the cytotoxicity of hydrogen peroxide, long 
incubation time will cause cell death. Under the consumption that hydrogen 
peroxide can induce HIF-1α, the expression of LOXL2 will increase and this 
enzyme will be largely release. And LOXL2 may improve the cell migration after it 
has been released into the extracellular matrix. The HIF-1 can be induced 
successfully and functionally in order to up regulate the releasing of LOXL2. HIF-
1α expression may affect other certain proteins related to the extracellular matrix 
and mobility of melanoma cells.  

1) 50uM hydrogen peroxide will be added into the serum free media to culture 
VMM-1 cell for 0, 3, 6, 9, 12 hours. Cell lysate will be collected for western 
blot. The expression of HIF-1α will be shown on the blot membrane in the 
different incubation time. 

2) 50uM hydrogen peroxide will be added into the serum free media to culture 
the VMM-1 cell for 0, 3, 6, 9, 12 hours. Cell lysate will be collected for 
fluorescent western blot. The expression of LOXL2 will be shown on blot 
membrane in the different incubation time, and the release time point will 
be inducted. 

3) LOXL2 conditional media will be used for VMM-1 cell migration assay on 
transwell plate. The growth media and 50uM hydrogen peroxide media will 
be used as control group. One is the negative control and the other is the 
positive control. 

4) 50uM hydrogen peroxide will be added into the serum free media to culture 
the VMM-1 cells on collagen gel and tissue culture treated plastic plate, for 
0, 3, 6, 9, 12 hours. Cell lysate will be collected for western blot. The 
expression of couple proteins (HIF-1α, MMP2, MMP9 and N-cadherin) will 
be shown on blot membrane in the different incubation time.  
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incubation of hydrogen peroxide may induce the expression of HIF-1 via the 
activation of NFkB which can sense the reduced oxidative stress of the 
microenvironment. After 3 hours, the expression of HIF-1α decreases, which may 
be caused by the cytotoxicity of the hydrogen peroxide from the long period of 
incubation. This prediction is also correlated to the protein BCA result of VMM-1 
lysate (not shown), the protein concentration is decreased with the increasing 
incubation time after 3 hours.  
     From the picture showing above, HIF-1α, which is the key protein of the cell to 
reprogram themselves to adapt to the hypoxic condition, can be induced by 50uM 
hydrogen peroxide. For creating a hypoxic condition without an expensive hypoxia 
chamber or costly chemical material, such as cobalt chloride [44], costless 
hydrogen peroxide may achieve the same function.  
 

 
     Figure 3-2: The fluorescent western blot result of expression of LOXL2. In each frame, it has two band 
which are from the same group, work as replicating. The frames are representative of the hydrogen peroxide 
incubation time of 12 hours, 9 hours, 6 hours, 3 hours and 0 hours (0 hour is the control group), from left to 
right, and marked with incubation time on the top of frame.   

