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ABSTRACT 

 

The increased production of reactive oxygen species (ROS) is a hallmark of fibrosis and 

cancer. In fibrosis, the release of ROS along with secretion of pro-fibrotic cytokines by 

the immune cells during the inflammatory phase has been known to promote the 

activation of fibroblasts and induce collagen deposition. In cancer, ROS also plays a 

crucial role in various signaling cascades involved in cellular survival, proliferation, 

resistance to apoptosis, angiogenesis, as well as metastasis. However, the results from 

clinical studies involving antioxidant therapies in patients have been disappointing, 

mostly due to the low bioavailability of the conventional antioxidant therapies. 

Nanoparticles with intrinsic antioxidant properties have great potential to be used for 

attenuating oxidative stress in various oxidative-induced diseases including fibrosis and 

cancer. Our group has recently developed and optimized a polymer-coated mesoporous 

silica nanoparticle (NP) for siRNA and drug delivery. The platform consists of a 50-nm 

mesoporous silica nanoparticle (MSNP) core coated layer-by-layer with bioreducible 

cross-linked 10-kDa polyethyleneimine (PEI) for effective siRNA binding and endosomal 

escape, and polyethylene glycol (PEG) for preventing nanoparticle aggregation, 

minimizing enzyme degradation of siRNAs, shielding the toxic effect of PEI, and 

preventing recognition by the immune system.  

In this dissertation, I sought to evaluate the antioxidant activity and siRNA delivery 

efficiency of our NP platform for the treatment of fibrosis and cancer metastasis. In my 

first project, I investigated the intrinsic antioxidant property of our NPs and assessed the 

added benefit of silencing heat shock protein 47 (HSP47) as a gene target in a skin 
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fibrosis model. HSP47 is a collagen-specific molecular chaperone responsible for 

proper assembly of collagen molecule and its overexpression has been observed in 

numerous fibrotic diseases. To this end, I have made the novel discovery on the 

antioxidant property of our nanoparticle which is attributed by its MSNP core. I also 

found that the nanoparticle was far superior to n-acetyl cysteine (NAC) at modulating 

pro-fibrotic markers. Intradermal administration of siHSP47-nanoparticles effectively 

reduced HSP47 protein expression in skin to normal level. In addition, the antioxidant 

MSNP also played a prominent role in reducing the pro-fibrotic markers, NOX4, alpha 

smooth muscle actin (-SMA), and collagen type I (COL I), as well as skin thickness of 

the mice. 

In my second project, I explored the therapeutic potential of the nanoparticle platform for 

treating metastatic breast cancer. PLK1 was identified as the top therapeutic target for 

TNBC cells and tumor initiating cells in a kinome-wide screen. NP inhibited cancer 

migration and invasion in TNBC cells owing to its ROS and NOX4 modulating properties. 

In vivo, siPLK1-NP knocked down 80% of human PLK1 mRNA expression in metastatic 

breast cancer cells residing in mice lungs, inhibited distant metastasis from lung to other 

organs, and reduced overall tumor burden. Long term treatment delayed the onset of 

death in mice by 36 days and improved the overall survival.  

In conclusion, in this dissertation I have shown that our NP platform has great potential 

for the treatment of fibrosis and cancer. Given the most optimal gene target, our 

nanoparticles will be able to provide combinatorial treatment not only for fibrosis and 

cancer, but also for other types of oxidative-induced inflammatory diseases.  
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1 

1 Chapter 1: Introduction and Background 

1.1 Introduction 

The regulation of redox homeostasis is crucial for the maintenance of normal cellular 

growth, metabolism, and survival. Oxidative stress is defined as the imbalance between 

the production of reactive oxygen species (ROS) and the capability of the cell to elicit an 

effective antioxidant response. At lower concentrations, ROS are important signaling 

molecules involved in cellular proliferation, migration, and apoptosis [1, 2]. Several 

sources of ROS in cells and tissue have been identified, including mitochondrial 

electron transfer chain [3] and NADPH oxidase (NOX) enzymes [4]. At higher 

concentrations, these molecules could be useful against pathogens, resulting in 

increased leukocyte and platelet activation, and increased leukocyte recruitment [5]. 

While this is true in the context of innate immunity and inflammatory signaling in the 

immune cells, most ROS are harmful to cells due to the accumulation of irreversible 

damages to proteins, lipids, and most importantly, to DNA leading to mutations and cell 

death [6, 7].  

ROS and oxidative stress have been implicated in a number of diseases, including 

fibrosis and cancer [8]. In particular, NOX-derived ROS has been found to be the main 

source of oxidative stress which promotes key events in the development of fibrotic 

diseases (such as skin fibrosis [9], idiopathic pulmonary fibrosis [10], liver fibrosis [11], 

and kidney fibrosis [12]) as well as the initiation and progression of the cancer disease 

[13].  
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To date, there is no cure for these diseases. Current approaches are limited to attempts 

on slowing down disease progression in fibrotic diseases (such as pirfenidone for 

pulmonary fibrosis). For cancer, there are several treatment approaches including, 

chemotherapy, surgery, radiation, immunotherapy and other novel targeted therapies. 

Cures can be achieved in some cases (e.g., when tumors are diagnosed early), but 

resistance and recurrence are common. Chemotherapy and radiation also generate 

ROS, which, at high levels, are toxic to cancer cells. Nevertheless, sub-lethal ROS 

generated by these treatments were also reported to promote cancer invasion and 

metastasis [14]. ROS are thus considered one of the mediators of drug resistance and 

metastasis in cancer [14-16].   

In recent years, antioxidants have drawn much attention as potential therapeutic 

interventions due to their ability to fight oxidative stress (and thereby negate its role) in 

fibrosis and cancer development. The main function of antioxidants is to scavenge or 

neutralize free radical formation and inhibiting the deleterious downstream effects of 

ROS. However, most antioxidants, taken orally, have limited absorption profiles, which 

lead to low bioavailability and insufficient concentrations at the target site [17, 18]. To 

overcome this issue, current research is focused on developing nanoparticles with 

intrinsic antioxidant properties which can be functionalized to provide localized or 

targeted therapy [19, 20]. These nanoparticles are mostly made up of inorganic 

materials such as mesoporous silica, cerium oxide, and fullerene, which exhibit 

antioxidant activities due to their ability to protect cells against oxidative stress in vitro 

and in animal models [19]. The antioxidant capacities of these nanoparticles are thought 

to be contributed by their redox and catalytic properties, electronic configuration, oxygen 
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vacancy defects, and, high-surface-to-volume ratio. Additionally, nanoparticles can be 

designed to be multi-functional, also serving as delivery platforms for other therapeutics.          

Much excitement has also been directed at the development of targeted therapies, a 

strategy in which drugs are designed to block or interfere with a specific molecule in the 

disease process. Small molecule drugs or monoclonal antibodies have garnered some 

initial success, but a commonly encountered drawback is the propensity to develop 

therapeutic resistance leading to the unfortunate exhaustion of treatment options. An 

RNA interference strategy has attracted great interest as an alternative solution due to 

its therapeutic potential in silencing disease-related genes with high specificity, 

minimizing off-target effects commonly associated with small molecule inhibitors. 

Although promising, the utility of siRNA as a therapeutic agent has been hindered by its 

poor cellular uptake and short half-life [21]. To combat this, significant progress has 

been made in recent years on the development of nanoparticles as gene delivery 

platforms and silica nanoparticles have emerged as one of the more promising gene 

delivery agents for treatment of various preclinical cancer disease models upon 

systemic delivery [22, 23]. In addition, mesoporous silica nanoparticles (MSNP) have 

also been reported to have reactive oxygen species (ROS) scavenging capability [24, 

25], which will be beneficial for reducing oxidative stress-induced processes such as 

fibrosis, carcinogenesis and metastasis. In addition, MSNP can be surface-modified 

through covalent bonding or electrostatic interactions with polymers to facilitate gene 

delivery into the cells [26]. Thus, MSNPs have great potential to be used as a gene 

delivery agent for fibrosis and cancer treatments. 
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1.1.1  Overview of Reactive Oxygen Species (ROS) 

Reactive species are broadly categorized into 4 groups: ROS, reactive nitrogen species 

(RNS), reactive sulfur species (RSS), and reactive chloride species (RCS) [27]. Among 

these groups, ROS is found to be the most abundantly produced [27]. ROS are 

generally defined as oxygen-containing small species including superoxide anion radical 

(O2
●-), hydroxyl radical (OH●), hydroxyl ion (OH-), hydrogen peroxide (H2O2), singlet 

oxygen (1O2), and ozone (O3) [4, 27]. ROS can be generated either by exogenous 

sources such as UV radiation, toxic chemicals and drugs, physiological changes such 

as aging or injury/inflammation [28], or by intracellular (endogenous) sources such as 

NOX enzymes on the plasma membrane [4], myeloperoxidases (MPO) in phagocytes 

[29], and as by-products of respiratory chain function in mitochondria [3]. As highlighted 

in Figure 1.1, ROS generation is a cascade of reactions initiated by the production of 

O2
●- inside the cells, contributed by endogenous and exogenous cellular sources. 

Cellular defenses against these ROS molecules involve endogenous antioxidants such 

as glutathione peroxidases (GPx), catalases (CAT), and superoxide dismutases (SOD). 

Under normal physiological conditions, the formation and elimination of ROS is tightly 

regulated through the help of the ROS-scavengers/endogenous antioxidants to maintain 

homeostasis and avoid the harmful effects of oxidative stress. However, the elimination 

process can become saturated and the increased accumulation of ROS leads to 

permanent changes and/or damages to the DNA, lipids and proteins with detrimental 

effects such as cell death, mutagenesis, carcinogenesis and fibrosis.  
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Figure  1.1 Sources of ROS and key ROS molecules in signaling. 
ROS generation is a cascade of reaction initiated by the production of ●O2

- inside the 
cells, contributed by endogenous and exogenous cellular sources. Molecular oxygen is 
reduced to superoxide anion (O2

●-) by enzymes such as NOX and nitric oxide synthases 
(NOS), or as by-products of redox reactions in mitochondrial respirations. O2

●-, being a 
cell-impermeant molecule, is then rapidly dismutated to H2O2 either spontaneously or 
enzymatically by antioxidant enzyme superoxide dismutases (SODs). The intracellular 
removal of H2O2 can be categorized into three different mechanisms: 1) by the action of 
catalase (CAT) and glutathione peroxidases (GPx) which reduces H2O2 to water, 2) 
through conversion of H2O2 into hypochlorous acid (HOCl) and 1O2 by the heme 
enzyme myeloperoxidase (MPO) the neuthrophils which results in antimicrobial activity, 
and 3) by Fenton reaction whereby H2O2 is converted to the highly reactive OH● through 
oxidation of Fe2+ to Fe3+. The OH● produced will then react with H2O2 to form O2

●-, 
which, again, reacts with H2O2 to form OH● and OH-, as a part of Haber-Weiss reaction. 
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1.1.2 Roles of ROS in fibrosis 

Fibrosis is a complex disease characterized by the excessive synthesis and 

accumulation of extracellular matrices that occurs as a result of activation and 

proliferation of fibroblasts and myofibroblasts. Fibrogenesis can be broadly categorized 

into four different stages: 1) initiation of tissue injury, 2) inflammation and activation of 

fibroblasts, 3) extracellular matrix (ECM) synthesis, and 4) deposition of ECM which 

eventually leads to organ failure [30]. The causes of fibrosis vary greatly, but common 

contributing factors include i) physical or chemical injury, ii) autoimmune disease (e.g., 

systemic sclerosis) [31], iii) virus-induced (e.g., hepatitis C virus-induced liver fibrosis) 

[32], iv) alcohol-induced (e.g., liver fibrosis) [33], v) hypertension (e.g., hypertensive 

myocardial fibrosis), or vi) unknown (e.g., idiopathic pulmonary fibrosis) [31, 34, 35]. 

Notably, nearly 45% of all naturally-occurring deaths in the western world are attributed 

to some form of fibrotic disease [36].  

The release of ROS along with the secretion of chemokines and growth factors (such as 

platelet-derived growth factor (PDGF), transforming growth factor beta (TGF-), 

connective tissue growth factor (CTGF), interleukin-6 (IL-6), and interleukin-13 (IL-13)) 

by immune cells during the inflammation phase are known to promote the activation of 

fibroblast and collagen deposition in fibrosis [37, 38]. Among them, TGF- is the most 

potent profibrogenic cytokine which plays a vital role in regulating important biological 

processes such as cellular proliferation, extracellular matrix (ECM) production, and 

epithelial–mesenchymal transition (EMT) [28]. TGF- mRNA and/or protein expression 

has been found to be elevated in most fibrotic diseases in patients [39-41] as well as 
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experimental fibrosis models [42-44]. As shown in Figure 1.2, the presence of ROS 

could activate TGF- signaling pathways, which then signal through either SMAD-

dependent or SMAD-independent pathways (e.g. phosphatidylinositol-3-kinase (PI3K), 

c-Jun N-terminal kinases (JNK)) [45]. Increased TGF- signaling also induces elevated 

production of NOX4-generated ROS [46], which further stimulates the transcriptional 

activities of pro-fibrotic genes such as collagen I (COLI), alpha smooth muscle actin 

(SMA), and NOX4. In addition, the presence of NOX4-generated ROS could activate 

signaling pathways such as JNK and nuclea factor kappa B (NFB) [47, 48], and trigger 

DNA oxidation as the initial step in a cascade of events which lead to myofibroblast 

differentiation and overaccumulation of collagen deposition into ECM, leading to fibrosis. 
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Figure  1.2. ROS contributes to the induction and persistence of TGF--mediated 
fibrosis. 

The presence of ROS induces the conversion of latent TGF- complex to its active form, 
which binds to its receptor and triggers signalling pathways such as SMAD2/3, PI3K, 
and JNK. This in turn increases the transcriptional activity of various pro-fibrotic genes 

such as NOX4, SMA, and COL I. Increased in NOX4 expression also results in ROS 
generation, which leads activation of other ROS-dependent signaling transduction 

pathways such as, NFB and JNK. Elevated ROS also causes irreversible DNA 
damage, through oxidization of its bases. Together, enhanced ROS and activated TGF-

  signaling contributes to proliferation and transdifferentiation of fibroblast cells into 
myofibroblast, and excessive ECM deposition leading to fibrosis. 
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1.1.3 Roles of ROS in cancer  

Cancer is the second leading cause of death in the United States and was responsible 

for 584,872 deaths in  2013 [49]. The number of new cancer cases is estimated to climb 

to 22 million worldwide within the next two decades [50]. Metastases are the main 

cause of cancer-related mortality, which accounts for 90% of death in cancer patients 

[51]. Elevated ROS levels have been detected in most cancer cell lines [52] and have 

been implicated in malignant progression and resistance to treatment [53].  As 

highlighted in Figure 1.3, ROS plays a critical role in various signaling cascades relating 

to survival, proliferation, resistance to apoptosis, neovascularization, invasion, and 

extravasation and growth into a distant metastasis site [54, 55]. The roles of ROS in 

cancer can be described as follows.  
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Figure  1.3. ROS plays multiple roles in cancer progression. 
ROS generated by multiple sources including chemotherapeutics, radiation, 
inflammation, and hypoxia conditions contributes to genomic intsability of the cancer 
cells, survival, resistance to apoptosis, proliferation, angiogenesis, invasion (through 
invadopodia formation), as well as extravasation into a distant metastasis site.  
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Effects of ROS on redox-mediated cellular mechanisms. ROS are capable of modifying 

numerous cellular pathways by altering the DNA binding sites of redox-sensitive 

transcription factors (such as hypoxia-inducible factor-1 alpha (HIF-1), NFĸB, activator 

protein-1 (AP-1), and p53), or by oxidizing the cysteine residues on these molecules 

[48]. At the post-translational level, ROS could also directly oxidize multiple types of 

amino acids, such as methionine to sulfoxide and cysteine to sulfonic acids [56]. These 

oxidative modifications on the amino acids will lead to structural and conformational 

change of the tertiary protein structure, which might cause protein degradation by 

proteasomes or activation/inhibition of the protein activities. Direct protein carbonylation 

can also occur through oxidative attack on amino acids involved in catalysis such as 

lysine, arginine, proline, and threonine, which leads to enzyme inactivation [56].  

Role of ROS in genomic instability. ROS generated from either the 

extracellular/intracellular sources could also lead to DNA damage, which in turns 

activate a number of stress response genes and DNA repair mechanisms. The redox-

sensitive p53 protein is an active transcription factor that is involved in numerous cell 

processes including cell cycle arrest, senescence, and apoptosis [57]. In the presence 

of excess ROS, p53 plays a crucial role in preventing the propagation of DNA damage 

[58].  However, in cancer cells TP53 (gene which encodes p53) is a commonly mutated 

gene varying from 10% occurrence in diseases such as hematopoeitic malignancies, to 

close to 100% in high-grade serous carcinoma of the ovary [59]. In these cancers, DNA 

damage will accumulate more readily due to inadequate DNA repair mechanisms, 

resulting in gene mutation and/or deletion. The genomic instability will further activate a 

number of oncogenes resulting in abnormal metabolic activity and decreased 
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antioxidant production. All these events will eventually lead to an increase in 

intracellular ROS production in a positive-feedback manner [60].  

Role of ROS in tumor hypoxia and angiogenesis. As primary tumors continue to grow, 

the demand for nutrients and oxygen supply will increase in parallel. However, these 

demands are not always met in rapidly growing tumors and regions of the tumor will 

become deprived of oxygen. In order to support tumor growth and proliferation in these 

hypoxic microenvironments, cancer cells undergo several changes in order to adapt to 

this oxygen- and nutrient-deprived state, including genotype selections favouring 

survival (such as TP53 mutation [61]) and activation of  hypoxia inducible factor-1 (HIF-

1) transcription factor [62]. The HIF family regulates a broad array of genes in response 

to oxygen deprivation and has been comprehensively reviewed elsewhere [62, 63]. In 

hypoxic conditions, the hydoxylation of HIF-1 is inhibited which prevents it from being 

degraded as in normoxic conditions. The HIF-1 then dimerizes with HIF-1, which later 

binds to hypoxia response elements (HREs) on the DNA and stimulates the 

transcription of its target genes, such as vascular endothelial growth factor (VEGF), N-

myc downstream-regulated gene (NDRG), and glucose transporter I [64]. These 

hypoxia-responsive genes are involved in glucose transport, glycolysis, and 

angiogenesis, allowing cancer cells to survive in such harsh environment. A hypoxic 

microenvironment also contributes to ROS formation through the release of superoxide, 

hydrogen peroxide, and hydroxyl radical from the mitochondrial electron transport chain, 

and ROS, in turn, also stabilizes HIF-1 under both normoxic and hypoxic conditions 

[65-67]. 
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Interplay between ROS and TGF- signaling in cancer. Similar to fibrosis, the cross-talk 

between ROS and TGF- signaling in cancer has been well-documented and 

comprehensively reviewed [68-70]. TGF-1 is one of the most potent cytokines known 

to contribute to immunosuppression of immune cells and promoting angiogenesis and 

EMT in cancer cells. 

TGF-1 induces apoptosis in immune cells by directly supressing the production of 

cytolytic factors in T-cells, inhibiting proliferation and differentiation of numerous 

immune cells, and decreasing the tumor surface immunogenicity through inhibition of 

major histocompatibility complex class II antigens [71]. Gorelik et al. showed that T-cell 

specific blockade of TGF- signaling could enhance anti-tumor immunity by the 

generation of CD8+-mediated tumor-specific cytotoxic T-cells response [72].  

Tumor angiogenesis is vital for tumor growth and can also facilitate the dissemination of 

tumor cells. TGF- plays a critical role in promoting angiogenesis. The TGF- SMAD-

dependent signaling pathway has been shown to induce vascular endothelial growth 

factor (VEGF) expression. In addition, different levels of TGF- expression show distinct 

effects on angiogenesis: at low levels, TGF- upregulates angiogenic factors including 

VEGF, CTGF, and fibroblast growth factor (FGF), while at high levels, TGF- stimulates 

smooth muscle cells recruitment and cell differentiation, while inhibiting endothelial cell 

growth [73].  

TGF- is a major inducer of EMT and cell migration through a combination of SMAD-

dependent and -independent pathways (e.g., p38 MAPK) [74]. The downstream effects 
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of the EMT response include transcriptional reprogramming which promotes inactivation 

of genes (such as E-cadherin) that encodes for epithelial markers and activation of 

genes for mesenchymal proteins such as N-cadherin and vimentin [75, 76]. 

Downregulation of E-cadherin is a common feature in many cancers such as metastatic 

breast cancer [77] and non-small cell lung cancer (NSCLC) [78]. Studies have shown 

that forced expression of E-cadherin in cancer cells in vitro could suppress cellular 

migration and invasiveness [79], while forced expression of N-cadherin in cancer cells 

caused the opposite effects [80]. The shift in expression from E- to N-cadherin and their 

distinctive expression patterns reflects the EMT phenotype, which is associated with 

cancer malignancy and metastasis [75]. 

In addition, TGF- has been identified as a major contributor of intracellular ROS 

production through NOX4 activation.  NOX4-derived ROS has been implicated in the 

EMT phenotype in pancreatic cancer cells [81], increased cell survival in urothelial 

carcinoma [82], and increased cellular migration and invasiveness in breast cancer [83] 

and ovarian cells [84], respectively.   

Role of ROS in metastases. Metastasis is the main cause of cancer-related mortality, 

which accounts for 90% of death in cancer patients [51]. The metastatic cascade, as 

shown in Figure 1.3, is a complex process encompassing multiple steps, which lead to 

cancer cell dissemination, such as: 1) loss of cellular adhesion, 2) increased motility and 

invasiveness of cancer cells through ECM, 3) intravasation and entry into the circulation, 

4) exit into a distant tissue  (extravasation), and 5) colonization of a new foreign 

environment [51]. ROS can activate several pathways involved in metastasis. For 
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example, ROS can activate matrix metalloproteinases (MMPs), which can degrade 

basement membranes and extracellular matrices, facilitating intravasation and 

extravasation of cancer cells [85]. Furthermore, ROS generated by the NOX family (to 

be discussed in the next section) was shown to be crucial for the formation of 

invadopodia, actin-rich membrane protrusions of cancer cells that facilitate pericellular 

proteolysis and invasive behavior [86]. Reduction of ROS using antioxidant such as N-

acetylcysteine (NAC) or NOX inhibitor, DPI, in cancer cells has the ability to decrease 

cell viability [87], invasion and invadopodia formation [86], suggesting the role of 

antioxidant in mitigating metastasis. 

1.1.4 NOX4: the main source of ROS in fibrosis and cancer 

NADPH oxidase (NOX) family and ROS. NOX family is comprised of seven members 

including NOX1-5 and dual oxidase DUOX1-2, which are among the best-characterized 

intracellular ROS-generating enzymes (as shown in Figure 1.4). All are transmembrane 

flavoproteins, which generate superoxide by transferring an electron to an oxygen 

molecule, resulting in superoxide anion (O2
●-), which is then either spontaneously (by 

low pH) or catalytically (by SOD) dismutated to H2O2. Most NOXes require additional 

subunits to be functional. Most NOXes, specifically NOX 1-3, bind to the 

transmembrane protein p22phox, which further recruits cytosolic regulatory subunits 

such as organizers (p47phox, p40phox, or NOXO1), activators (p67phox or NOXA1), 

and small GTPases (Rac1 or Rac2) [88, 89]. NOX4, being the exception, only needs to 

bind to p22phox and does not require cytosolic subunits for maximal oxidase activity. In 

addition, H2O2, not superoxide anion, seems to be the predominant species that is 
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detected in NOX4. NOX1-5 are mostly located at the plasma membrane of the cell, with 

NOX4 being additionally detected in the endoplasmic reticulum (ER), mitochondrial 

membrane, nuclear membrane, focal adhesions, and invadopodia [89]. Extensive 

details on the structure and activation of NOX isoforms have been reviewed elsewhere 

[4, 90, 91]. 
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Figure  0.1. Structure of NADPH oxidase family. 
A) NOX1 activity requires p22phox, NOXO1 and NOXA1, and the small GTPase Rac. B) 
NOX2 requires p22phox, p47phox, p67phox, and Rac. C) NOX3 requires p22phox and 
NOXO1. D) NOX4 requires p22phox, it is constitutively active without the requirement 
for other cytosolic subunits. E and F: NOX5, DUOX1, and DUOX2 are activated by Ca2+ 
and do not appear to require subunits. Adapted from Physiological Reviews [4]. 
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High NOX4 expression in fibrosis. NOX4 mRNA expression has been found to be 

upregulated in both pulmonary fibroblasts isolated from idiopathic pulmonary fibrosis 

(IPF) patients [92] and skin fibroblasts from scleroderma patients [93], as well as in a 

number of in vivo fibrosis models, including liver fibrosis [94], pulmonary fibrosis [95, 96], 

diabetic neuropathy (kidney fibrosis associated with diabetes mellitus) [97].   

As mentioned in the previous section (section 1.1.2), TGF- signaling is the major 

contributor to fibrogenesis. TGF- upregulates NOX4 expression through 2 major 

pathways: the canonical SMAD2/3 [92, 98] and non-canonical PI3K pathways [99, 100]. 

Inhibition of TGF- signaling using pharmacological inhibitors for SMAD3 or PI3K 

abrogated NOX4 expression, suggesting that NOX4 expression is downstream of 

SMAD [101] and/or PI3K [100] pathway. Suppression of NOX4 activity with a NOX 

inhibitor diphenyleneiodonium chloride (DPI), siRNA, or the antioxidant N-acetylcysteine 

(NAC), was shown to decrease the expression of alpha smooth muscle actin (-SMA) 

and collagen I (COL I) in fibroblasts collected from pulmonary fibrosis patients and in a 

bleomycin-induced lung injury mouse model [92, 96].  

 

High NOX4 expression in cancer. High expression of NOX4 has been detected in 

several cancer types including gliomas [89],  melanoma [102], breast cancer [103], 

ovarian cancer [103], and pancreatic cancer [81]. In cancer cell lines, elevated levels of 

NOX4 are associated with PI3K/Akt-regulated cell proliferation and invasion [104], TGF-

/SMAD3-driven EMT and cell migration [101], as well as Tks5-dependent invadopodia 

formation [105]. Depletion of NOX4 with siRNA treatment significantly reduced tumor 

growth in the in vivo models of bladder cancer [82],  renal cancer [106], and 
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glioblastoma [63]. These results suggest that NOX4-derived ROS is a potential target 

for pharmacological intervention for cancer treatment. 

 

1.2 Strategies to suppress oxidative stress 

Antioxidants have been commonly described as substances that can delay, prevent or 

remove oxidative damage to a target molecule [107]. Given that fibrotic and cancer cells 

generally present with higher oxidative stress levels than normal cells, it is believed that 

patients who suffers from those diseases will benefit from antioxidant supplementation.   

1.2.1 Dietary antioxidant supplements  

Dietary antioxidants including vitamin C (ascorbic acid), vitamin E (tocopherol), vitamin 

A (-carotene), and selenium have the ability to counteract oxidative damage and can 

be obtained through food components such as fruits and vegetables.  

Vitamin C is water-soluble and strong antioxidant. Vitamin C exists in two forms: L-

ascorbic acid and the oxidized form, dehydro-L-ascorbic acid. It can directly react with 

hydroxyl and lipid peroxyl radicals to form H2O and lipid hydroperoxides. Vitamin C can 

also neutralize vitamin E and glutathione radicals, and regenerate these antioxidants 

[108]. 

 

 



20 
 

Vitamin E exists in at least 8 different isoforms (-, -, -, -tocopherols, and -, -, -, -

tocotrienols), which differ only in the number of methyl groups and in the side chains of 

its aliphatic tails [109]. Only -tocopherols isoform is the most retained in the body due 

to the preferential transfer of -tocopherol to the lipid particles by a liver -tocopherol 

transfer protein. The main role of vitamin E is to act as a chain-breaking antioxidant, 

which prevents the propagation of lipid peroxidation [110]. 

Vitamin A is a fat-soluble vitamin and usually found in the diet as preformed vitamin A 

from animal products such as meat and fish, and as pro-vitamin A from plant-based 

products such as fruits and vegetable. -carotene has the highest provitamin A activity 

which is further metabolized to retinoic acid and retinol, the active form of vitamin A. -

carotene can physically quench 1O2 and protect organisms from oxidative damage [111].  

Selenium is an essential trace element which can be acquired from the diet by the 

consumptions of nuts, meats, and fish. It is co-translationally incorporated into amino 

acids such as selenocysteine and selenomethionine [112]. The selenium-containing 

amino acids act as antioxidants by scavenging free radicals and repairing oxidized 

selenium species. 

A few clinical trials (summarized in Table 1.1) have been conducted, mainly using the 

synthetic form of these antioxidants on healthy and at-risk populations [113-122]. These 

observational studies were designed to provide evidence on the benefit of antioxidant 

supplementation for reducing or lowering the risk of patients developing or dying from 

cancer. However, most of the data were inconclusive, with the majority showing no 
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protection or exhibiting harmful effects in the patient cohort. It is possible that this lack of 

benefit is due to:  1) the difference in the chemical composition of antioxidants found in 

food compared to those in supplements, 2) the disease-specificity of certain 

antioxidants (i.e. some antioxidants are more effective than the others in protecting 

against certain types of diseases), or 3) due to the low bioavailability,  these 

supplements could not reach sufficient intracellular levels to be effective [123]. 

Therefore, a more potent antioxidant that can be delivered to a specific diseased tissue 

and with improved bioavailability is thought to be more beneficial than these antioxidant 

supplements.   

1.2.2 Enzyme related antioxidants  

Glutathione (GSH), N-acetylcysteine (NAC), and superoxide dismutase (SOD) are 

enzyme related antioxidants that act as the first-line defense against cellular oxidants. 

The effects of these molecules have also been investigated in several clinical trials (see 

Table 1.2), and the results from these studies will be discussed in details below. 

GSH and NAC. is the main non-protein thiol in cells which acts as a reducing agent and 

is essential in regulating cellular redox status. GSH is involved in cell protection against 

free radical and many other cellular functions [124]. GSH is also critical for the 

regeneration of other antioxidants such as tocopherols and ascorbate [125]. NAC is a 

cysteine precursor that replenishes the intracellular levels of GSH [126]. A few clinical 

trials have been conducted with either GSH or NAC as interventions for fibrotic diseases, 

such as liver fibrosis [127, 128] and lung fibrosis [129, 130], as well as cancers such as 

head and neck cancer or lung cancer [118]. However, the data have been largely 
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disappointing, with most of them showing no beneficial effects. This is mostly 

contributed to the low bioavailability of GSH and NAC. GSH is known to be poorly 

absorbed when ingested due to the action of the intestinal enzyme, -glutamyl 

transpeptidase which degrades GSH [131]. High dose of NAC is impossible to achieve 

in vivo without toxicity concerns. For instance, an estimated 5010 mg/kg loading dose 

(within the first 60 min) and 2250 mg/kg maintenance dose (for the next 4 hr) are 

needed to reach 10 mM concentration in blood based on the pharmacokinetic data of 

NAC in human volunteers [132], but NAC is usually prescribed at a much lower dose of 

only 150 mg/kg loading dose and 50 mg/kg maintenance dose (i.v.) (NAC, Acetadote®, 

package insert) or 600-mg oral dose (three times daily) for pulmonary fibrosis patients in 

the PANTHER-IPF trial [133] . 

SODs are metal-containing proteins that catalyze the conversion of superoxide to 

hydrogen peroxide. Three isoforms have been identified, namely, cytosolic Cu-Zn SOD 

(SOD1), mitochondrial Mn-SOD (SOD2), and extracellular SOD (SOD3). The cytosolic 

and mitochondrial SODs have been indicated in multiple studies as a tumor suppressor 

gene. Overexpression of MnSOD was able to suppress the malignancy of human breast 

cancer cells [134, 135], glioma cells [136], and melanoma cells [137]. In contrast, 

depletion of MnSOD resulted in increased cell proliferation in vitro and contributed to 

more aggressive tumor growth in vivo [138]. Similarly, overexpression of Cu-Zn-SOD 

could also decrease tumor growth in multiple cancer types [139]. 

SOD overexpression has been shown to confer protection against radiation and display 

chemopreventative effects in in vivo cancer models. Pre-clinical studies in mouse 
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models have shown that intraoral delivery of Mn-SOD2 plasmid/liposomes (MnSOD-PL) 

decreased irradiation-induced murine mucosal ulceration [140] as well as esophagitis 

[141]. Based on the results from these pre-clinical studies, the chemoprotective effects 

of MnSOD-PL were investigated in radiation/chemotherapy-induced esophagitis in 

NSCLC patients (see Table 1.2). Overall, in the phase I clinical trial study, the response 

rate for the chemoradiation regime was satisfying at 70% and the treatment was safe 

and well-tolerated [142]. Unfortunately, the Phase II study was later suspended (reason 

unknown). In another study, topical delivery of liposomal human recombinant Cu-Zn 

SOD1 (APN 201) was tested on 20 female breast cancer patients who received 

radiation therapy [143].  The goal of this study was to investigate the potential use of 

APN 201 in preventing radiation-induced dermatitis in breast cancer patients who 

undergo radiotherapy after surgery. The topical treatment of Cu-Zn SOD1 was able to 

reduce pain in the fibrotic region in more than 90% of the cases and decreased the 

fibrotic size by half in 30% of the patients [143].  

Overall, these studies show some promising results in the chemoprotective effects of 

the SODs. That said, no clinical trial has been conducted so far to investigate the 

effectiveness of SODs in combatting cancer growth in humans; however, several SODs 

mimetics have been shown to be beneficial in the pre-clinical model of prostate [144] 

and breast cancer [145]. 
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1.3 Inhibiting NOX enzymes 

Currently, a few nonspecific NOX inhibitors have been identified (which target more 

than one NOX isoforms) [94, 146-151]. Some issues with specificity, potency, and 

toxicity of these inhibitors have limited the value of these compounds to be used in 

clinical studies [152]. Gene silencing of NOXes has been carried out with shRNA and 

siRNA [82, 104, 153] but primarily as a proof-of-concept in in vivo studies without using 

suitable delivery agents such as liposomes or nanoparticles to safely and efficiently 

deliver these molecules to the right target. The different types of NOX inhibitors as well 

as NOX gene therapeutics, and their potential applications from the in-vivo studies are 

summarized in Table 1.3.  

Diphenyleneiodonium (DPI) is a nonspecific inhibitor for NOX enzymes. It inhibits a 

number of flavoproteins including eNOS, xanthine oxidase, and cholinesterases and the 

internal calcium pump [154]. Although at least two pre-clinical studies using DPI have 

shown positive results on lung cancer inhibition [146] as well as skin fibrosis reduction 

[147], the off-target effects of DPI against other flavoproteins will prevent its translation 

into clinical use. 

Fulvene-5 is a water-soluble small molecule inhibitor for NOX2 and NOX4 enzymes. It 

has an aromatic structure which allows electron delocalization. Treatment of Fulvene-5 

on bEnd.3 endothelioma cells (hemangioma) in vivo significantly reduced tumor growth 

and was largely attributed to NOX4 inhibition [148]. Hemangioma is the most common 

type of benign tumors which occurs in approximately 5-10% infants [155] .  
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Celastrol is a compound extracted from Thunder God Vine (Tripterygium wilfordii Hook 

F.) which could inhibit NOX1, 2, 4, and 5 [149]. Treatment of celastrol on mouse 

melanoma B16F10 and human lung cancer 95-D cells inhibits cell migration as well as 

invasion in a dose-dependent manner, without affecting cell viability [150]. The anti-

metastatic effect of celastrol was further demonstrated in the B16F10 experimental 

metastasis model in mice with the reduction in pulmonary nodules. 

Imipramine blue is an organic triphenylmethane blue dye which has been used as a 

derivative for the antidepressant drug, imipramine. It has been shown to target NOX4, 

however there was insufficient characterization data provided regarding its selectivity on 

other NOX isoforms. One study has hypothesized that due to its cationic charge, it is 

likely that imipramine blue exerts its NOX inhibition extracellularly [156]. Treatment with 

imipramine blue in vivo resulted in tumor inhibition of human glioma cells as well as 

enhance treatment efficacy in combination with chemotherapy, doxorubicin [157]. In 

another study, imipramine blue treatment in head and neck squamous cell carcinoma 

(HNSCC) tumor in mice inhibited tumor invasion and metastatic colonization in the 

lungs [158]. 

GKT136901 and GKT137831 are both small molecule inhibitors developed by the 

French biotech company, Genkyotex. Both compounds have high specificity to NOX1 

and 4 (and less for NOX2 and 5). Both compounds show therapeutic potential in 

reducing liver fibrosis and tumor growth in mice [94, 151, 159]. GKT137831 is currently 

a lead compound undergoing Phase II clinical trials in diabetic kidney disease 

(NCT02010242). The preliminary results from this clinical trial showed that patients 

receiving treatment for 12 weeks had few adverse effects than placebo. However, the 
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primary efficacy endpoint was not achieved due to negligible change in albuminuria 

(Genkyotex press release, September 2015). 