     For extending from last experiment, VMM-1 is seeded on TCTP for 3 days until 
the number of cell is reaching 85% confluence. The special media is added (50uM 
hydrogen peroxide, base RPMI and 1% penicillin). This experiment is divided into 
5 groups which have different incubation period of this 50uM hydrogen peroxide 
media, for 0, 3, 6, 9, 12 hours. After the incubation, VMM-1 cell lysate is applied 
and protein of cells is extracted for western blot. The anti-LOXL2 primary antibody 
(AF 2639) is from R&D systems. 1% donkey serum is worked as blocking buffer. 
The fluorescent secondary antibody (120971) is from Jackson ImmunoResearch. 
The primary antibody is diluted in 1:2000 in TBST, the secondary antibody is 
diluted in 1:500 in TBSP. The sample on this blot membrane is from the same 
sample of the HIF-1α induced experiment. And the loading amount is the same as 
last time. Each group has two lanes on the membrane. From the right side to the left 
side, they are 0, 3, 6, 9, 12 hours` incubation with 50uM hydrogen peroxide. The 
band located in the desire range of molecular weight, about 110 kDa, as the 
datasheet of the primary antibody. 
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     LOXL2 is another important protein that related to metastasis of melanoma 
cancer, which have not been fully studied yet. The upregulation of HIF-1α can 
induce lysyl oxidase and lysyl oxidase like family which is including LOXL2 [45, 
65]. From the Figure 3-2, it shows the strongest fluorescent signal is existed in 
control group (the 0-hour group). And the signal is decreasing by the increasing 
incubation period. In the 3-hour group, it still has the significant signal.  
     This may be explained: LOXL2 is a secreted protein which can modify the 
extracellular matrix in order to help the cancer cells to invade [66, 68]. The 
releasement of LOXL2 response to the cells metastasis and migration to the nearby 
healthy tissues. In the condition with low oxidative stress, the secretion of LOXL2 
is not much and they are remained inside the cell so that the strongest signal is 
observed on the control group without any chance to be incubated with hydrogen 
peroxide. With the stimulation of hydrogen peroxide and the upregulation of HIF-
1α, cell is going to release LOXL2 as the reaction to the mimic hypoxic condition.  
     This prediction above may able to explain the reason why the signal is going to 
decrease with the increasing incubation time. With increasing the incubation time 
with hydrogen peroxide, the LOXL2 protein is continuously released by the VMM-
1 instead of being stored. In the experiment, the method of the protein extraction is 
only targeted to the intercellular proteins. In this hypoxic condition which is created 
by adding small amount of hydrogen peroxide, the amount of LOXL2 among the 
intercellular proteins is reduced. This may indirectly prove that VMM-1 largely 
release LOXL2. Based on the result and the daring prediction, it may conduct that 
the hydrogen peroxide can increase or stimulate the secretion of LOXL2 and the 
function path may regulate by HIF-1α which is not directly proved. Further 
experiments are necessary to demonstrate the mechanism among these. 
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     Figure 3-3: The result of the cell number of VMM-1 migrated across the transwell membrane in the 24-
hour incubation. The cell number is the sum of five areas of each group which is randomly pick up rom each 
group. On the horizontal axis, it shows three groups with different conditional media. Growth media group is 
the negative control group. The hydrogen peroxide group is the positive control group. (*: P < 0.05) 