NOX4 shRNA/siRNA. NOX4 gene silencing using siRNA or shRNA has shown good 

results in terms of tumor reduction in multiple cancer types including NSCLC, 

hepatocarcinoma, and bladder cancer [82, 104, 153] as well as reduction in pulmonary 

fibrosis [96]. However, delivering siRNA into the target cells requires a delivery agent, 

such as atelocollagen [82], since siRNA is unstable under physiological conditions.   
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Table 0.1. Antioxidant supplementation in clinical trials 

Name of trials Type of antioxidants Target population 
Length of 

study 
Conclusion of the study Ref 

Linxian general 
population nutrition 

intervention trial 

15 mg beta-carotene, 30 
mg alpha-tocopherol, 
and 50 μg selenium 

daily 

29,584 healthy Chinese 
men and women in 

North China at increased 
risk of developing 

esophageal cancer and 
gastric cancer were 

recruited 

5 years 
reduction in cancer mortality associated 
with gastric cancer, but not esophangeal 

cancer 
[113] 

Alpha-
Tocopherol/Beta-
Carotene Cancer 
Prevention Study 

(ATBC) 

alpha-tocopherol (50 
mg/day) or  beta-

carotene (20 mg/day) or 
both 

29,133 male smokers in 
Finland 

5-8 years 
no overall reduction in the incidence of 

lung cancer or in mortality in all treatment 
groups 

[116] 

Carotene and Retinol 
Efficacy Trial 

(CARET) 

30 mg of β-carotene 
plus 25 000 IU of retinyl 

palmitate daily 

816 men with substantial 
occupational exposures 
to asbestos and 1029 
men and women who 
were either current or 

former cigarette smokers 
in United States 

6-12 years 

beta-carotene supplementation was 
associated with increased lung cancer 

incidence and all caused mortality which 
persisted up to 6 years after the 

supplementation was ended 

[119] 

12 year study showed that beta-carotene 
had no effect on lung cancer incidence or 
mortality rate in smokers vs. non-smokers 

[122] 

Physicians' Health 
Study I (PHS I) 

50 mg β-carotene every 
other day 

22,071 male physicians 
between age of 40-84 

years in the United 
States 

12 years 

supplementation did not reduce the 
incidence of prostate cancer or other 

cancers, including lymphoma, leukemia, 
melanoma, and cancers of the lung, 

bladder, pancreas, and colon and rectum 

[120] 
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Table 1.1. (continued) 

Name of trials Type of antioxidants Target population 
Length of 

study 
Conclusion of the study Ref 

Physicians' Health 
Study II (PHS II) 

400 IU vitamin E every 
other day, 500 mg 

vitamin C every day, 50 
mg β-carotene or in 

combination 

14,642 male physicians 
older than 50 years old in 

the United States 
8 years 

daily multivitamin use was associated 
with a reduction in total cancer among 

1312 men with a baseline history of 
cancer, but did not differ significantly 
from that among 13 329 men initially 

without cancer 

[115] 

Women's Health Study 
(WHS) 

50 mg β-carotene 
every other day, 

vitamin E 
supplementation (600 
IU every other day), 
and aspirin (100 mg 

every other day) 

39,876 women aged 45 
years or older 

2 years 
no benefit or harm associated with 2 

years of beta-carotene 
supplementation 

[121] 

Selenium and Vitamin E 
Cancer Prevention Trial 

(SELECT) 

daily supplementation 
with selenium (200 μg), 
vitamin E (400 IU), or 

both 

35,533 men from 427 
participating sites in the 
United States, Canada, 

and Puerto Rico 

7 years 
the use of supplements did not reduce 

the incidence of prostate or other 
cancers 

[115] 

8.5 years 

after 1.5 years post supplementation, 
the follow-up study found 17% increase 

in prostate cancer incidence among 
men taking vitamin E alone than among 

men taking a placebo 

[114] 
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Table 0.2. Synthetic antioxidant in clinical trials 

Drug name Type Disease Sponsor Phase Study Outcome 
Current 
status 

Identifier/Ref 

Glutathione (GSH) GSH Liver fibrosis 
Royal Free 

Hospital London 
N/A 

no benefit in oral 
glutathione in hepatic 

cirrhosis patients 
 

Completed [127] 

N-acetylcysteine 
(NAC) 

 

Precursor of 
glutathione 

(GSH) 

Idiopathic 
Pulmonary 

Fibrosis (IPF) 

Zambon SpA III 

no increased survival 
and no significant 

difference between 
treatment arms at 12 

months 

Completed 
NCT00639496 

 [130] 

Duke University III 
no benefit over 

placebo 
Completed 

NCT00650091 
[133] 

Head and neck 
cancer, lung 

cancer 

The Netherlands 
Cancer Institute, 

Amsterdam 
N/A 

no benefit shown in 
survival, event-free 
survival, or second 
primary tumors-for 

patients 

Completed [118] 

MnSOD 
plasmid/liposome 

Intraoral 
MnSOD-plasmid 

liposome (PL)  
gene therapy 

 
Radiation-
induced 

esophagitis in 
Advanced 

Stage III Non-
small cell lung 

cancer 

University of 
Pittsburgh 

I/II 
oral administration of 
MnSOD PL was safe 

and tolerable 

Suspended 
(reason 

unknown) 

NCT0061897  
[142] 

APN201 

Topical 
administration of 

Liposomal 
Recombinant 

Human Cu/Zn-
Superoxide 
Dismutase 

Radiation-
induced 

Dermatitis in 
Women With 

Breast Cancer 

Apeiron Biologics I/II 

topical treatment was 
well tolerated with 
lower pain score in 
36/39 patients and 

decreased fibrotic size 
in 50% of the cases 

Completed 
NCT01513278 

[143] 
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Table 0.3. NOX inhibitors and its pre-clinical applications 

Type Name 
NOX 

specificity 
In vivo Route Application Ref 

small molecule diphenyleneiodonium (DPI) 
All types of 

NOX 

i.v. 
inhibition of A549 human lung 

cancer metastasis in mice 
[146] 

i.p. 
attenuation of skin fibrosis in 

bleomycin-induced mouse model 
[147] 

small molecule Fulvene-5 NOX1, NOX4 i.p. 
inhibition of hemangioma growth in 

mice 
[148] 

small molecule Celastrol 
NOX1, NOX2, 
NOX4, NOX5 

i.p. 
inhibition of B16F10 lung cancer 

metastasis in vivo 
[149, 150] 

small molecule Imipramine blue 

NOX4, 
insufficient 

characterization 
data for other 

NOXes 

i.v.  

inhibition of HNSCC cancer 
invasion in mice  

[158] 

inhibition of RT2 glioma invasion in 
rats 

[157] 

small molecule GKT136901 
NOX1, NOX2, 
NOX4, NOX5 

p.o. 

inhibition of tumor growth in B16F0 
melanoma and Lewis Lung 

Carcinoma (LLC1) xenograft in 
mice 

[159] 

small molecule GKT137831 
NOX1, NOX2, 
NOX4, NOX5 

p.o. 
reduction of liver fibrosis in CCL4-
induced and BDL mouse models 

[94, 151] 

shRNA NOX4 NOX4 

N/A 
inhibition of tumor growth in NOX4-
shRNA transfected NSCLC cells, 

A549 and H460 
[104] 

N/A 
inhibition of tumor growth in 
hepatocarcinoma (Hep3B) 

xenograft in mice 
[153] 

siRNA NOX4 NOX4 

single intravesical 
delivery (with 
Atelocollagen) 

inhibition of tumor growth in 
orthotopic bladder carcinoma 

[82] 

i.t. 
attenuation of pulmonary fibrosis in 
bleomycin-induced mouse model 

[96] 

Note: intravenously (i.v.), intraperitoneally (i.p.), per os (p.o.), or intrathecally (i.t.)   
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1.4 Nanoparticles with intrinsic antioxidant properties 

Nanotechnology has become a main focus of biomedical research in recent years. 

Several types of inorganic nanoparticles possess intrinsic antioxidant properties by 

scavenging free radicals and decreasing ROS concentrations. In this section, these 

inorganic nanoparticles will be discussed and summarized in Table 1.4. 

1.4.1 Cerium oxide (CeO2) 

Cerium is a rare-earth element, which belongs to the lanthanide series in the periodic 

table. It can exist in both, Ce3+ and Ce4+ valence states which give it the unique ability 

as an antioxidant [160]. The ROS-scavenging capability of CeO2 depends on the 

relative thermodynamic efficiency of redox cycling between Ce3+ and Ce4+ on the 

nanoparticle surface. Giri et al. reported that treatment of CeO2 nanoparticles 

attenuated tumor growth in A2780 ovarian cancer mice and significantly inhibited the 

metastasis of these cancer cells into the lungs of mice [161]. They also found that 

angiogenesis in the tumor was reduced among treated mice as indicated by less CD31-

positive staining. The same group also reported that surface-functionalization of CeO2 

nanoparticle with folic acid and its co-delivery with cisplatin could further decrease the 

tumor burden and angiogenesis [162]. In separate studies, CeO2 nanoparticle 

administration to carbon-tetrachloride (CCl4)-induced liver fibrosis mice was shown to 

inhibit oxidative [163, 164] and endoplasmic reticulum stress signaling pathways as well 

as reduction in inflammatory cytokines such as TNF- and IL-1 [163].  
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1.4.2 Fullerene C60 

Fullerene is a sphere-like molecule composed of 60 carbon atoms which are arranged 

in a hexagonal formation to form a hollow spherical structure. It is a powerful antioxidant 

due to the delocalization of the -electrons over the carbon atoms which can readily 

react with free radicals [165]. Fullerene is also known to be capable of inactivating 

hydroxyl radicals via attachment to its double bonds [166]. Due to these attractive 

antioxidant properties, fullerenes and its derivatives have been studied in numerous 

biomedical applications including fibrosis and cancer. Prophylactic treatment of fullerene 

in CCl4-induced hepatic injury rat model prevented damage in the liver and kidney of the 

rats [167]. Another study has also shown that co-treatment of Doxorubicin 

chemotherapy drug with fullerene resulted in inhibition of tumor growth and metastasis, 

and increased survival in LLC tumor-bearing mice [168].  

1.4.3 Platinum nanoparticles (PtNP) 

Platinum nanoparticles (PtNPs) are known to possess ROS scavenging ability due to 

the catalytic activity contributed by its high ratio of electrons to particle surface [169]. 

PtNPs have demonstrated its therapeutic potential in several pre-clinical applications 

such as treating aging-related skin disease in SOD1 knockout mice [170], protection 

against  UV-induced apoptosis in HaCaT keratinocytes [171], and prevention of hepatic 

injury from hepatic ischemia/reperfusion injury in mice [169].  
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1.4.4 Mesoporous silica nanoparticles (MSNP) 

Mesoporous silica nanoparticles (MSNP) have been reported to have reactive oxygen 

species (ROS), hydroxyl radical, and free radical scavenging capability [24, 25, 172]. 

ROS scavenging by MSNP also attenuates NOX4 mRNA expression in melanoma cells 

in vitro [25]. Thus, MSNPs have great potential in the treatment of oxidative-induced 

pathological conditions such as fibrosis and cancer. 

 

1.5 Mesoporous silica nanoparticles as siRNA delivery agent 

In recent years, the RNA interference strategy has attracted great interest due to its 

therapeutic potential in silencing disease-related genes with high specificity, thus 

minimizing off-target effects commonly associated with small molecule inhibitors. 

Although promising, the utility of siRNA as a therapeutic agent has been hindered by its 

poor cellular uptake and short half-life [21]. Recently, silica nanoparticles have emerged 

as one of the more promising gene delivery agents for treatment of various preclinical 

cancer disease models upon systemic siRNA delivery [22, 23].  

MSNP delivery carriers have many favorable attributes, such as tailorable mesoporous 

structures, high surface areas, large pore volumes, ease of controlling size, and high 

scalability. MSNP is soluble in physiological pH to non-toxic silicic acid, which can be 

cleared by the kidneys [173]. MSNPs have been widely researched for drug and 

imaging agent delivery. Silica nanoparticles with PET tracers have also recently entered 

a clinical trial with a favorable safety profile (Cornell dots) [174].  
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In addition, MSNP have been widely researched for siRNA delivery in vitro and in vivo. 

We recently reported a MSNP-based platform, coated with cross-linked PEI, PEG, and 

conjugated with the antibody trastuzumab for targeted systemic delivery of HER2 siRNA 

(siHER2) to HER2+ breast cancer [175].  The results from this study suggested that the 

nanomaterial has the ability to systemically deliver the siHER2 effectively to its target 

cells, the HER2-positive breast cancer, and induce apoptosis to prevent tumor growth in 

the orthotopic mouse model. In addition, a number of in vitro studies with MSNPs have 

demonstrated its ability to decrease reactive oxygen species (ROS) [24, 25, 176] and 

attenuate NOX4 mRNA expression in melanoma cells in vitro [25]. Thus, MSNPs have 

great potential in the treatment of oxidative-induced pathological conditions such as 

fibrosis and cancer. 

Furthermore, MSNPs have demonstrated an excellent safety profile compared to other 

types of nanomaterials. This is largely due to silica being an endogenous substance 

which is present in our tissues such as bone and cartilage. Silica is generally regarded 

as safe (GRAS) by the Food and Drug Administration (FDA) and is often used as 

excipient for drug formulations [177]. In addition, numerous studies have also shown 

great in vitro [175, 178] and in vivo [179-181] biocompatibility of silica nanoparticles. It 

has also been reported that injected MSNP could be degraded into nontoxic material 

such as silicic acid salts and excreted in the urine of animals [181, 182]. These features 

are desirable since it will prevent long-term toxicity issues of the nanomaterials in vivo.  
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Table 0.4. Summary of different nanoparticles with intrinsic antioxidant properties and their mechanism of action 

Types of 
nanoparticles 

Mode of actions 
In vivo 
Route 

Applications Ref 

Cerium oxide 
nanoparticle (CeO2) 

regenerative capacity of the 
Ce

3+/
Ce

4+
 redox couple 

i.p. 
inhibition of tumor growth and metastasis in A2780 

ovarian cancer in mice 
[161, 162] 

i.v. 
reduction of oxidative stress in CCl4-induced liver 

fibrosis in mice 
[163, 164] 

Fullerene 
presence of -electrons over 

the carbon atoms 

i.v. , i.p. 
protection from liver injury in CCl4-induced acute 

hepatoxicity and nephrotoxicity rat models 
[167] 

i.p.  
inhibition of tumor growth and metastasis in LLC 
xenograft mouse models (when co-delivered with 

doxorubicin) 
[168] 

Platinum nanoparticles 
(PtNP) 

catalytic activity due to high 
ratio of electrons remaining on 

the particle surface 
i.v. 

prevention of hepatic injury after hepatic 
ischemia/reperfusion in mice 

[169] 

Mesoporous silica 
nanoparticles (MSNP) 

free radical scavenger, 
reduction of NOX4 expression 

in cells 
i.d. 

attenuation of dermal fibrosis in bleomycin-induced 
scleroderma mouse model 

[172] 

Note: i.p. (intraperitoneal), i.v. (intravenous), i.d. (intradermal)
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1.6 Scope of the dissertation 

Our group has recently developed and optimized a polymer-coated mesoporous silica 

nanoparticle (NP) for siRNA and drug delivery. The platform consists of a 50-nm 

mesoporous silica nanoparticle (MSNP) core coated layer-by-layer with bioreducible 

cross-linked 10-kDa polyethyleneimine (PEI) for effective siRNA binding and endosomal 

escape, and polyethylene glycol (PEG) for preventing nanoparticle aggregation, 

minimizing enzyme degradation of siRNAs, shielding the toxic effect of PEI, and 

preventing recognition by the immune system.  

The focus of this dissertation is to evaluate the antioxidant activity and siRNA delivery 

efficiency of our NP platform for the treatment of fibrosis and cancer metastasis. My first 

project is to investigate the intrinsic antioxidant property of our MSNPs and assess the 

added benefit of silencing heat shock protein (HSP47) as a gene target in a skin fibrosis 

model. HSP47 is a collagen-specific molecular chaperone that presides in the 

endoplasmic reticulum and binds to the procollagen molecule to ensure its proper 

assembly into triple helix structure before secretion into the extracellular space. 

Overexpression of HSP47 has been observed in fibrotic tissues of patients suffering 

from systemic sclerosis, dermal, kidney, lung and liver fibrosis. Thus, reducing HSP47 

levels could potentially hinder collagen accumulation and halt the progression of fibrosis. 

This work is presented in Chapter 2. In this work, I describe the roles of ROS, NOX4 

and HSP47 in fibrogenesis and applied the nanoparticle platform to modulate all three 

effectors in order to treat fibrosis. I also showed that the MSNP nanoparticles efficiently 

delivered siRNA to knock-down HSP47 expression in vitro and in vivo. In addition, the 

nanoparticle carrier itself reduced ROS and NOX4 production, owing to the antioxidant 
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property of the MSNP core that was far superior to the antioxidant NAC. The therapeutic 

impact of MSNP was further enhanced by the addition of siRNA against HSP47 as 

demonstrated in the bleomycin-induced skin fibrosis mouse model. 

The second part of my project involves systemic delivery of polo-like kinase 1 (PLK1) 

siRNA with NP for the treatment of metastatic breast cancer. PLK1 was chosen as the 

gene target for this project due to its role as the key regulator in mitotic cell division and 

its implication in the initiation and progression of various cancer types, including triple 

negative breast cancer (TNBC). In adults, PLK1 is only expressed in fast proliferating 

cells which make it a potential gene target for cancer therapy. This work is presented in 

Chapter 3. My results demonstrate that MSNP treatment inhibits cellular migration and 

invasion, and attenuates outgrowth of 3-D organotypic cultures of TNBC cell lines in 

vitro. Targeted delivery PLK1 siRNA on our MSNP platform to the TNBC metastasis 

model impedes tumor proliferation and promotes cancer apoptosis in the lungs of mice.  

Finally, in Chapter 4, I will summarize results of Chapter 2 and 3, propose future 

directions by providing some of the preliminary results pertaining to these projects, and 

discuss the future applications of the NP stemming from my work in this dissertation. 
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2 Chapter 2: Dermal delivery of HSP47 siRNA with NOX4-

modulating mesoporous silica-based nanoparticles for 

treating fibrosis 

This chapter describes the application of polymer-coated mesoporous silica 

nanoparticles as antifibrotic therapy in bleomycin-induced skin fibrosis mouse model. A 

version of this chapter has been previously published: 

Morry J, Ngamcherdtrakul W, Gu S, Goodyear SM, Castro DJ, Reda MM, et al. Dermal 

delivery of HSP47 siRNA with NOX4-modulating mesoporous silica-based nanoparticles 

for treating fibrosis. Biomaterials 2015; 66:41-52. 

2.1 Introduction 

As mentioned in Chapter 1, fibrosis is a complex disease characterized by increased 

oxidative stress [183, 184], persistent inflammation [185, 186], elevated levels of 

profibrotic and proinflammatory cytokines [187-189], and an excessive synthesis and 

accumulation of extracellular matrices mainly consisting of collagen [188, 189]. Fibrosis 

can occur in a wide spectrum of organs (e.g., lung, liver, skin, heart), and if left 

untreated can result in organ failure and death [36]. Notably, nearly 45% of all naturally-

occurring deaths in the western world are attributed to some form of fibrotic disease [36, 

190]. Current approaches to treating fibrosis in patients have mainly focused on 

antagonizing fibrosis-associated inflammation using drugs such as corticosteroids which 

is often ineffective [191] and lead to unwanted side effects with long term use [192, 193]. 

Several clinical studies have focused on either suppressing oxidative stress (e.g., with 
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N-acetylcysteine (NAC) [133], -tocopherol (vitamin E) [117]) or reducing pro-fibrotic 

cytokines/genes (e.g., with monoclonal antibody against TGF- [194], tyrosine kinase 

inhibitor, imatinib [195]). However, these attempts have not provided a satisfactory 

therapeutic index.  

I hypothesize that managing both pro-fibrotic genes along with oxidative stress may 

have greater impact for treating fibrosis than managing just one factor. A nanoparticle 

platform could be designed to accomplish both. Recently, several inorganic 

nanoparticles (nickel [196], platinum [197-199], ceria [200, 201], yttria [201] and 

mesoporous silica [25, 202]) have been shown to possess intrinsic antioxidant 

properties. Among them, mesoporous silica nanoparticles (MSNPs) are considered the 

most promising due to their high biocompatibility (low toxicity in vivo as well as the 

ability to be degraded into soluble silicic acid species and cleared by the kidneys) [26, 

203, 204] and ease of surface modification. Furthermore, MSNPs have been shown to 

decrease reactive oxygen species (ROS) [25, 176, 202] and attenuate NOX4 mRNA 

expression in melanoma cells in vitro [25]. NOX4 is an enzyme which provides the 

endogenous source of ROS by catalyzing the reduction of oxygen in cells to hydrogen 

peroxide [205] (Figure 2.1) and has also been implicated in the pathogenesis of various 

organ fibroses such as liver [151], lung [92, 183, 206] and dermal fibrosis [207, 208]. 

NOX4 can also be generated downstream of the TGF- pathway [209], activated in the 

presence of ROS-producing inflammatory cells (e.g., neutrophils, macrophages) [187] 

during fibrosis as shown in Figure 2.1. Suppression of NOX4 activity with a NOX 

inhibitor diphenyleneiodonium chloride (DPI) [92, 206], siRNA [92, 206] or the 

antioxidant N-acetylcysteine (NAC) [92], were shown to decrease the expression of 
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alpha smooth muscle actin (-SMA), and collagen I (COL I) in fibroblasts collected from 

pulmonary fibrosis patients [92] and in a bleomycin-induced lung injury mouse model 

[206]. Thus, I hypothesize that MSNP can remove ROS from the vicinity of the fibrotic 

tissue and alleviate fibrosis by reducing NOX4-associated fibroblast activation and 

proliferation. 

The other benefit of MSNPs is their versatility as a delivery platform for drugs and small 

interfering RNA (siRNA). Gene silencing using siRNA has long been employed to study 

the roles of genes in various biological pathways. Although promising, the utility of 

siRNA as therapeutic agents has been hindered by their poor cellular uptake and the 

short half-life of siRNA [21]. Multiple MSNP-based platforms for siRNA delivery have 

been tested for cancer treatment [22, 23, 210, 211]. We have constructed an MSNP-

based platform with optimized particle size and chemical modification to overcome 

barriers of systemic siRNA delivery to solid breast tumors [175]. Specifically, we utilized 

a co-polymer of PEI-PEG coating on the surface of 50nm-MSNP core to create MSNP-

PEI-PEG nanoparticles. The PEI layer electrostatically binds the negatively-charged 

siRNA and the PEG layer protects siRNA from enzymatic degradation. Antibody has 

been attached at the end of PEG for targeted delivery [175]. Because siRNA is loaded 

last and resides on the outer surface, we can tailor the nanoconstructs for any gene 

target deemed essential for disease progression, enabling personalized medicine.   

In this study, we harness the intrinsic antioxidant property of the MSNPs while 

assessing the added benefit of a gene silencing strategy to combat fibrogenesis. We 

chose heat shock protein 47 (HSP47) as the initial siRNA target because it plays an 

important role in collagen homeostasis (Figure 2.1). HSP47 is a collagen-specific 
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molecular chaperone which presides in the endoplasmic reticulum and binds to 

procollagen molecules to ensure its proper assembly before secretion into the 

extracellular space [212]. Elevated levels of HSP47 have been particularly observed in 

fibrotic tissues of patients suffering from systemic sclerosis [213], dermal [214], kidney 

[215], lung [216, 217] and liver fibrosis [218]. Thus, reducing levels of HSP47 could 

potentially hinder collagen accumulation and halt the progression of fibrosis. Several 

preclinical studies have shown that treatment with siRNA against HSP47 could reduce 

the deposition of collagen into the extracellular matrices in in vivo models of liver [219], 

pancreatic [220], and peritoneal fibrosis [221]. One study showed that siRNA against 

HSP47 when delivered with vitamin A-coupled liposomes could yield promising results 

for treating liver fibrosis in an in vivo rat model [219], and is currently undergoing a 

Phase Ib/II clinical trial (NCT02227459, Nitto Denko Corp., no published clinical trial 

results yet). This provides evidence that HSP47 may be an excellent gene target for 

antifibrotic treatment.  

Intradermal siRNA delivery is an attractive strategy for treating cutaneous pathological 

conditions due to the ease of self-administration and reduced risk of systemic toxicity. 

Two phase I clinical trials have been recently completed with encouraging results, one 

involving intradermal injections of siRNA against keratin 6a [222] to treat pachyonychia 

congenital (PC) and the other involving injection of siRNA against connective growth 

tissue factor (CTGF) to reduce dermal scarring in pre-existing hypertrophic scar patients 

undergoing scar revision surgery  (RXI-109, RXi Phamaceuticals, Westborough, MA). 

However, local delivery of nanoparticle-based siRNA delivery system has not been 

attempted for treatment of fibrotic dermal diseases such as scleroderma. 
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I demonstrate for the first time a nanoparticle platform capable of delivering siRNA with 

intrinsic antioxidant properties for treating fibrosis. For efficacy evaluation, I exploit the 

well-established TGF--induced in vitro fibrosis model. I also utilize the dermal fibrosis 

mouse model developed by repeated injections of bleomycin to mouse skin [223], which 

mimics the pathologic process underlying scleroderma in human.  
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Figure  2.1. Schematic illustrating pathogenesis of fibrosis. 
Pro-fibrotic stimulants (e.g., TGF-β or bleomycin) activate macrophages and neutrophils 
to secrete pro-fibrotic cytokines (e.g., TGF-β) and ROS (e.g., H2O2, superoxide) into the 
extracellular matrices (ECM) and surrounding cells. The presence of cytokines and 
ROS leads to up-regulation of profibrotic genes (NOX4, HSP47, α-SMA, and COL I) in 
fibroblast cells, transdifferentiation of quiescent fibroblast cells to myofibroblasts, and 
over-accumulation of collagen in the ECM, leading to fibrosis. Myofibroblasts will 
secrete more TGF-β, further inducing fibrogenesis in an autocrine loop. Reproduced 
with permission from Biomaterials[172].  
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2.2 Materials and Methods 

2.2.1 Synthesis of MSNP-PEI-PEG Nanoparticles and siRNA Loading 

Mesoporous silica nanoparticles (MSNPs) of 50nm in size were synthesized and 

surface modified as in our previous report [175]. Briefly, 0.15 M cetyltrimethylammonium 

chloride (CTAC) surfactant was mixed with 350 L triethanolamine (TEA) in 125 mL of 

water at 95 °C. Then, 3 mL of tetraethoxysilane (TEOS) was added and the mixture was 

stirred for one hour. Nanoparticles were recovered from the suspension by 

centrifugation (60 min, 15 °C, 13,000 rpm), washed with ethanol twice and dried 

overnight in a desiccator. They were then re-suspended and refluxed in acidic methanol 

(0.6 M HCl in methanol) to remove CTAC. MSNPs were then washed with ethanol and 

dried in a desiccator. For PEI modification, PEI (branched, 10 kDa) was added into 

MSNP in absolute ethanol at a weight ratio of 1:4 of PEI per MSNP and the mixture was 

shaken at 300 rpm for 3 hr at room temperature. The MSNP-PEI was then centrifuged 

at 15,000 rpm for 30 min and resuspended in the ethanol solution containing free PEI 

and 0.2 mg dithiobis{succinimidyl propionate} (DSP, ThermoFisher, Waltham, MA) as a 

crosslinker. The solution was shaken for another 40 minutes. For PEG modification, 50 

mg of mPEG-5kDa-NHS (JenKem, Plano, TX) was conjugated to the primary amines of 

MSNP-PEI (10 mg) in 1X PBS solution (pH 7.2) under stirred conditions overnight. The 

MSNP-PEI-PEG was then washed with the PBS solution and kept in this solution until 

use. The loading of siRNA onto MSNP-PEI-PEG was performed in the same PBS 

solution at room temperature under 1 hr of shaking. A nanoparticle to siRNA mass ratio 

of 25 (complete binding level) was used throughout the study. All reagents were from 

Sigma Aldrich (St. Louis, MO), unless specified otherwise. 
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2.2.2 Characterization of Nanoparticles 

Mesoporous silica nanoparticle (MSNP) cores were measured for primary (dry) size by 

a Transmission Electron Microscope (Philips/FEI Tecnai TEM, Hillsboro, OR). After the 

chemical modification, the material was measured for hydrodynamic size in 10 mM 

NaCl with a Zetasizer (Malvern, Westborough, MA). PEI and PEG loadings were 

quantified by a thermogravimetric analyzer (TGA Q50, TA Instruments, New Castle, DE). 

siRNA loading was quantified by fluorescent detection of dye-tagged siRNA as well as 

gel electrophoresis.  

2.2.3 Cell Culture and Primary Dermal Fibroblast Isolation 

Primary murine dermal fibroblasts were harvested from 4 normal and 4 bleomycin-

treated (as described in section 2.2.9) C3H/HeJ mice by using 6-mm (in diameter) skin 

biopsy punch following procedure described by Takashima et al. [224]. Excised skin 

was held on ice in Hank’s buffered saline solution with 1% pen-strep while the fat 

tissues were removed prior to mincing the remaining skin into small pieces. 2 mL of 100 

U/mL collagenase type I (Worthington Biochemical Corp., Freehold, NJ) was added into 

the minced tissues and the suspension was stirred at 37 oC for 1 hr. Dissociated 

fibroblast cells, designated “normal fibroblast” from normal skin and “bleo fibroblast” 

from bleomycin-treated skin, were pelleted at 1000 rpm for 5 min. The cell pellet was 

then re-suspended in warm DMEM (Cellgro, Manassas, VA) supplemented with 10% 

FBS and 1% pen-strep. The cell suspension was then filtered through a 40 m cell 

strainer (BD Falcon, BD Biosciences, San Jose, CA) before plating in the same medium. 

The normal and bleo-fibroblast cultures were characterized by the mRNA level of 

HSP47, COL I and -SMA and immunohistochemical staining of fibroblast-specific 
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marker, vimentin [225, 226], and myofibroblast marker, -SMA (Figure 2.2). The use of 

all of the fibroblast cultures was limited to passages between 3 and 9. In addition to the 

primary dermal fibroblast cell line, the murine embryonic fibroblast cell line, NIH/3T3, 

was also cultured in the same medium. Both cell lines were maintained at 37 oC and 5% 

CO2 humidified incubator. 2-4 in vitro experimental replicates were performed for each 

experiment with at least 3 analytical replicates per each sample.   
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Figure  2.2. Primary dermal fibroblast cell characterization. 
(A) Representative images of bleo-fibroblast and normal fibroblast stained with 

fibroblast-specific marker, vimentin, and myofibroblast marker, -SMA (scale bar = 400 

µm). (B)  Quantitative analysis of vimentin-positive and -SMA-positive fibroblast cells in 
(A). (C) mRNA expression of the individual fibroblast culture harvested from normal and 
bleomycin-treated mice (n=4). All bleo-fibroblast cultures obtained from the bleomycin-
treated mice exhibit about 2-4-fold upregulation in the profibrotic markers (HSP47, COL 

I, and -SMA) compared to the normal fibroblast cells. The normal fibroblast culture was 
pooled from 4 mice (N1-N4) since they exhibit similar cellular profile. However, the skin 
from mouse #380 grew robustly and, hence, was selected for subsequent studies. 
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2.2.4 Cellular Uptake of Nanoparticles 

For cellular uptake experiments, primary murine dermal fibroblast cells (normal skin) 

were seeded at 8,000 cells/well on 96-well plates overnight in complete DMEM medium 

(DMEM + 10% FBS). The cells were then serum-starved in DMEM with 0.5% FBS on 

the next day prior to treatment with either 50 nM of non-targeting siRNA (siSCR, see 

Table 2.1. for siRNA sequence) conjugated with DyLight677 delivered by MSNP-PEI-

PEG (17.5 g/mL) or DharmaFECT (0.5 L/well in 100 L medium, DharmaFECT-1, 

Thermo Scientific, Lafayette, CO). After 24 hr of incubation, the cells were washed three 

times with PBS to remove non-internalized nanoparticles and stained with cell-permeant 

Hoechst dye at 37 oC for 30 min before fixation in 4% paraformaldehyde (PFA) for 15 

min. Internalized DyLight677-siRNA were detected using a fluorescence microscope 

(EVOS FL, Life Technologies). Fluorescence intensity of DyLight677 was normalized 

over the total cell number (Hoechst-positive) and analyzed using Cell Profiler open-

source image analysis software. 
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Table 2.1. Individual siRNA sequences used in the in vitro and in vivo 
experiments. 
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2.2.5 Intracellular ROS Assay  

To measure cellular ROS induction by nanoparticles, primary murine dermal fibroblast 

cells were pre-treated with either siSCR-MSNP-PEI-PEG, siSCR-DharmaFECT, 

(prepared in a similar manner as 2.4), or 2 mM of N-acetylcysteine (NAC, Sigma Aldrich) 

antioxidant. After 24 hr, 100 M of menadione was added into each well for 1 hr to 

induce oxidative stress. At the end of the incubation period, the cellular ROS was 

assayed using CellROX® green reagent (Promega Corporation, Madison, WI) following 

the manufacturer’s protocol. The fluorescence intensity of CellROX® green was 

normalized over the total cell number (DAPI-positive) and analyzed using Cell Profiler 

open-source image analysis software.  

2.2.6 DPPH Free Radical Scavenging Assay 

The 2, 2-diphenyl-1-picrylhydrazyl (DPPH, Sigma Aldrich) free radical scavenging assay 

was used to determine the antioxidant property of the nanoparticles. This assay is 

based on the reduction of the odd electron on the nitrogen atom in DPPH by 

antioxidants [227]. Briefly, various concentrations (from  0-500 g/mL) of MSNP core, 

PEI, MSNP-PEI-PEG, and NAC were prepared in PBS solution and administered in 

triplicate in a 96-well plate (cell-free) followed by the addition of an equal volume of 0.5 

mM DPPH (in ethanol). The mixture was then incubated in the dark at room 

temperature under shaking (300 rpm) for 15 min. Absorbance (abs.) was read at 517 

nm using a TECAN spectrophotometer (TECAN US Inc., Research Triangle Park, NC). 

The percentage of DPPH scavenging radical was calculated as follows: 
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% 𝐷𝑃𝑃𝐻 𝑠𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 = (𝑎𝑏𝑠. 𝑜𝑓 𝑏𝑙𝑎𝑛𝑘 −
𝑎𝑏𝑠. 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒

𝑎𝑏𝑠. 𝑜𝑓 𝑏𝑙𝑎𝑛𝑘
) × 100 

2.2.7 Screening of siHSP47 and siNOX4 

For screening of siRNA against HSP47 (siHSP47), three individual siHSP47 sequences 

(Dharmacon, Lafayette, CO, see Table 2.1.) were transfected with DharmaFECT-1 

(DharmaFECT) in NIH/3T3 murine embryonic fibroblast cells. Briefly, NIH/3T3 cells 

(300,000 cells/well) were seeded in a 6-well plate and transfected with 50 nM siRNA in 

DharmaFECT (0.5 L/well) for 72 hr (media change at 24 hr post transfection). The cells 

were then lysed for subsequent mRNA and protein analysis by qRT-PCR and western 

blot, respectively. Likewise, for screening of siRNA against NOX4 (siNOX4), four 

individual sequences (Qiagen Valencia, CA) as summarized in Table 2.1. were 

transfected with DharmaFECT using the same transfection method but with primary 

murine dermal fibroblast cells. 

2.2.8 In vitro Evaluation of siHSP47 and siNOX4 

siRNA against HSP47 (siHSP47) and NOX4 (siNOX4) were screened from 3-4 

sequences as summarized in Table 2.1. Once the best siRNA sequence was identified 

(Figure 2.3), it was used for in vitro gene silencing under TGF- stimulation conditions 

as follows. Primary murine dermal fibroblast cells were seeded on a 96-well plate (8,000 

cells/well) or on a 6-well plate (150,000 cells/well) overnight in complete medium. On 

the next day, the medium was replaced with DMEM with 0.5% FBS for 16 hr. Cells were 

then transfected with 50 nM siRNA on 17.5 g/mL of MSNP-PEI-PEG or DharmaFECT 

(0.5 L/well). After 24 hr, cells were washed once and the culture medium was replaced 
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with fresh medium (DMEM with 0.5% FBS) containing 10 ng/mL TGF- (Peprotech Inc., 

Rocky Hill, NJ) and incubated either for another 24 hr (mRNA detection) or 72 hr 

(protein detection). For bleo-fibroblast cells, the MSNP-PEI-PEG and DharmaFECT 

treatments were done in similar manner as above, but without TGF-stimulation. The 

HSP47, NOX4, COL I, and -SMA protein expressions of the treated cells was 

quantified with either immunofluorescence imaging (IF) or Western Blot, while their 

mRNA levels were quantified with qRT-PCR.  
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Figure  2.3.  In vitro siRNA screening of siHSP47 and siNOX4. 
(A) HSP47 mRNA (at 72 hr post-treatment) and (B) protein expressions (at 96 hr post-
treatment) of NIH/3T3 cells transfected with various siHSP47 sequences (50 nM) in 
DharmaFECT. (C) NOX4 mRNA expression of primary murine dermal fibroblast cells 
transfected with various siNOX4 sequences (50 nM) in DharmaFECT at 48 hr post-
treatment. The mRNA level was normalized against GAPDH and reported as fold 
change over mock (DharmaFECT alone).  siHSP47_2 and siNOX4_3 sequence had the 
best silencing efficacy and were used throughout this work.  
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2.2.9 Cell Viability Assay 

The viability of the cells treated as described in 2.7 was also determined at 96 hr post 

transfection using CellTiter-Glo® Luminescent Cell Viability Assay (Promega) following 

the manufacturer’s protocol. The data were reported as the fold change against the 

untreated control. 