     In this transwell migration experiment, a growth media is added in the upper 
chamber on the control group. In the LOXL2 group, the conditional media is 
obtained from the 50uM hydrogen peroxide induced old media that has been used 
for incubation with the VMM-1 for 3 hours. Considering on the result from last 
part, the incubation with hydrogen peroxide can induce cell to release LOXL2, and 
the hydrogen peroxide is easy to decompose to oxygen and water in 37 Celsius 
degrees, the used media should contain LOXL2 secreted by VMM-1, but not 
remaining hydrogen peroxide. In the last group, the conditional media is the normal 
hydrogen peroxide induced fresh media which have been used in the previous 
experiment. VMM-1 is seeded on a thin collagen coated Transwell plate in 400000 
cells per well for 6 hours for adhesion. Then the growth media is added the bottom 
chamber, the experimental conditional media is added on the upper chamber. Let 
the cells grow for 24 hours. Then, the media on both side is removed, and the 
VMM-1 cells is fixed with 5% formaldehyde. Sterilized cotton bud is applied for 
removing the cell on the upper side of membrane in order to remove the cell that 
have not migrated through the membrane in 24 hours. The fixed cells are stained 
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with DAPI for counting under the fluorescent microscopy. Five areas of the 
membrane are randomly picked up for counting the number of cell that have been 
migrated through the membrane of each group. One-way ANOVA analysis is 
performed on these migration results. The conditional medias are set as an 
independent variable; a dependent variable is the number of migration of VMM-1 
cells. P value is less than 0.05. Turkey`s HSD pairwise comparison is performed. 
The significant difference is only shown between the growth media group 
(Negative Control Group) and the H2O2 group (Positive Control Group). This may 
be caused by the insufficient of experimental sample. This experiment is surely 
needed to be repeat until obtaining a reliable result. 
     From the Figure 3-3, the weakest degree of the migration is found on control 
group which the conditional media is just a growth media with 27 migrations. 
Comparing with the control group, the rest of groups has shown a significant 
phenomenon of the migration. The greatest degree of cell migration is observed on 
the hydrogen group, it has 97 migrations, three times as control group. On the 
LOXL2 group, the number of migration is 64, about two times as the control group. 
Hydrogen peroxide can induce the significant cell migration by creating a high 
reduced oxidative stress. The LOXL2 conditional media has been stay at 37 °C for 
3 hours, so that it is reasonable to believe having LOXL2 but not hydrogen 
peroxide. By comparing with the positive and negative control groups, the LOXL2 
conditional media can induce the obvious cell migration. It may prove that this 
conditional media does contain LOXL2. This data also does provide the impetus to 
proceed with the use of the Transwell assays for investigating the effect of LOXL2 
to melanoma cell migration. However, the support of the result is insufficient and 
the size of experimental group is too small, and therefore this experiment will need 
to be repeated.   
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     For the HIF-1α (ab 179483), the dilution ratio is 1:2000 in 2% fat-free milk. 5% 
fat-free milk is the blocking buffer. On the TCTP group, Figure 3-4 (A), the 
protein expression has increased, and decreased after 3 hours of incubation. It is the 
same result as last section of this whole experiment that has proved hydrogen 
peroxide can induce HIF-1α, even if another primary antibody is applied. On the 
gel group, Figure 3-4 (B), the expression of HIF-1α can be observed in the last two 
group, with the 9-hour incubation and the 12-hour incubation. VMM-1 has grown 
on collagen matrix for 3 days, the collagen matrix has absorbed the growth media 
which contain serum. And the serum inside the growth media can react with the 
hydrogen peroxide and reduce the reduced oxidative stress. It may explain the 
delay expression of HIF-1α. In the first 9 hours, hydrogen peroxide which is 
contained inside the induced solution reacts with the serum which is absorbed by 
the collagen matrix. The reduced oxidative stress cannot generate or maintained 
which cause the failure of induction of HIF-1α on collagen matrix. 
     For MMP-9 (ab 76003), the dilution ratio is 1:5600 in TBST. 5% fat-free milk is 
the blocking buffer. On the TCTP group, Figure 3-4 (A), the protein band is only 
observed at the control group. That may conduct the hydrogen peroxide inhibit the 
expression of MMP-9. On the gel group, Figure 3-4 (B), the expression of MMP-9 
of VMM-1 cannot be observed in the most case. It cannot distinguish any affection 
to MMP-9 by hydrogen peroxide. 
     For N-cadherin, the dilution ratio is 1:5000 in TBST. 5% BSA is the blocking 
buffer. Hydrogen peroxide may not cause any affection to the expression of N-
cadherin when the cells is growing on the TCTP (Figure 3-4(A)). On the collagen 
gel, Figure 3-4 (B), N-cadherin`s expression increases with the increasing 
incubation time. Normally, the expression of LOXL2 will inhibit the expression of 
E-cadherin and increase the expression of N-cadherin [66, 106]. The increasing 
expression of N-cadherin is a feature of aggressive tumor and participate the 
processing of epithelial-mesenchymal transition. Under the effect of oxidative 
stress and the induction of HIF-1α, LOXL2 is induced and cause the upregulation 
of N-cadherin on melanoma. Since the expression of LOXL2 of cells on the 
collagen matrix in this mimic hypoxic condition has not been investigated yet, the 
relation between these is not predictable.  
     For actin(SC-8432), the dilution ratio is 1:1000 in TBST. 5% BSA is the 
blocking buffer. On the TCTP, Figure 3-4 (A), each protein band from different 
group looks similar to each other. However, the consistency on the gel group 
(Figure 3-4 (B)) is not ideal enough as on the TCTP group does. It is acceptable 
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and does not show any improper operation exist during the experiment. When 
getting the cell lysate on the collagen matrix, a little portion of collagen will 
contain inside the final protein sample. It will cause inaccuracy of the measuring 
the concentration of sample proteins via BCA method. This effector cannot be 
avoided, can only be controlled by strictly setting consistent operation of each step 
during the experiment. 
     Investigating expression stage of these selected proteins, which are believed to 
be related to the remodeling of the ECM under hypoxic conditions, may provide 
details that for mechanisms of metastasis that be used for inhibiting invasion. With 
oxidative stress, N-cadherin and MMP-2 is upregulated on the Gel substrate. These 
upregulation is promoting the cancer migration with aggressive behavior. As a 
chemotherapy adjuvant with conventional chemotherapy, nanoceria can relieve 
oxidative stress to inhibit the expression of MMP-2 and N-cadherin in order to stop 
the melanoma cell invasion. Additionally, these studies have shown a new model of 
hypoxic three dimensional tumor model is generated and may be useful for the 
further studying of melanoma drug development.  
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Chapter 6      

Conclusions, Further Considerations and Future 
Directions  

Section I 

     In this section I of research, by comparing with other collagen based substrates 
(Figure 1-2), XPC is showing the unique biocompatible to A375 cells, and can 
stimulate the A375 proliferation potential, and almost catch up with the TCTP. The 
cell morphology of A375 cells on XPS is similar to the TCTP group, with highly 
extended actin filaments (Figure 1-3, 1-4, 1-5, 1-6). The pFAK staining result 
(Figure 1-7) shows a high density on the XPC group, similar to TCTP group. The 
co-culture imaging of A375 and HUVEC (Figure 1-8) has demonstrated the 
important role of matrix stiffness to the cell behavior and phenotype. The unique 
stiffness of XPC cause the melanoma cells to proliferate at a higher rate and 
express a phenotype characteristic of more metastatic behavior. The research goals 
of this section are satisfied. However, there are some considerations below. 
 
     During the procedure of generating the three dimensional tumor model, genipin, 
which is extract from gardenia fruit, is used as cross linking solution to generate 
cross linking collagen. However, it has a low acute toxicity (LD50 is about 380 
mg/kg in mice), it still able to affect cells metabolism [79, 80]. During the matrix 
generating procedure, the genipin solution will stay on the skin and stain that area 
in a blue color for a couple weeks if the operator does not have sufficient protection 
such as wearing double glove and lab coat. When cells are culture in the condition 
with the existent of genipin, the membrane proteins may lose their function due to 
the crosslink effect caused by the remaining genipin agent insider the matrix. 
Crosslink effect will cause the protein instruction changing in order to lose its 
original function. And the membrane protein is important for cells to sense the 
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living environment, transport the substrates and communicate with other cells. 
After finishing the cross linking section, sterilized phosphate-buffered saline (PBS) 
will be used for washing the collagen matrix for couple hours to flush out the 
residual genipin. Even if that, it still some certain amount of genipin remain insider 
the matrix. This will cause a mild degree of cytotoxicity to the seeded cells.  
 
     During the three-day cross link procedure at 37 °C, ethanol which is the solvent 
for genipin is easily to evaporate. And the container is sealed for reduce the 
evaporation which will case the collagen matrix drying out. With the unwilling 
evaporation of solution, the concentration of genipin will increase which will boost 
the cross link effect to the collagen. If the collagen matrix has been over 
crosslinked, then cells are not able to penetrate and move. This will violate the 
principle of three dimensional matrix which allow the cell to migrate into the 
deeper portion of matrix [107]. The color of matrix will change from shallow green 
to the dark green. The volume of matrix will shrink after crosslinking. To obtain 
the consistency of making collagen matrix, the procedure is followed strictly. There 
is still some error may happen. It may happen at the compression of collagen in a 
variety weight distribution. It may happen when the temperature of the incubation 
chamber is suddenly drop due to the constantly door opening. And the error may 
also happen when trimming and cutting the compression collagen form the 
compressed collagen shield. The errors may lead to the shape of matrix is slightly 
different, since it is produced with hand craft. For obtaining largely consistency of 
making collagen matrix, the time of each key step will be kept the same. Each 
solution will be fresh make and has same concentration. Additionally, creating a 
casting mould with 3D printer for gelation of collagen can improve the consistency 
of generating collagen substrate. Inventing a handy machine for compressing the 
collagen not only can contribute to consistency, but also increase the efficient of 
making substrates. By this, these can be helpful to eliminate almost errors and gain 
high consistency.  
 