2.2.10 SiHSP47-MSNP-PEI-PEG Nanoparticle Treatment of Bleomycin-Induced 

Scleroderma Mouse Model 

The induction of dermal fibrosis (scleroderma) with bleomycin in mice followed the 

procedure described by Yamamoto et al. [223]. The experimental protocol was 

approved by the Institutional Animal Care and Use Committee (IACUC) of Oregon 

Health and Science University (OHSU). Specifically, 6-7 week old C3H/HeJ mice 

(Jackson Laboratories, Bar Harbor, ME) were intradermally injected with 100 L of 0.5 

mg/mL bleomycin in PBS (APP Pharmaceuticals) at the same location on the shaved 

back of mice every other day for 4 weeks (3 times weekly). Concurrently, mice (6-7 per 

group) were injected with 50 L of PBS suspension containing siSCR- or siHSP47-

MSNP-PEI-PEG at the dose of 220 g nanoparticles and 0.65 nmol as siRNA. The 

siRNA dose was adapted from the reported intradermally injected siRNA doses to mice 

[228, 229]. Treatments were done twice a week on alternate days with bleomycin 

injection for a total of 8 treatments over 4 weeks. A positive control group received 

bleomycin and saline injections. All mice were sacrificed 4 days after the last injection 

with the siRNA-nanoparticle treatment.  
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2.2.11 Histological Analysis of Bleomycin-Induced Scleroderma Mouse Skin 

Skin tissues from the region of injection (due to the small area of bleomycin injection 

(100 L) and nanoparticle treatment (50 L), only one 6 mm-biopsy punch was 

collected per animal) were collected and fixed in 4% PFA prior to processing and 

paraffin embedding. 5 m-thick paraffin-embedded sections were used for H&E stain for 

determination of dermal thickness. Six images were taken per tissue section with the 

EVOS-XL microscope at x200 magnification. Dermal thickness was measured as the 

distance between the epidermal-dermal junction and the dermal-adipose layer junction 

and the data were presented as fold-change over untreated control. 

2.2.12 Immunohistochemistry for Pro-fibrotic Markers on Skin Sections 

Deparaffinized and rehydrated skin sections were subjected to heat-mediated antigen 

retrieval in citrate buffer (10 mM, pH 6.0) for 30 min. The tissue sections were blocked 

with 5% goat-serum (Vector Laboratories Inc., Burlingame, CA) for 1 hr at room 

temperature. Slides were then incubated with primary antibodies at 4 oC overnight, 

secondary antibodies for 1 hr at room temperature, and mounted with Prolong Gold 

Antifade reagent with DAPI (P-3691, Invitrogen). Six images were taken per tissue 

section per animal with the EVOS FL fluorescence microscope at x200 magnification. 

The total fluorescence intensity of the tissue sections were normalized over the total 

image area and analyzed using Cell Profiler open-source image analysis software. For 

the measurement of COL I and -SMA positive area, the ‘MeasureImageAreaOccupied’ 

module in Cell Profiler software was used and calculated as the relative area occupied 

by the protein of interest (COL I or -SMA) to the total area of the tissue.  
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2.2.13 Western Blot Analysis 

Western blot analysis was performed for protein quantification of cell lysates as follows. 

Cell lysate (20 g protein/lane) were electrophoresed with denaturing sodium dodecyl 

sulfate (SDS)-polyacrylamide NuPage Novex 4% to 12% gels (Invitrogen) and blotted 

on a PVDF membrane (Millipore, Temecula, CA). Mouse monoclonal anti-HSP47 and 

rabbit polyclonal GAPDH (Cell Signaling Technology, Danvers, MA) were used as 

primary antibodies. The HSP47 protein was visualized with Alexa Fluor 680-conjugated 

goat anti mouse IgG (Invitrogen) and the GAPDH protein was visualized with IRDye-

800CW conjugated polyclonal goat anti-rabbit IgG (LI-COR Biosciences, Lincoln, NE) 

using the LI-COR Odyssey infrared imaging system.  

2.2.14 Immunofluorescent Imaging (IF) 

For IF assays, cells were washed twice in warm PBS, fixed with ice-cold methanol for 

15 min and blocked with 5% goat serum in PBS for 1 hr (room temperature). Incubation 

with the primary antibody (1:100 dilution in blocking buffer) took place overnight at 4 oC. 

The following primary antibodies used were: Vimentin (5741, Cell Signaling Technology), 

HSP47 (NBP1-97491, Novus Biologicals, San Diego, CA), NOX4 (ab109225, Abcam), 

COL I (ab21286, Abcam), and -SMA (ab7817, Abcam, Cambridge, MA). On the next 

day, the cells were washed three times with PBS (containing 0.1% Tween) and 

incubated with secondary antibodies; AlexaFluor®488-conjugated anti-mouse IgG (A-

11001, Life Technologies), AlexaFluor®488-conjugated anti-rabbit IgG (A27034, Life 

Technologies), AlexaFluor®647-conjugated anti-rabbit IgG (A27018, Life Technologies), 

or AlexaFluor®647-conjugated anti-mouse IgG (A-21236, Life Technologies) for 1 hr 

(room temperature). Cells were imaged using EVOS FL fluorescence microscope and 
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the protein expression level was measured by normalizing fluorescence intensity to the 

total cell number (DAPI-stained nuclei) per image. For in vitro studies, protein 

quantification was done with 3 images per well and 3 replicate wells per treatment 

throughout. For in vivo assessment, quantification was done with 6 images per animal 

and 4-7 animals per treatment.  

2.2.15 Real time quantitative PCR (qRT-PCR)  

The RNA from the treated cells was isolated with the RNeasy Mini kit (Qiagen) following 

the manufacturer’s protocol. The amount of RNA was quantified using NanoDrop 1000 

spectrophotometer. Purified RNAs were reverse transcribed with EXPRESS One-Step 

SuperScript qRT-PCR kit (Invitrogen). Primer sequences chosen for qPCR (Life 

Technologies, Eugene, OR) are: HSP47 (Mm00438058_g1), -SMA (Mm00725412_s1), 

NOX4 (Mm00479246_m1), COL I (Mm00801666_g1), and GAPDH (Mm99999915_g1). 

qPCR assays were performed in triplicate using an ABI 7500 Fast System (Applied 

Biosystems, Foster City, CA) under standard cycling conditions: 50 oC for 2 min, 95 oC 

for 10 min, 40 cycles of 95 oC for 15 s, and 60 oC for 1 min. Expression levels were 

analyzed using 2 –C(t) method using GAPDH as loading control. 

For RNA isolation from skin tissue, the skin tissues harvested from each mouse were 

homogenized in RLT buffer using hand-held homogenizer and further lysed with 20G 

needle syringes. The total RNA was isolated using Rneasy Fibrous Tissue Mini Kit 

(Qiagen) following manufacturer’s protocol. qPCR assays were performed in triplicate 

under the same conditions as the mentioned above and the expression levels were 

normalized against HPRT (Mm01545399_m1) as loading control. 
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2.2.16 2′,7′-Dichlorofluorescin diacetate (DCFA-DA) kinetic ROS assay 

NIH/3T3 cells, seeded in 96-well plate (8000 cells/well) in DMEM + 10%FBS overnight,  

were stained with 50 M  DCFH-DA (Sigma-Aldrich) and treated with either 20 g/mL  

MSNP-PEI-PEG or 2 mM NAC in combination with 100 M H2O2. The fluorescence 

intensity of DCFH dye was read hourly with a TECAN spectrophotometer. DCFA-DA is 

a cell-permeable non-fluorescent probe. In the presence of pro-oxidant agent (such as 

H2O2), DCFH-DA de-esterified intracellularly and turns to highly fluorescent 2′,7′-

dichlorofluorescein upon oxidation.   

2.2.17 Transmission Electron Microscopy (TEM) on skin sections 

Mouse skin tissues were fixed in 2.5% glutaraldehyde in pH 7.2, 0.1 M sodium 

cacodylate buffer (EMS, Hatfield, PA) overnight at 4 oC, rinsed with 0.15 M phosphate 

buffer, postfixed in 1% osmium tetroxide (EMS) for 1 hr and stained en bloc in 0.5% 

uranyl acetate (EMS) for 3 hr in the dark. The stained tissues were then dehydrated in 

graded acetone (diluted in 0.2 M sodium phosphate buffer (EMS), pH 7.2) for 15 

minutes at each concentrations (50%, 75%, 95%, and 100%) and incubated in acetone-

Araldite mixture (1:1 ratio, EMS) at room temperature overnight. On the next day, the 

skin samples were embedded in 100% Araldite resin (EMS) at 65 oC for 48 hr, 

sectioned, stained with lead citrate and uranyl acetate and imaged with Philips CM100 

transmission electron microscope (Philips/FEI).  

2.2.18 Statistical Analysis 

Experiments were performed in triplicate with results presented as mean ± standard 

deviation. Data were analyzed using one-way ANOVA with post-hoc Dunnett’s multiple 
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comparison test with significance set at p≤0.05. Graphpad Prism 6.0 software 

(GraphPad software Inc., San Diego, CA) was utilized for statistical analyses. 

 

2.3 Results and Discussion 

2.3.1 Synthesis and Characterization of Nanoparticles (MSNP-PEI-PEG) 

Transmission electron micrograph (TEM, Figure 2.4) showed that the MSNP core had 

porous morphology with particle size of 47 ± 4 nm in diameter. Layer by layer coating 

with polyethyleneimine (PEI) and polyethylene glycol (PEG) (see schematic 

representation in Figure 2.4B) were confirmed by TGA. TGA analysis shows the 

amount of attached PEI and PEG on MSNP to be 13.5% and 18.2% by dry weight of 

whole nanoparticle, respectively. After the surface modification, MSNP-PEI-PEG has a 

hydrodynamic size of 104 ± 1.7 nm (Figure 2.4C) and zeta potential of 15.1 ± 0.7 mV 

(in 10 mM NaCl). The nanoparticle had a small polydispersity index (PDI) of 0.19, 

showing narrow size distribution. Even after siRNA loading, the particle size remains 

unchanged (Figure 2.4C).  As shown in Figure 2.4B, the siRNA is bound to PEI, and is 

protected underneath the PEG layer. As a result, the siRNA was 100% protected 

against serum enzymes for at least 24 hr (measured in 50% human serum) [175].  
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Figure  2.4. MSNP-PEI-PEG nanoparticle. 
(A) TEM image of the mesoporous silica nanoparticle (MSNP) core (scale bar = 50 nm). 
(B) Schematic of surface modification of MSNP (layer-by-layer) with polyethyleneimine 
(PEI), polyethyleneglycol (PEG), and siRNA. (C) Hydrodynamic size distribution of 
MSNP-PEI-PEG (solid line) and with siRNA loading (dash line). 
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2.3.2 Cellular Uptake of siRNA-Nanoparticles (MSNP-PEI-PEG) 

Results in the Figure 2.5 demonstrate a greater cellular uptake distribution of 

DyLight677-siSCR (siSCR is a non-targeting siRNA) by DharmaFECT and a more 

uniform uptake of the DyLight677-siSCR  delivered by MSNP-PEI-PEG nanoparticles in 

murine primary dermal fibroblasts after 24 hr (Figure 2.5A). Specifically, the cellular 

signal of dye-tagged siRNA increased by 76 ± 31% with nanoparticle delivery versus 49 

± 56% by DharmaFECT delivery (vs. the untreated control, Figure 2.5B). We attribute 

the non-uniform cellular uptake of the DharmaFECT to its large particle size of 446 nm 

(range from 190-955 nm) vs. 100 nm (range from 44-255 nm) of siSCR-MSNP-PEI-PEG 

as shown in Figure 2.5C. 
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Figure  2.5. Cellular uptake of DyLight677-conjugated siSCR-MSNP-PEI-PEG in 
primary murine dermal fibroblast cells. 
(A) Representative images of cells at 24 hr post-transfection with DharmaFECT (0.5 

L/well, 100 L volume) or 17.5 g/mL MSNP-PEI-PEG nanoparticles, both containing 

50 nM DyLight677-siSCR, and untreated cells (scale bar = 100 m). Red = DyLight677, 
blue = nuclei. (B) Corresponding DyLight677 fluorescence intensity. (C) Hydrodynamic 
size distribution of siRNA-DharmaFECT (solid grey line) compared with siRNA-MSNP-
PEI-PEG (dashed line). 
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2.3.3 ROS Scavenging Ability of Nanoparticles (MSNP-PEI-PEG) 

The antioxidant properties of bare MSNP (without chemical modification) in a human 

melanoma [25, 202] and mouse embryonic fibroblast [176] cell line have been reported 

as described previously. To assess the antioxidant property of MSNP-PEI-PEG in our 

cells of interest (murine dermal fibroblasts), we measured the ROS level after exposing 

the cells to MSNP-PEI-PEG overnight followed by 1 hr menadione-induced oxidative 

stress. Menadione (2-methyl-1,4-naphthoquinone) is a chemical compound known to 

generate intracellular ROS [230]. Such intracellular ROS could be measured by 

CellROX Green reagent as shown in Figures 2.6A and B. The cellular ROS was 

increased 7.6-fold after 1 hr of menadione exposure. However, pretreatment of the cells 

with MSNP-PEI-PEG, decreased ROS production to the non-menadione level, while 

DharmaFECT had little effect. The MSNP-PEI-PEG effect was similar to that obtained 

by an established antioxidant, NAC. Note that non-targeting siRNA (siSCR) was used 

on the nanoparticles to maintain similar surface charge of intended final nanoconstruct 

without imparting gene silencing effect.  

Reduction of ROS by our nanoparticles was thought to be due to the MSNP core and 

not the cationic PEI coating. I confirmed this by measuring DPPH free radical 

scavenging ability of the materials in a cell free system. Figure 2.6C shows that bare 

MSNP displayed higher scavenging ability than MSNP-PEI-PEG, while PEI alone 

displayed very little effect. NAC was used as the positive control. In addition, I also 

observed a lower ROS activity when NIH/3T3 mouse embryonic fibroblast cells were 

exposed to the MSNP-PEI-PEG nanoparticles in the presence of H2O2 for up to 6 hr 

(Figure 2.7). Although MSNP-PEI-PEG had lower scavenging ability than bare MSNP, 
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the PEI-PEG layer is needed. PEI is needed for binding to siRNA, promoting cell 

entrance (via adsorptive endocytosis) and endosomal escape of siRNA via proton 

sponge effects [231], while PEG layer is needed for protecting siRNA from blood 

enzyme degradation [175].  
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Figure  2.6. Intracellular ROS activity of primary dermal fibroblast treated for 24 hr 

with NAC (2mM), siSCR-MSNP-PEI-PEG or siSCR-DharmaFECT prior TGF- 
stimulation. 
(A) Representative images of cells (Hoechst dye, blue) stained with CellROX (green), 

scale bar = 100 m. (B) Corresponding CellROX fluorescence intensity normalized by 
cell number (Hoechst-positive) and reported as fold-change against untreated control. 
(C) DPPH scavenging activity of various materials in a cell-free system. 
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Figure  2.7. Kinetic analysis of ROS activity in murine fibroblast cells. 

Treatment of MSNP-PEI-PEG (20 g/mL) or NAC (2 mM) in combination with the pro-

oxidant, H2O2 (100 M), resulted in lower ROS activity (reflected by lower fluorescence 
intensity of DCFH dye) at all time points up to 6 hr post-treatment in NIH/3T3 cells. 
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2.3.4 Effect of MSNP-PEI-PEG on TGF- Stimulated Dermal Fibroblast Cells and 

Scleroderma-like Fibroblasts 

In scleroderma patients, elevation of TGF-[232], NOX4 expression [184, 208, 233], 

and ROS [208, 233] have been observed in dermal fibrotic lesions. In the previous 

section, MSNP-PEI-PEG nanoparticles were able to reduce cellular ROS. Next, I 

assess their ability to reduce NOX4 levels using an in vitro TGF-induced model. TGF-

is one of the major profibrotic growth factors and could stimulate fibroblast proliferation 

as well as its transdifferentiation to myofibroblast [189, 234, 235]. After TGF-

stimulation of primary murine dermal fibroblasts, a pronounced up-regulation of NOX4 

by 2.2-fold, HSP47 by 1.5-fold, COL I by 2.5-fold, and -SMA by 5.6-fold (vs. untreated 

control) was observed as shown in Figures 2.8A and B. Cell proliferation also 

increased by 1.9-fold. However, pre-treatment with siSCR-MSNP-PEI-PEG significantly 

decreased the expression of NOX4, HSP47, COL I and -SMA, while siSCR-

DharmaFECT had little effect. In particular, NOX4 and HSP47 protein expression was 

diminished to the level prior to TGF- stimulation. Similar to section 3.3, non-targeting 

siRNA (siSCR) was used to maintain similar surface charge of intended final 

nanoconstruct without imparting gene silencing effect as shown with DharmaFECT 

(Figure 2.8). 

Next, I evaluated the ability of our nanoparticle to reduce NOX4 and other pro-fibrotic 

markers in scleroderma-like fibroblast cells harvested from skin of a mouse receiving 

intradermal bleomycin injections for 4 weeks, subsequently termed as “bleo-fibroblast”. 

This approach of treating already activated fibroblast will more closely mimic the current 

clinical situation. Evaluation of mRNA expression in these cells showed pronounced up-
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regulation of genes including NOX4, COL I and -SMA (Figure 2.8C) in a similar 

manner as the TGF- stimulation model in Figures 2.8 and 2.9. This is because 

bleomycin injection in mouse skin has been shown to induce macrophage accumulation 

and local TGF- production [236]. MSNP-PEI-PEG (with siSCR) treatment on these 

cells resulted in significant reduction in NOX4, COL I, and -SMA mRNA expression 

(p≤0.0001) compared to the untreated counterpart (Figure 2.8C). NAC treatment at 2 

mM could reduce NOX4 mRNA expression to the same extent as MSNP-PEI-PEG, but 

was unable to reduce the levels of COL I and -SMA. A much higher dose of NAC (20 

mM) was reported to be able to inhibit these pro-fibrotic markers [208, 233]. However, 

such high dose of NAC is impossible to achieve in vivo without toxicity concerns. An 

estimated 5010 mg/kg loading dose (e.g., first 60 min) and 2250 mg/kg maintenance 

dose (e.g., next 4 hr) are needed to reach 10 mM concentration in blood based on the 

pharmacokinetic data of NAC in human volunteers [132], but NAC is prescribed at only 

150 mg/kg loading dose and 50 mg/kg maintenance dose (i.v.) (NAC, Acetadote®, 

package insert) or 600-mg oral dose (three times daily) for pulmonary fibrosis patients in 

the PANTHER-IPF trial [133]. This may be one of the reasons why oral monotherapy of 

NAC in pulmonary fibrosis patients did not show any beneficial effects and was also 

accompanied by a higher rate of cardiac events compared to the placebo treatment 

[133]. In short, much lower dose (17.5 mg/L) of MSNP-PEI-PEG was found to yield 

greater anti-fibrotic effects than NAC (~300 mg/L).   
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Figure  2.8. NOX4-modulating effects of MSNP-PEI-PEG on TGF- stimulated and 
scleroderma-like dermal fibroblast cells. 

(A) Representative images of the TGF- stimulated cells stained for NOX4, HSP47, 

COL I, and -SMA after 24-hr treatment with siSCR-MSNP-PEI-PEG or siSCR-

DharmaFECT, followed by 72-hr treatment with 10 ng/mL TGF-scale bar = 400 m. 
(B) Corresponding protein intensity normalized by cell number (DAPI), reported as fold-
change against untreated control, and cell viability after each treatment. (C) mRNA 

expressions following 48 hr treatment with MSNP-PEI-PEG nanoparticles (17.5 g/mL, 
50 nM siSCR) vs. NAC (2 mM) on murine dermal fibroblasts harvested from bleomycin-
induced scleroderma mouse model (bleo-fibroblast). 
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2.3.5 Role of NOX4 and HSP47 in Fibrogenesis   

The involvements of both HSP47 and NOX4 in fibrogenesis are complex as 

summarized in Figure 2.1. Following tissue injury, the activated leukocytes 

(macrophages and neutrophils) induce ROS generation and secrete pro-fibrotic 

cytokines such as TGF-[187]. The released TGF- then triggers the synthesis and up-

regulation of HSP47 [237] and NOX4 [209, 238, 239] in fibroblast cells. Overexpression 

of NOX4 induces intracellular ROS [205, 239], while the overexpression of HSP47 

induces collagen synthesis (through excessive processing of pro-collagen molecules) 

[212]. Furthermore, NOX4 has been shown to induce the differentiation of fibroblasts to 

myofibroblasts [206, 240] and modulates collagen synthesis in vitro under TGF- 

stimulation [238]. Myofibroblasts, in turn, secrete TGF-in an autocrine fashion to 

further induce the activation and proliferation of the fibroblast cells [240].  

MSNP-PEI-PEG treatment decreased not only NOX4 but also HSP47 protein 

expression (Figure 2.8). However, the relationship between NOX4 and HSP47 has not 

been clearly elucidated. In order to understand the relationship between these two 

genes, we exploited siRNA against NOX4 (siNOX4) or HSP47 (siHSP47) in separate 

studies without the use of nanoparticles. After the best sequence for siNOX4 or 

siHSP47 had been identified (see Figure 2.3), they were transfected using 

DharmaFECT in primary dermal fibroblast cells for 24 hr prior to TGF-stimulation. As 

shown in Figure 2.9A, knocking down NOX4 by siNOX4 also resulted in down-

regulation of HSP47. This is not the result of off-targeting effect of the siNOX4 

sequence as both the antisense and sense strands do not show sequence homology to 

murine HSP47 mRNA sequence. In addition to NOX4 knockdown, COL I and -SMA 
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was also down regulated. The data suggest that NOX4 may act as an upstream effector 

of HSP47. Oxidative stress could induce HSP47 production in several in vitro systems 

[241, 242], thus it is possible that silencing NOX4 reduces oxidative stress, which in turn 

lowers the HSP47 expression. 

On the contrary, knocking down HSP47 by siHSP47 did not affect NOX4 level as shown 

in Figure 2.9B, but could significantly reduce COL I and -SMA levels. Hence, I 

hypothesize that in addition to down-regulating NOX4 with our antioxidant nanoparticles, 

silencing HSP47 gene (with siHSP47) may have enhanced antifibrotic efficacy than 

managing the individual genes alone.  
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Figure  2.9. In vitro siNOX4 or siHSP47 transfection with DharmaFECT. 
mRNA expression of primary dermal fibroblast cells treated for 24 hr with (A) siRNA 
against NOX4 (siNOX4) or (B) siRNA against HSP47 (siHSP47) vs. non-targeting 

siRNA (siSCR), followed by 24 hr of 10 ng/mL TGF- stimulation. siRNA dose of 50 nM 

in 0.5 L/well DharmaFECT. 
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2.3.6 In vitro HSP47 Gene Knock-down Efficacy by siHSP47-MSNP-PEI-PEG 

To investigate the ability of MSNP-PEI-PEG nanoparticles in delivering siHSP47 in 

TGF- stimulated dermal fibroblasts, I pre-treated the cells with siHSP47-MSNP-PEI-

PEG or siHSP47 delivered with commercial transfection reagent, DharmaFECT. I 

observed 86 ± 16% knock-down in HSP47 protein expression, compared to the TGF- 

alone group (Figures 2.10A and B). The knock-down efficacy was much greater than 

that by DharmaFECT (63 ± 18%). The qRT-PCR data also confirmed this finding where 

95% mRNA knockdown was observed in siHSP47-MSNP-PEI-PEG vs. 81% in 

DharmaFECT compared to their respective non-targeting siRNA counterparts (Figure 

2.11).Furthermore, the siSCR-MSNP-PEI-PEG also decreased the HSP47 expression 

by 21 ± 19% (72 ± 3% mRNA, Figure 2.11), demonstrating the ability of MSNP-PEI-

PEG nanoparticles in reducing HSP47. In addition, I also performed similar experiment 

with the bleo-fibroblast cells. As shown in Figure 2.12, treatment of siHSP47-MSNP-

PEI-PEG treatment resulted in more than 90% mRNA knock-down in bleo-fibroblast 

cells at 48 hr (as compared to siSCR-MSNP-PEI-PEG). The siSCR-MSNP-PEI-PEG 

treatment also resulted in about 20% decrease in HSP47 level as compared to the 

untreated bleo-fibroblast cells, which is in the same par as the siSCR-MSNP-PEI-PEG 

treated cells under TGF- stimulation in Figure 2.10. 

There was also no significant cytotoxicity associated with our nanoparticle treatment as 

shown in Figure 2.10C. Furthermore, cytotoxity study of the nanoparticles was also 

conducted in human dermal fibroblast, HDFa (Figure 2.13), which show no toxicity at 

efficacious dose after 24-48 hrs of exposure. Therefore, our nanoparticle can act as a 

safe and effective siRNA delivery system to the cells. 



 

39 
 

In summary, my in vitro findings so far have indicated that MSNP-PEI-PEG nanoparticle 

could serve as a superior siRNA carrier and can be therapeutic with regard to fibrosis 

treatment. The benefit of knocking down HSP47 with siHSP47 was also evident. These 

results prompted me to validate my in vitro finding with an in vivo mouse model.    
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Figure  2.10. In vitro gene silencing efficacy with siHSP47-MSNP-PEI-PEG 
nanoparticles. 
(A) Representative images of HSP47 stain on primary murine dermal fibroblast treated 
for 24 hr with siHSP47-MSNP-PEI-PEG or siHSP47-DharmaFECT, followed by 72 hr of 

10 ng/mL TGF-stimulation. Scale bar = 400 m. (B) Corresponding HSP47 protein 
expression normalized by cell number (DAPI) and reported as fold-change against 
untreated control. (C) Relative cell viability upon the same treatments with (B).  
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Figure  2.11. In vitro siHSP47 and siSCR transfection with MSNP-PEI-PEG or 
DharmaFECT. 
mRNA expressions of primary dermal fibroblast cellstreated for 24 hr with either 

siSCR/siHSP47-MSNP-PEI-PEG nanoparticles (17 g/mL, 50 nM siRNA) vs. 

siSCR/siHSP47-DharmaFECT (0.5 L/well DharmaFECT, 50 nM siRNA), followed by 

24 hr of 10 ng/mL TGF- stimulation. 
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Figure  2.12. HSP47 mRNA expression in bleo-fibroblast cells treated with 
siHSP47-MSNP-PEI-PEG nanoparticles. 
Bleo-fibroblast cells were treated with either 20 mM NAC or 17.5 µg/mL MSNP-PEI-
PEG, loaded with siSCR or siHSP47 (50 nM siRNA) for 48 hr.  
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Figure  2.13. Cell viability of human dermal fibroblast cells (HDFa) with MSNP-PEI-
PEG treatment. 
HDFa cells were treated with increasing concentrations of MSNP-PEI-PEG 
nanoparticles with and without siRNA (nanoparticle to siRNA mass ratio of 25, siRNA 
dose of 50 nM) for 24 or 48 hr. 
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2.3.7 In Vivo Evaluation of siHSP47-MSNP-PEI-PEG: Skin Thickness 

In order to further examine the therapeutic potential of our siHSP47-nanoparticles in 

vivo, I employed a well-accepted bleomycin-induced dermal fibrosis (scleroderma) 

mouse model [223]. Given intradermally, bleomycin induces toxicity (since skin lacks 

bleomycin hydrolase enzyme to metabolize bleomycin) and leads to the induction of 

ROS and pro-inflammatory cytokines (including TGF-) to the skin [243].  

I intradermally injected the siHSP47- or siSCR-MSNP-PEI-PEG nanoparticles to the 

shaved back of the mice on a twice-weekly schedule on alternate days of bleomycin 

administration over the course of 4 weeks as shown in Figure 2.14A. I also confirmed in 

a separate experiment that there was no binding of bleomycin onto the nanoparticles, 

which may have blocked the fibrogenesis effect of bleomycin (data not shown).   

After the study was completed, H&E stains of skins were analyzed as shown in Figures. 

2.14B and C. The bleomycin treatment increased the dermal thickness by 42% 

(p≤0.001 vs. untreat). Treatment of siHSP47-MSNP-PEI-PEG nanoparticles to the 

bleomycin-treated mice resulted in the reduction of dermal thickness by 19% (p≤0.01 vs. 

bleomycin alone), which brought the value down to the untreated level (p=0.38). 

Treatment of siSCR-MSNP-PEI-PEG nanoparticle could also decrease the dermal 

thickness by 7%, but not significantly different from bleomycin alone (p=0.21) and could 

not bring the value down to the untreated level (p≤0.03). These data indicated beneficial 

treatment of siHSP47-MSNP-PEI-PEG nanoparticle over MSNP-PEI-PEG alone.  
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Figure  2.14. Effect of siHSP47-MSNP-PEI-PEG nanoparticles on dermal thickness 
in the bleomycin-induced scleroderma mouse model. 
(A) Dosing scheme of bleomycin induction and the siHSP47-MSNP-PEI-PEG treatment. 
(B) Representative images of skin sections stained with hematoxylin and eosin (H&E), 

scale bar = 200 m. (C) Dermal thickness measured from skin sections as in (C). 
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2.3.8 In Vivo Evaluation of siHSP47-MSNP-PEI-PEG: Protein Characterization 

To examine whether siHSP47-MSNP-PEI-PEG can successfully silence HSP47 

expression in the skin, we analyzed skin specimens harvested from mice treated as 

described in section 3.8. Immunofluorescence technique was used for protein 

characterization as shown in Figure 2.15A, and quantified in Figure 2.15B-E. There 

was a clear up-regulation of HSP47 by 170% in the skin of mice treated with bleomycin 

(Figure 2.15B). The siHSP47-MSNP-PEI-PEG treatment was able to reduce bleomycin 

induced HSP47 expression to levels similar to the untreated control (p=0.28). The 

siSCR-MSNP-PEI-PEG treatment also decreased the HSP47 expression but to a much 

lesser extent and with less precision (larger standard deviation) than the siHSP47-

MSNP-PEI-PEG counterpart. It could not bring the HSP47 level down to the untreated 

level (p≤0.0001). As anticipated from the in vitro studies, the MSNP-PEI-PEG could 

reduce bleomycin induced NOX4 expression effectively to the untreated level 

regardless of siSCR or siHSP47 (p≤0.0001) (Figure 2.15C). Bleomycin injection to the 

skin increased the -SMA- and COL I-positive area by 2.7- and 1.6-fold compared to 

the untreated level, respectively. 

With siHSP47-MSNP-PEI-PEG treatment, the area positive for -SMA was reduced by 

49% (p≤0.01) as compared to the bleomycin group (Figure 2.15D). Likewise, COL I-

positive area for the siHSP47-nanoparticle treatment was reduced by 51% (p≤0.001) 

compared to the bleomycin control (Figure 2.15E). Data also indicate that COL I-

positive area was reduced to the normal level (p=0.99). The siSCR-MSNP-PEI-PEG 

effects on the reduction of the profibrotic markers (vs. bleomycin alone) were less 

substantial; 24% (p=0.57) for -SMA and 19% (p=0.25) for COL I, respectively. In 
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addition, the mRNA analysis from the skin tissues collected from the siHSP47-MSNP-

PEI-PEG treated mice also confirmed our findings in Figure 2.15.  As shown in Figure 

2.16, siHSP47-MSNP-PEI-PEG treatment showed significant reduction in HSP47 

(p≤0.05), COL I (p≤0.0001) and -SMA (p≤0.0001) levels as compared to the 

bleomycin-treated mice. Similar to the protein quantification data in Figure 2.15, the 

siSCR-MSNP-PEI-PEG treatment also showed significant reduction in COL I (p≤0.0001) 

and -SMA (p≤0.0001) levels as compared to the bleomycin-treated mice. Thus, there 

is a clear advantage of siHSP47-MSNP-PEI-PEG nanoparticle over MSNP-PEI-PEG 

nanoparticle alone. Furthermore, I confirmed the cellular internalization of our 

nanoparticle in the skin by using transmission electron microscopy (TEM). As shown in 

Figure 2.17, the skin tissue of  mouse injected with siSCR-MSNP-PEI-PEG + bleomycin 

showed intracellular localization of the nanoparticle in the dermis region. 

In short, intradermal MSNP-PEI-PEG treatment could alleviate skin fibrosis by reducing 

ROS production and the antifibrotic effect could be further enhanced by the knocking 

down HSP47 expression with siHSP47. 
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Figure  2.15. HSP47 silencing efficacy and anti-fibrotic effects of siHSP47-MSNP-PEI-PEG nanoparticles on 
bleomycin-induced scleroderma mouse model (dosing scheme as specified in Figure 2.14A). 

(A) Representative images of skin sections stained with HSP47, NOX4, -SMA, and COL I. Nuclei were stained with DAPI, 

scale bar = 200 m. Expression levels of (B) HSP47 and (C) NOX4 proteins as well as (D) -SMA- and (E) COL I-positive 
area were quantified by immunofluorescence analysis, normalized by that of untreated control. 
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Figure 2.16. mRNA expression of the skin tissue in bleomycin-induced 
scleroderma mice treated with siHSP47-MSNP-PEI-PEG (n=4/treatment group).  
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Figure  2.17. Transmission electron micrograph (TEM) of mouse skin receiving 
siSCR-MSNP-PEI-PEG treatment. 
TEM showing intracellular localization of intradermally injected MSNP-PEI-PEG 
particles in the dermis layer of mouse skin collected 4 days post last treatment 
(treatment conditions as specified in Figure 2.14). Images were taken at low 
magnification (left) and high magnification (right). Yellow arrows represent nanoparticles.  
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2.4 Conclusions 

In this work, we described the roles of ROS, NOX4 and HSP47 in fibrogenesis and 

developed a nanoparticle platform to modulate all three effectors in order to treat 

fibrosis. We show that our MSNP-PEI-PEG nanoparticles could efficiently deliver siRNA 

to knock-down HSP47 expression in vitro and in vivo. In addition, the nanoparticle 

carrier itself could reduce ROS and NOX4 production, owing to the antioxidant property 

of the MSNP core that is by far superior to NAC. We also elucidate for the first time that 

NOX4 may be an upstream effector of HSP47, which provides the explanation on how 

our nanoparticle carrier alone could also down-regulate HSP47 expression. The 

therapeutic impact of MSNP-PEI-PEG can be further enhanced by the addition of siRNA 

against HSP47 as demonstrated in a scleroderma mouse model. In addition to 

intradermal delivery reported herein, we have also shown in our most recent work [175] 

that the nanoparticles could be given intravenously, achieve excellent gene knock-down 

in solid tumors, and have excellent safety profile. Given the most optimal gene target, 

our nanoparticles will be able to provide combinatorial treatment for fibrotic diseases of 

other organs as well as inflammatory diseases. 

2.5 Author contributions 

The data presented in all figures were performed and analyzed by Jingga Morry, except 

for Figure 2.4. Data in Figure 2.4 were collected by Worapol Ngamcherdtrakul, Moataz 

Reda, and Thanapon Sangvanich. The in vivo experiments were performed with the 

help of David Castro and Shaun Goodyear.  All in vivo data were collected and 

analyzed by Jingga Morry. The manuscript was written by Jingga Morry and Wassana 

Yantasee.  
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2.6 Model limitations 

In this chapter, I made use of a bleomycin-induced scleroderma mouse model as a 

proof-of-concept study for localized administration of our nanoparticles into the skin. 

The treatment was provided at the same time of bleomycin stimulation which primarily 

tested the anti-fibrotic effects of our nanoparticles to delay or inhibit fibrogenesis in the 

skin. To mimic the treatment in the clinical setting, the nanaoparticle should be given a 

several weeks after bleomycin stimulation to show the treatment efficacy in the 

established fibrosis model.  
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3 Chapter 3: Targeted treatment of metastatic breast cancer by 
PLK1 siRNA delivered by an antioxidant nanoparticle 
platform 

3.1 Introduction 

This dissertation chapter is focused on the application of MSNP in the treatment of 

breast cancer metastasis by harnessing its intrinsic antioxidant properties and taking 

advantage of its ability as a siRNA carrier for delivering polo-like kinase 1 (PLK1) siRNA. 