     After the cells have been seeded on the varied collagen matrix, AlamarBlue 
assay will be performed at varied time points. During the incubation with reaction 
agent, the matrix is able to absorb the AlamarBlue. It will cause a certain effect to 
the result reading. This is the reason why the AlamarRed reading result of the 
control group is increasing at some point. To solve this problem, all the signals 
from the experiment groups will be subtracted with the results of control groups. 
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Furthermore, during exchanging the solution on the culture plate, the solution may 
pound on matrix which may damage the matrix or cause the cell detach from the 
matrix. This situation is easily happened on the soft collagen gel. When the force, 
generated by the pipette, has been exceeded a certain degree, it will punch a tiny 
hole on collagen gel. The cells may migrate to the plastic through the hole. Since 
the cells will grow faster on the plastic then on the gel, it will increase the fake 
readout of AlamarBlue assay. To avoid this situation, exchanging the solution of 
culture wells should be performed gently.  
 
     All the results of this section prove that the unique stiffness of XPC cause the 
melanoma cells to proliferate at a higher rate and express a phenotype characteristic 
of more metastatic behavior. However, Fluorescent staining (Phalloidin-Alexa 488 
and DAPI) can sufficiently provide detail of the cell morphology. Scanning 
electron microscope (SEM) technique is still courage for obtaining much more 
details related to the melanoma cell migration and cell morphology. With the help 
of SEM, the surface of the matrix also can be observed, and the modification of 
melanoma cells to the matrix can be seen at the same time. All these details may 
lead to more valuable information.  
 
     Additionally, this research should have more kinds of melanoma cells for the 
repeated experiment in the future. Since different kinds of melanoma cells have 
different requirement on metabolism field and their own reaction to ECM 
environment. For example, SK-MEL (Human skin melanoma cells) are seeded on 
varied collagen matrix (same as the collagen matrix used in this research) in our 
lab, they grow slowly, and the result of cell proliferation in different time point is 
not steady. It may explain with the fact that this kind of matrix may not suitable for 
its growing. For fix this problem, adding fibronectin into the collagen matrix can 
help these cell grow well on the collagen gel. Since different cells have their own 
response to the same environment, running the same experiment on different types 
of cells will show a great help for exploring additional research goals for the future 
studying. And all these results may bring out some valuable ideas for generating a 
three dimensional tumor model with high complexity for drug screening. 
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Section II 

     In the section II of this research, VMM-1 and A375 seeded on three dimensional 
tumor models. These results of drug screening (Figure 2-1, 2-2, 2-3) show a high 
resistance to the Doxorubicin, Temozolomide and Dextran coated nanoceria is 
observed on the three dimensional tumor model (the collagen gel group). After 
normalization with the blank treatment group (Figure 2-4, 2-5, 2-6), the higher 
drug resistance of VMM-1 cells is obvious on the three dimensional collagen gel 
group. It proves the hypothesis that melanoma cells seeded on conventional two 
dimensional model is sensitive to the melanoma chemotherapy treatment. In the 
Figure 2-7, both of the 2 uM Doxorubicin and the combination treatment can 
effectively kill the melanoma cells. However, the chemotherapy adjuvant function 
of dextran coated nanoceria is not obvious. The mechanical property (stiffness) of 
matrix do cause effect to the development of drug resistance on melanoma. With 
the increasing stiffness of matrix, melanoma cells become sensitive to the 
treatment. These symptoms are interesting for the following studying. Basing on 
the ApoTox-Glo Triplex Assay result of drug screening (Figure 2-8), the 
combination drug (100 uM NC-Dex & 2 uM Dox) can reduce the cell viability of 
A375 cells and increase the degree of cell apoptosis without contributing to 
increase the cytotoxicity. All these results are pointing to that Melanoma cells, on 
three dimensional tumor model, have the high resistance to the treatment. 
Meanwhile dextran coated nanoceria shows its potential as the chemotherapy 
adjuvant to improve the efficiency of chemotherapy agent, impair the tumor and 
cause tumor sensitive to the treatment, is sufficient supported.  
 