About 1.7 million new cases of breast cancer were diagnosed worldwide in 2012 [183] 

and around 250,000 are expected to be diagnosed in the US in 2016 [184], of which 

about 15% are triple negative breast cancer (TNBC) [185]. TNBC patients have one of 

the highest relapse and metastasis rates compared to other breast cancer subtypes 

[186, 187], with limited therapeutic options. Current treatment regimens may be new 

drugs not previously used in the primary setting, or re-challenged with a combination of 

the same drugs, mainly chemotherapeutics. Despite such treatments, median overall 

survival from metastasis to death is 9-13 months for all TNBC [188, 189].  

Targeted delivery of siRNAs by nanoparticles holds great promise for cancer treatment 

since siRNA can target any gene deemed important to cancer progression, metastasis, 

and drug resistance with high specificity [188]. To that end, we have recently developed 

and optimized a polymer-coated mesoporous silica nanoparticles (NP) for siRNA 

delivery to treat trastuzumab-resistant HER2+ breast tumors [189]. The platform 

consists of a 50-nm mesoporous silica nanoparticle (MSNP) core coated layer-by-layer 

with bioreducible cross-linked 10-kDa polyethyleneimine (PEI) for effective siRNA 

binding and endosomal escape, and polyethylene glycol (PEG) for preventing 

nanoparticle aggregation, minimizing enzyme degradation of siRNAs, shielding the toxic 
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effect of PEI, and preventing recognition by the immune system. In addition, a targeting 

antibody can be attached to the PEG layer to act as a homing device for the 

nanoparticle. The siRNA is then loaded last onto the nanoparticle, passing the PEG 

layer (due to small size) and binding to the PEI layer due to charge preference (See 

Figure 3.1). 

Herein, we report for the first time that the same platform can act as a targeted siRNA 

delivery system to metastatic breast tumors. For the siRNA target, we chose polo-like 

kinase 1 (PLK1), which is involved in cell division and DNA damage response and is 

found in actively dividing cancer cells [36]. There is strong association between elevated 

PLK1 levels in breast tumors and poor clinical outcome [190]. Moreover, a recent 

genome-wide kinase screen also identified PLK1 as the strongest kinase target as 

demonstrated by significant cell death in both cancer and tumor-initiating cells (TICs) in 

TNBC when either knocked down or inhibited [36]. PLK1 inhibitor, BI2536, had reached 

clinical trials but was terminated due to poor therapeutic index since the systemic 

delivery of PLK1 inhibitors was associated with increased incidence neutropenia and 

thrombocytopenia [191]. In addition, PLK1 inhibitors (e.g., BI2536, BI6727, GSK461364) 

can also inhibit other PLK family members PLK2 and PLK3, which may lead to 

unwanted off-target effects [192]. In contrast, siRNA can be designed to target only 

PLK1, and thus have less toxicity to non-cancer cells than BI2536 [193]. An siRNA 

against PLK1 (TKM-080301) was in clinical trials by Tekmira (now Arbutus Biopharma), 

but the delivery platform did not have a targeting agent and as a lipid-based platform it 

is only suitable for cancers with liver involvement. Although stable disease was 

achieved in 4 out of 9 patients, the therapeutic window was narrow due to toxicity [133]. 
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We hypothesize that siRNA sequence specificity together with the delivery specificity to 

tumors achieved by our platform will improve both efficacy and safety.  

Another unique feature of our platform is the inherent antioxidant activity of the 

mesoporous silica core. This antioxidant capability is shown herein to have pronounced 

effects both in vitro and in vivo, proven effective for inhibiting EMT and cellular invasion 

in vitro, and limiting metastatic spread of tumor cells in mice. ROS plays an important 

role in cancer metastasis [117]. ROS-generating NOX4 is crucial in redox-mediated 

signaling pathways, including Tks5-dependent invadopodia formation [194], TGF-

/SMAD3-driven EMT and cell migration [195], and PI3K/Akt-regulated cell proliferation 

and invasion [196]. Reduction of ROS using an antioxidant such as N-acetylcysteine 

(NAC) or the NOX inhibitor, Diphenyleneiodonium (DPI), successfully decreased cancer 

invasion and invadopodia formation [197]. Nevertheless, these agents are not used in 

clinics for such purposes due to the inability to achieve sufficient cellular NAC levels 

based on the current prescribed dose [198] and the challenge of getting specificity to 

particular NOX isoforms [199]. Thus, a material that can scavenge ROS at cellular 

levels can offer an effective therapy for metastatic breast cancer. Out of the 162 

investigational new drugs (IND) in clinical trials for treating metastatic breast cancer, 

only one targets the cancers’ ability to activate invasion and metastasis (a TGF-β 

inhibitor), and most target cancers’ sustaining proliferative signaling [200]. Our material 

is uniquely targeting both cancer hallmarks, making it highly novel.  
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3.2 Materials and methods 

3.2.1 Synthesis and characterization of nanoparticles and siRNA loading 

Mesoporous silica nanoparticles (MSNPs) of 50 nm in size were synthesized and 

surface-modified as in our previous report [201]. MSNP cores were measured for 

primary (dry) size by a Transmission Electron Microscope (Philips/FEI Tecnai TEM, 

Hillsboro, OR). After chemical modifications, the material was measured for 

hydrodynamic size in PBS (pH 7.2) with a Zetasizer (Malvern, Westborough, MA). PEI 

and PEG loadings were quantified by a thermogravimetric analyzer (TGA Q50, TA 

Instruments, New Castle, DE). siRNA loading was quantified by fluorescence detection 

of dye-tagged siRNA as well as gel electrophoresis. The material contained 14 wt% 10-

kDa PEI, 18 wt% 5-kDa PEG, 3 wt% antibody or no antibody, and 2 wt% siRNA. It is 

referred to as T-siRNA-NP with Trastuzumab (T) antibody, or siRNA-NP without [201]. 

The particle size in PBS was 104 ± 1.7 nm, and the charge in 10 mM NaCl was 8.10 ± 

0.3 mV (within the neutral range as defined by Nanotechnology Characterization Lab of 

NCI [202]). Schematic illustration of the nanoconstruct can be found in Figure 3.1.
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Figure  3.1. Mesoporous silica-based nanoconstruct for targeted delivery of siRNA. 
(A) TEM image of mesoporous silica nanoparticle (MSNP), scale bar = 50 nm. (B) Schematic illustration of nanoconstruct 
(T-siRNA-NP), MSNP was coated layer-by-layer with cross-linked polyethylenimine (PEI), polyethyleneglycol (PEG), and 
trastuzumab. siRNA was loaded last and bound to the PEI layer due to charge preference, being protected under the PEG 
layer from enzyme degradation. (C) Hydrodynamic size of final nanoconstruct with and without siRNA, T-NP and T-
siRNA-NP, respectively. Reproduced and modified with permission from John Wiley and Sons [175]. 
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3.2.2 Cell culture and transfection  

Human breast carcinoma cell lines, BT549 and MDA-MB-231, were obtained from 

American Type Cell Collection (ATCC) and maintained in RPMI with 10% FBS. LM2-

4luc+/H2N [25], was a gift from Prof. Robert Kerbel (University of Toronto) and Prof. 

Giulio Francia (now at University of Texas at El Paso) and maintained in RPMI + 5% 

FBS. For NP transfection (loaded with siSCR or siPLK1), cells (3,000 cells/well in 96-

well plates or 200,000 cells/well in 6 well plates) were seeded overnight in complete 

medium and transfected with NP for 24 h. The cells were washed once with PBS on the 

next day and incubated for another 24 – 72 h post-treatment depending on the type of 

the assays. Positive controls were carried out using DharmaFECT-1 transfection 

reagent (GE Dharmacon, Lafayettte, CO) diluted in OptiMEM medium (ThermoFisher 

Scientific, Eugene, OR). Unless stated otherwise, all experiments were performed with 

nanoparticle-to-siRNA mass ratio of 50 and 50 nM siRNA throughout the study. 

3.2.3 siRNAs 

 Four different PLK1 siRNA sequences were purchased from Qiagen (cat. #1027416) 

for siRNA screening in the LM2-4luc+/H2N cell line. The in vivo grade siRNA was 

custom made by GE Dharmacon and identified as the sequence that yielded the highest 

PLK1 gene knockdown and cell death in LM2-4luc+/H2N cells (see Figure 3.2). The 

siRNA sequences were as follows: optimal PLK1 (antisense 5-

‘UAUUCAUUCUUCUUGAUCCGG-3’); scrambled SCR (antisense 5’-

UUAGUCGACAUGUAAACCA-3’). DY677-siSCR was custom made with DyLight 677 

attached to the sense strand of the siSCR (GE Dharmacon). 
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Figure  3.2. PLK1 siRNA screening on LM2-4luc+/H2N cells. 
(A) PLK1 mRNA expression of LM2-4luc+/H2N transfected with various siRNA 
sequences against PLK1 using DharmaFECT transfection reagent at 10 nM siRNA 
concentration for 48 h. (B) Cell viability of LM2-4luc+/H2N cells treated with the same 
condition as (A) for 5 days. siPLK1 #6 is considered the best siRNA sequence and was 
custom-ordered for the in vivo grade. The in vitro silencing efficacy of the in vitro vs. in 
vivo grade siPLK1#6 were similar as shown above. 
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3.2.4 Intracellular ROS assay  

To measure the impact of nanoparticles on cellular ROS induction, cells were pre-

treated with siSCR-NP, siSCR-DharmaFECT (50 nM siRNA), 5 µM 

Diphenyleneiodonium chloride (DPI, Sigma Aldrich, St. Louis, MO), or 20 mM of N-

acetylcysteine (NAC, Sigma Aldrich) antioxidant for 24 h. After 24 h, 100 µM of 

menadione was added into each well for 1 h to induce oxidative stress. At the end of the 

incubation period, cellular ROS was assayed using CellROX® deep red reagent 

(ThermoFisher Scientific) following the manufacturer’s protocol using flow cytometry.  

3.2.5 Cell viability assay 

The viability of treated cells was determined 72 h post-transfection using CellTiter-Glo® 

Luminescent Cell Viability Assay (Promega, Madison, WI) following the manufacturer’s 

protocol. The luminescent signal from CellTiter-Glo® assay was detected using Tecan 

Infinite M200 microplate reader and reported as fold change over the untreated control. 

3.2.6 Cell-cycle analysis  

After 24 h treatment with siSCR-NP, siPLK1-NP, or 10 nM BI2536 (Selleck Chemicals, 

Houston, TX), cells were washed once with PBS and stained with 10 µg/mL Hoechst 

33342 (ThermoFisher Scientific) for 30 min at 37 oC. The cells were then trypsinized 

and spun down at 1000 rpm for 5 min. Cell pellets were washed twice in PBS and 

resuspended in 500 µL of FACS buffer (1X PBS (Ca/Mg2+ free), 1 mM EDTA, 25 mM 

HEPES pH 7.0, 1% FBS) and analyzed by flow cytometry (Guava Millipore Easycyte, 

EMD Millipore, Billerica, MA). 
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3.2.7 Wound healing assay 

The wound healing assay protocol was modified from Liang et al. [92]. Briefly, 70-80% 

confluent LM2-4luc+/H2N cells in 12-well plate were treated with siSCR-NP, siPLK1-NP, 

siSCR-DharmaFECT, or siPLK1-DharmaFECT (all with 50 nm as siRNA dose). After 24 

h treatment, a wound was created by scratching each well (~100% confluency)  with a 

200 µL pipette tip, washed three times with warm PBS, and replaced with serum-free 

medium. Each well was imaged at time 0 and 24 h after scratching with EVOS FL 

microscope (ThermoFisher Scientific). The migration of cells into the cell-free gap was 

quantified using ImageJ (NIH, Bethesda, MA) wound healing tool macros. 

3.2.8 Gelatin degradation assay 

This assay was performed following the established protocol [206] with slight 

modification. Briefly, Oregon-green 488 conjugate gelatin (ThermoFisher Scientific) was 

evenly coated (in 2% sucrose PBS) on the 12 mm glass coverslips for 30 min in the 

dark, fixed with 0.5% glutaraldehyde on ice for 15 min and quenched with 5 mg/mL 

sodium borohydride (Sigma Aldrich) for 3 min. Coverslips were then incubated in 

complete media overnight before use. 

LM2-4luc+/H2N, pre-treated with siSCR-NP or 5 µM DPI, were seeded on the gelatin-

coated coverslips for 24 h at 50,000 cells/well density before fixation and 

immunostaining. Cells were fixed with 4% PFA, permeabilized with 0.1% Triton-X for 30 

min, and stained with Alexa-Fluor 568 Phalloidin (Thermo Fisher Scientific). 

Quantification of gelatin degradation activity was performed at 20X magnification with at 

least 8 randomly chosen fields per well, representing a minimum of 300 total cells 
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scored per experimental point. The analysis of degradation area was performed with 

ImageJ software and calculated as the degraded area per field normalized to the 

number of cells in each field. Representative images were taken at 63X magnification 

with Zeiss Axioplan2 microscope equipped with Zeiss Axiocam HRm CCD camera 

using Zen software. 

3.2.9 Matrigel invasion assay 

LM2-4luc+/H2N cells (1 x 106 cells/dish) were seeded on a 10-mm petri dish and 

transfected with siSCR-NP overnight. Cells were then trypsinized and counted before 

being seeded onto the matrigel-coated invasion chambers in serum-free medium 

(125,000 cells/insert). DPI (5 µM) or NAC (2 – 30 mM) was added to the cells at the 

same time of cell plating on the upper chamber insert. After 48 h, the number of invaded 

cells were quantified according to the manufacturer’s instructions of Chemicon® QCM™ 

24-well Fluorimetric Invasion assay kit (ECM554, Chemicon, Millipore).  

3.2.10 3D Matrigel culture and immunostaining  

3D culture of LM2-4luc+/H2N cells were performed as described by Lee et al. [92] with 

slight modifications. Briefly, cells transfected overnight with DY677siSCR-NP were 

trypsinized and counted before being seeded onto matrigel-coated 4 well chamber 

slides (10,000 cells/well) and overlaid with complete medium containing 2% matrigel. 

Cells were grown on the slides for up to 5 days and imaged on alternate days starting 

from day 1 post seeding with the EVOS FL automated fluorescence microscope. 
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3.2.11 Real time quantitative PCR (qPCR) 

The RNA from the treated cells was isolated with the RNeasy Mini kit (Qiagen) following 

the manufacturer’s protocol. The amount of RNA was quantified using the NanoDrop 

1000 spectrophotometer (Thermo Scientific). Purified RNAs (20 ng per reaction) were 

reverse transcribed with EXPRESS One-Step SuperScript qRT-PCR kit (ThermoFisher 

Scientific). Primer sequences chosen for qPCR (ThermoFisher Scientific) are: human 

PLK1 (Hs00983227_m1), human NOX4 (Hs01558199_m1), and human GAPDH 

(Hs02758991_g1). qRT-PCR assays were performed in triplicate using an ABI 7500 

Fast System (Applied Biosystems, Foster City, CA) under standard cycling conditions: 

50 oC for 2 min, 95 oC for 10 min, 40 cycles of 95 oC for 15 s, and 60 oC for 1 min. 

Expression levels were analyzed using 2–ΔΔC(t) method using GAPDH as loading control. 

3.2.12 Western blot  

Cell lysate (30 µg protein/lane) were electrophoresed with denaturing sodium dodecyl 

sulfate (SDS)-polyacrylamide NuPage Novex 4% to 12% gels (Invitrogen) and blotted 

on a PVDF membrane (Millipore). Primary antibody incubation was carried out overnight 

at 4°C on a rocking platform (anti-PLK1, ab17056, Abcam; β-Actin (8H10D10), Cell 

Signaling Technology; anti-NOX4, ab109225, Abcam). Secondary incubation with 

IRDye 800CW and IRDye 680RD conjugated secondary antibodies (Licor Biosciences) 

was carried out at room temperature (2 h) the next day prior to imaging with the LI-COR 

infrared imaging system (LI-COR, Lincoln, NE). 
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3.2.13 Animal studies 

The experimental protocol was approved by the Institutional Animal Care and Use 

Committee (IACUC) of Oregon Health and Science University (OHSU). 6-8 week old 

SCID hairless SHOTM (Crl:SHO-PrkdcscidHrhr, Charles River, Wilmington, MA) mice 

received intravenous tail vein injections of 2 x 106 LM2-4luc+/H2N cells (suspended in 

200 µL PBS) and were allowed to establish metastasis in lungs for 2 weeks before 

initiating the treatments. All mice were randomly divided into three treatment groups (n = 

8/group): Saline control, T-siSCR-NP (0.5 mg/kg siSCR), and T-siPLK1-NP (0.5 mg/kg 

siPLK1), with a dosing schedule of twice weekly by intravenous injection (Figs. 4A). IVIS 

imaging was done once weekly starting from 1 week post-inoculation, following the 

protocol established by Caliper Life Sciences, MA. Briefly, each animal received 

intraperitoneal injection of 150 mg/kg of D-luciferin (Gold Bio Technology, Inc, St. Loius, 

MO) in 200 µL PBS, 10 minutes prior to imaging with IVIS spectrum Imaging system on 

prone and supine positions. The average photon flux (of prone and supine positions) for 

each mouse was quantified within the same area of interest in the thoracic region of 

each mouse. The flux was plotted as average fold-change (relative to the pre-treatment 

signals of each mouse) as a function of time. Body weight was measured twice weekly. 

All animals were sacrificed 2 days after receiving the 6th dose of treatment and their 

major organs (brain, heart, lung, liver, spleen, kidney, lymph nodes, and spine) were 

harvested and immersed in 300 µg/mL of D-luciferin (in PBS) in a 24-well plate for 5 

minutes prior to ex vivo IVIS imaging and signal quantification. Organs with detectable 

IVIS signals compared to negative controls (i.e., the same organs from mice without 

tumor inoculation) were considered positive for the presence of cancer and included in 
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‘incidence rate’. The tumor burden was calculated as the sum of all signals from each 

respective tumor-bearing organ. 

For the long-term in vivo study, animals (8 animals per group) received the same dose 

and treatment schedule as the short term study but the study was extended to 2 

months. Mice were monitored daily for signs of illness (hind limb paralysis from 

suspected spine metastasis, excessive weight loss (>10% body weight loss compared 

to the pre-inoculation weight), visible tumors (from lymph nodes, with size greater than 

1500 mm3), or labored breathing from lung metastasis) and were euthanized in 

accordance with IACUC ethical guidelines. All major organs were collected, weighed, 

and fixed for histological analyses. 