     Some considerations need to be addressed. Cells which is seeded on different 
collagen matrix are treated with nanoparticles for a certain period of time. The cell 
viability is measured in different time point. The result of the cell viability can 
provide some important information related to efficiency of each dose. At this 
point, nanoparticle is too small and can be trapped inside the matrix instead of 
being intaken by the melanoma cells. If ways for measuring the intaking rate of 
nanoparticle by cells are found, it will provide additional valuable information to 
reinforce the result of cells viability. Raman microscopy may be a good way to 
measure the amount of nanoparticles which have been intake by cells, and a good 
method for assessing the distribution of nanoparticles on each collagen matrix.  
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    Furthermore, the mechanical property of matrix will affect A375 cells viability 
and proliferation. After the cross linking process, the stiffness of each matrix can be 
felt by using tweezers to tear the matrix. The crosslink compressed collagen is the 
stiffest among them. Even with that, the mechanical property of each matrix still 
need to be determined in a quantitative way. Since the conventional strain-stress 
machine is not able to measure these parameters on these collagen matrix because 
of some limitations. A novel way to measure stiffness property should be found. 
Atom force microscopy or Laser-induced auto-fluorescence may be good ways to 
assess the stiffness of the matrix [7, 26, 41, 42].  

 

Section III 

     In the section III of the research, basing on the result related to the LOXL2 and 
HIf-1α, the support to hypothesis is insufficient. However, the results is able to 
provide some thought to explain the model of releasing of LOXL2 and regulation 
mechanism of HIF-1α to LOXL2. Hydrogen peroxide can induce HIF-1α in mimic 
the hypoxic condition. Varied way to mimic hypoxic condition is still needed for 
accurate results with repeating the same experiment. Conclusively, oxidative stress 
induces the expression of HIF-1α on melanoma cells, and the best induction time is 
3 hours on TCTP (Figure 3-1). From the result of western blot, Figure 3-2, the 
expression of LOXL2 is reduced. It may be explained by that LOXL2 is largely 
released to ECM with the regulation of HIF-1α. Considering the migrating-promote 
function of LOXL2 and the migration result, Figure 3-3, some materials that can 
promote the melanoma cells migrate across the transwell membrane may be 
LOXL2. The modifications on the expressions of selected ECM proteins are 
obvious under oxidative stress. From the Figure 3-4, MMP-2 is upregulated on 
melanoma cell on the collagen gel group.  
 
     For the western blot results, the changing of expression of selected proteins is 
observed with oxidative stress. It is still interesting in assessing the amount of 
mRNA for the oncoming experiments. In the hypoxic condition or with the effect 
of oxidative stress, the expression of HIF-1α is increasing. HIF-1α will bind with 
HIF-1β and form HIF-1 in order to modify the gene expression to help the cell 
adapt to the environment. The mRNA expression of LOX family is directly 
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regulated by the HIF-1 [45]. For measuring the expression of LOXL2 mRNA, it 
can directly prove the assumption on the releasing mechanism of LOXL2 related to 
the HIF-1α. Meanwhile, the mRNA expressions of selected proteins are valuable 
for supporting the western blot result (Figure 3-4) and are able to directly prove the 
increasing expression of MMP-2 and N-cadherin on the collagen gel group with the 
induction of HIf-1α. 
 
     In the ApoTox-Glo Triplex Assay result of drug screening (Figure 2-8), the 
effect of nanoceria particle to the VMM-1 has been observed. From the Figure 3-4, 
MMP-2 is upregulated on melanoma cell on the collagen gel group. From the 
Figure 3-2 & 3-3, the releasing of LOXL2 with induction of HIF-1α may be 
confirmed. By combining each single clues, it is reasonable to address the drug 
mechanism of dextran coated nanoceria as the unique antioxidant to reduce 
oxidative stress. The reducing oxidative stress caused by nanoceria can inhibit the 
expression of MMP-2 or the releasing of LOXL2 in order to repress the melanoma 
metastasis processing in the physiological condition (pH=7.4). These explanations 
accidentally accord with the physical property of nanoceria introduced on previous 
part. However, it is still interesting in investigating the effect of the nanoceria 
treatment to the expressions of selected proteins on varied collagen matrix in this 
oxidative stress and hypoxia mimicking condition. During the future researches, 
information for demonstrating the pharmacodynamics of nanoceria particles will be 
discovered, and becomes valuable for melanoma drug developing. 
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