3.2.14 Lung metastasis quantification 

The lung tissues from each mouse were collected and fixed in 4% PFA and snap-frozen 

in OCT compound (#4583, Tissue-Tek) prior to processing. Tissue sections (6-μm thick) 

were stained with hematoxylin and eosin (H&E). To assess the metastatic area, 10 

sections of the entire lung at 160 µm apart were scanned using ScanScope XT Digital 

Slide Scanner (Aperio), and the area of each metastatic lesion was measured relative to 

the total lung area. 

For determination of the tumor burden and human PLK1 mRNA expression in mouse 

lungs, lung tissue from each mouse was homogenized and lysed in RLT buffer using 

QIA-shredder columns (Qiagen), and the RNA was isolated using RNeasy Mini kit 

(Qiagen) following the manufacturer’s protocol. RT-PCR (100 ng RNA/sample per 

reaction) was performed to identify the ratio of human HPRT mRNA (Hs99999909_m1) 
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relative to mouse HPRT mRNA (Mm03024075_m1) for tumor burden or human PLK1 

mRNA (Hs00983225_g1) relative to human HPRT mRNA to assess PLK1 gene 

knockdown as the result of the treatments. 

3.2.15 Histology 

All tissues were either fixed in 10% buffered formalin (Fisher Scientific) or snap-frozen 

in OCT compound (#4583, Tissue-Tek) prior to processing. For immunofluorescence 

staining, deparaffinized and rehydrated lung tissues were subjected to heat-mediated 

antigen retrieval in citrate buffer (10 mM, pH 6.0) for 30 min. The tissue sections were 

permeabilized  with  0.25% Triton-X100 (PBS) for 30 min and blocked with 10% goat 

serum (Vector Laboratories Inc., Burlingame, CA) for 1 h at room temperature.  Slides 

were then incubated with primary antibodies (5% goat-serum + 1% BSA in PBS) at 4 oC 

overnight (mouse monoclonal human vimentin, NCL-L-VIM-V9, Leica Biosystems; rabbit 

polyclonal Ki67, NCL-Ki67p, Leica Biosystems; rabbit polyclonal cleaved caspase-3, 

#9661, Cell Signaling Technology), washed, incubated with secondary antibodies 

(Alexa 647-conjugated anti-rabbit or anti-mouse Ab, Invitrogen) for 1 h at room 

temperature, and mounted with ProLong Gold Antifade reagent with DAPI (P-3691, 

Invitrogen). Images were taken with the EVOS FL fluorescence microscope at 20X 

magnification.  

For quantification of Ki67 and cleaved-caspase 3, images from Ki67-immunostained 

lung sections were taken at 20X magnifications (five fields per section, 2 lesions per 

mouse). Percentage of Ki67-positive or cleaved-caspase3-positive cells within the 
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lesion relative to total number of cells within the same region was quantified. Total of 

five mice per each group were analyzed. 

3.2.16 Statistical Analysis  

In vitro experiments were performed in triplicates (experimentally and analytically), and 

results were presented as mean ± SD. In vivo experimental data were presented as 

mean ± SEM. Comparisons of all groups at a single time point were performed after 

testing for D’Agostino-Pearson omnibus normality tests (Graphpad Prism 6.0). 

Comparisons of two groups were performed either with Student’s t tests (for normal 

distribution) or Mann-Whitney test (for nonparametric test, unpaired groups). For 

comparisons of more than three groups, statistical analysis was done either with one-

way ANOVA with post-hoc Dunnett’s multiple comparison tests (for normal distribution) 

or Kruskal-Wallis non-parametric test with post-hoc Dunnett’s multiple comparison tests 

(for non-normal distribution). Two-way ANOVA followed by post-hoc Tukey’s multiple 

comparison tests was performed to analyze the treatment effects over time in the 

photon flux measurement of the in vivo study. Graphpad Prism 6.0 software (GraphPad 

software Inc., San Diego, CA) was utilized for all statistical analyses. P-value < 0.05 

was considered to be statistically significant. 
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3.3 Results 

3.3.1 PLK1 knockdown efficacy and resultant apoptotic cell death  

To investigate the silencing efficacy of siPLK1-NP in vitro, I treated three human TNBC 

cell lines, BT549, MDA-MB-231, and LM2-4luc+/H2N (HER2-expressing MDA-MB-231 

metastatic variant [203]) cell lines with siPLK1-NP and measured the mRNA and protein 

expressions 24 and 48 h post-treatment, respectively. As shown in Figure 3.3A-B, 

siPLK1-NP efficiently reduced the PLK1 mRNA by 69-87% and protein expressions by 

64-91% in the three cell lines compared to the untreated control. Consequently, the 

siPLK1-NP treatment induced significant loss of cell viability measured at 3 days 

(Figure 3.3C). I also confirmed that the siPLK1-NP treatment caused G2/M cell cycle 

arrest at 24 h post treatment (Figure 3.3D). On the contrary, non-targeting siSCR-NP 

did not cause any significant reduction in the PLK1 expression (Figure 3.3A-B), was not 

toxic to the cells (~80% cell viability, Figure 3.3C), and did not alter cell cycle arrest 

compared to the untreat (Figure 3.3D). These results demonstrate that the NP is well 

tolerated, and can effectively deliver siPLK1 intracellularly, leading to apoptotic death of 

the TNBC cell lines.  
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Figure  3.3. Effective knockdown of PLK1 with siPLK1-NP leads to G2/M cell cycle arrest and reduced viability of 
three TNBC cell lines (BT549, MDA-MB-231, and LM2-4luc+/H2N). 
(A) Expression levels of PLK1 mRNA after treated with either siSCR- or siPLK1-NP for 24 h, as measured by qPCR, and 
normalized to GAPDH expression. (B) Protein expression of PLK1 after 48 h, as assessed by western blot with Actin as 
the loading control. (C) Cell viability after 72 h. (D) Cell cycle analysis after 24 h treatment with siSCR-, siPLK1-NP, or 10 
nM of BI2536. All with siRNA dose of 50 nM. All data are presented as mean ± SD from 3 independent experiments. 
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3.3.2 Antioxidant and NOX4 reduction properties of NP in TNBC cell lines 

From our recent report [204], the MSNP core of our NP had ROS scavenging and 

NOX4 reduction ability in TGF- stimulated dermal fibroblast cells, yielding greater anti-

fibrotic properties (e.g., reducing COL I and -SMA) than observed with NAC treatment. 

Herein, I investigated the antioxidant effects of NP treatment on breast cancer cells. I 

included siSCR on the NP treatment in order to maintain similar size and charge of the 

nanoconstruct (and hence cellular uptake) as those of the siPLK1-NP. This siSCR does 

not have any significant sequence homology to known human or mouse genes. The 

ROS levels of all three TNBC cell lines were significantly higher (by 2-8 fold) than the 

non-tumorigenic breast epithelial cells line, MCF10A (Figure 3.4A-B). Pre-treatment of 

the breast cancer cell lines with siSCR-NP prior to ROS stimulation by menadione 

lowered the ROS levels by 60-84% compared to the menadione alone (Figure 3.5A). 

The NP performed in a similar manner as the antioxidant NAC, and NADPH oxidase 

(NOX) inhibitor DPI. Since NOX is a major source of ROS production, I measured the 

mRNA levels of NOX family members in the TNBC cell lines vs. those in the normal 

breast epithelial cell line, MCF10A. Out of the four NOX family members tested, NOX4 

mRNA levels were significantly higher (than NOX1, NOX3, and NOX5) for all the TNBC 

cell lines compared to MCF10A (Figure 3.4C). In addition to its high level, NOX4 (and 

ROS) has been shown to play very important roles in cancer invasion and metastasis 

via invadopodia formation [26], thus I further focused on NOX4. Treatment of siSCR-NP 

for 24 h was able to significantly reduce NOX4 mRNA in the TNBC cell lines by 37-56% 

compared to the untreated cells (Figure 3.5B), similar to NAC and DPI. Interestingly, in 

terms of NOX4 protein reduction, siSCR-NP lowered NOX4 expression better than NAC 
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and DPI after 72 h treatment (Figure 3.5C), suggesting that NP may have more 

sustainable effect than NAC and DPI. Taken together, these results proved that NP, 

indeed, possessed ROS-scavenging ability.  The NP ability to reduce NOX4 expression 

upon ROS scavenging also indicates a positive feedback loop between ROS and NOX4.   
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Figure  3.4. ROS intensity of TNBC cell lines measured against the non-tumorigenic cell line, MCF10A. 
(A) CellROX deep red intensity of untreated MDA-MB-231, BT549, and LM2-4luc+/H2N cell lines against MCF10A. (B) 
Mean fluorescence quantification of (A), expressed as fold-change against MCF10A. (C) mRNA expression level of NOX 
family members in the three TNBC cell lines. 
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Figure  3.5. NP shows antioxidant activity and NOX4 reduction in three TNBC cell lines (BT549, MDA-MB-231, and 
LM2-4luc+/H2N). 

(A) ROS levels of the cells after 24 h treatment with siSCR-NP (50 nM), DPI (5 µM), or NAC (20 nM), followed by 1 h 
treatment with 100 µM of menadione, assessed by CellROX flow cytometry. (B) Expression levels of NOX4 mRNA at 24 h 
and (C) NOX4 protein at 72 h of the three cell lines after receiving similar treatments with (A) for 24 h but without 
menadione. All mRNA data were measured by qPCR and normalized to GAPDH expression. Data are presented as mean 
± SD from 3 independent experiments. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 vs. untreat. 
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3.3.3 NP treatment inhibits cellular migration and invasion, and attenuates 

outgrowth of 3D-organotypic cultures 

Elevated levels of ROS have been known to promote cellular migration as well as 

invasion [202]. To investigate the effects of NP treatment on cellular migration, I 

performed a wound healing assay using the LM2-4luc+/H2N cell line. The cells were 

wounded [25] following a 24 h pre-treatment with siSCR- or siPLK1-NP. DharmaFECT 

commercial transfection reagent delivering both siRNAs was also used as controls. I 

monitored wound closure at 24 h and report it as the percent wound recovery relative to 

the wound size at t = 0 h. Figure 3.6A shows the representative wound recovery 

images, and Figure 3.6B shows the quantification. Cells treated with siSCR-NP and 

siPLK1-NP displayed the least wound recovery indicating slowest cell migration 

compared to the untreated control and DharmaFECT counterparts. This was not due to 

the siSCR or siPLK1, since when delivered with DharmaFECT, they showed no 

inhibitory effects on wound recovery. Moreover, I also delivered NP loaded with 

fluorescently-labelled siRNA, DyLight 677 (DY677siSCR-NP) to ensure the effect was 

attributed to the intracellular presence of NP and not a physical hindrance at the wound 

border (Figure 3.6A).  

Next, I investigated the ability of cancer cells to migrate through the extracellular matrix 

(ECM) by forming the actin-rich protrusions known as invadopodia. Specifically, I 

cultured cells that were pre-treated with siSCR-NP or DPI on thin fluorescent gel 

matrices for 24 h and measured the area of gelatin degradation. Higher gelatin 

degradation indicates higher invadopodia formation which correlates to the cellular 

invasive potential. As shown in Figure 3.6C-D, siSCR-NP treatment reduced gelatin 
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degradation activity by ~42% compared to the untreated groups, indicating reduction of 

invadopodia formation by the NP. The effect is on par with DPI treatment (~46%). To 

confirm our finding, I also measured the invasive capacity of the cells in a Matrigel-

coated Boyden chamber assay. NP treatment markedly reduced the invasiveness of the 

cells by ~65%, in a similar manner as DPI (~60%), as compared to the untreated control 

(Figure 3.6E). Interestingly, only the high dose of NAC (30 mM) produced inhibitory 

effects on the invasiveness of the cells in the same par with NP and DPI. This is in 

agreement with previous report demonstrating that only a high NAC dose (20-40 mM) 

was able to reduce cancer cell invasion [176]. Conversely, the observed increase in 

invaded cells at the low dose of NAC (2 mM, Figure 3.6E) is also in line with another 

observation [244, 245] showing that low levels of NAC increased cancer metastasis 

potential in vivo.  

To study the effects of NP treatment in a 3D environment, I seeded cells (pre-treated 

with DY677siSCR-NP) on matrigel-coated plates and observed the cell phenotypes 

from day 1 to day 5 post-seeding. LM2-4luc+/H2N cells grown in 3D culture exhibited 

stellate structures (Figure 3.6F), which is typical for highly invasive cells such as its 

parental MDA-MB-231 cell line [151]. However, treatment with siSCR-NP inhibited the 

invasive growth patterns of these cells, resulting in more rounded spheroid structures. 

To ensure that NP was still present within the cells, I also imaged the cells in the 

fluorescence channel (for viewing DY677siSCR-NP) up to 5 days post seeding on 

matrigel (Figure 3.6F). These experiments demonstrate that NP treatment effectively 

reduced cellular migration and invasiveness of a highly invasive breast cancer cell line 

in vitro.  
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Figure  3.6. NP treatment impedes cellular migration and reduces cellular 
invasiveness of LM2-4luc+/H2N cell line. 
(A) Representative images of wound healing assay with siSCR or siPLK1 on NP, or on 
DharmaFECT (all with 50 nM as siRNA). Cells were treated for 24 h prior to wound 
scratch and images were taken at 0 h and 24 h post wounding. (B) The percent wound 
recovery area from (A) using ImageJ. Data are presented as mean ± SD from 3 
independent experiments (n=8-10 images/well, duplicate wells per experiment). (C) 
Representative images from gelatin degradation assay. Cells were pre-treated with 50 
nM siSCR-NP or 5 µM DPI prior to seeding on the FITC-gelatin coated coverslips for 24 
h. Cells were labeled with F-actin (red) and nucleus (blue). (D) The percentage of 
gelatin degradation per total number of cells in (C) by ImageJ. Data are presented as 
mean ± SD from 3 independent experiments (n = 5 images/well, >50 cells/field, 
duplicate wells per experiment). (E) Invasion of LM2-4luc+/H2N cells after 48 h 
treatment with 50 nM siSCR-NP, 5 µM DPI, or 2-30 mM NAC through Matrigel-coated 
Boyden chambers, normalized by negative controls (number of cells invaded through 
chambers with no serum added). Data are represented as mean ± SD from two 
independent experiments performed in duplicates. (F) Representative images of LM2-
4luc+/H2N cells pretreated with 50 nM DY677siSCR-NP prior to seeding in 3D matrigel 
culture vs. untreat and imaged on day 1, 3, and 5 post seeding. 
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3.3.4 Ability of T-NP to deliver siRNAs and elicit therapeutic effects in a TNBC 

metastasis model 

A breast cancer metastasis model was established upon tail vein injection of LM2-

4luc+/H2N cells (from Dr. Robert Kerbel lab. University of Toronto) − a highly metastatic 

variant of MDA-MB-231 (TNBC), which were isolated from lung metastasis in mice [183] 

and has been shown to develop metastasis in multiple organs [92]. This cell line was 

later engineered to express luciferase and HER2 genes [206]. Despite overexpressing 

HER2, we found that this cell line behaved like its parental MDA-MB-231 cell in that it 

did not respond to trastuzumab (0-30 g/ml) as a free drug or when conjugated to the 

NP (T-NP) in vitro (Figure 3.7). Thus, the HER2 protein can serve as the homing target 

receptor to facilitate targeted delivery of siPLK1 using our T-NP. siPLK1 was highly 

effective in killing this cell line (see Figure 3.3). In mice, tumors were allowed to 

establish for 2 weeks until luciferase signals were detected in lungs by IVIS (Figure 

3.8B), followed by twice-weekly tail vein injections of T-siPLK1-NP. Dosing and 

schedule are shown in Figure 3.8A. After a total of 6 doses of 0.5 mg/kg siRNA, T-

siPLK1-NP exhibited significantly reduced tumor burden in the lungs compared to the 

saline and T-siSCR-NP groups (Figure 3.8C). This was also reflected in the constant 

body weight of the animals treated with T-siPLK1-NP, while those treated with saline 

and T-siSCR-NP experienced weight loss likely due to advanced cancer metastases 

(Figure 3.8D). At 2 days post last dose, the study was concluded and the organs from 

each mouse were imaged ex vivo with IVIS (Figure 3.8E). Tumor incidence rates 

(organs with positive IVIS signals relative to the respective organs of normal mice) as 

well as tumor burden (photon flux relative to the respective organs of normal mice) were 
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tabulated in Figure 3.8F. The extent of tumor spreading was confined to fewer organs 

with the T-siSCR-NP treatment, with the least number of distant metastases observed 

with T-siPLK1-NP (Figure 3.8F). These findings are consistent with our in vitro data 

which demonstrated that siPLK1-NP inhibited cancer cell growth and that NP (with just 

siSCR) treatment reduced metastatic potential (e.g., spreading of cancer from the initial 

site, lungs, to other organs).  
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Figure  3.7. LM2-4luc+/H2N cells dependency on HER2 expression. 
(A) Western blot data on the HER2 expression on LM2-4luc+/H2N cells as compared to its parental cell line, MDA-MB-
231. (B) Dose response curve on the cell viability of LM2-4luc+/H2N treated with trastuzumab for 5 days, as compared to 
MDA-MB-231. (C) Cell viability of LM2-4luc+/H2N cells treated with siSCR-NP and T-siSCR-NP (50 nM as siRNA) at 5 
days post treatment. 
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Figure  3.8. T-siPLK1-NP treatment reduces LM2-4luc+/H2N tumor burden in lungs and prevents spread of the 
cancer to other organs in the in vivo experimental metastasis model. 
(A) Schematic representation of the study design. (B) Representative whole body bioluminescent IVIS imaging of a mouse 
injected intravenously with 2 x 106 LM2-4luc+/H2N cells on both, prone and supine, positions on day 0, 6, and 12 post-
inoculation (left). The average photon flux measured from thoracic region of mice up to two weeks post inoculation (right). 
(C) Quantification of lung photon flux (by weekly IVIS) normalized to pre-treatment flux from each individual mouse in the 
same treatment groups. (D) Average body weight of mice in each treatment groups during the study period. (E) 
Representative images of ex vivo bioluminescent IVIS imaging of the organs collected from a mouse sacrificed on day 20 
of saline treatment. (F) Incidence rate of LM2-4luc+/H2N metastasis in various organs of mice receiving a total of 6 doses 
of either siPLK1- or siSCR-NP, as quantified by ex vivo IVIS imaging as shown in (E). The tumor signal in each organ is 
reported as fold-change over the signal from the same organ of normal mice (n=4 for normal mice, n=8 mice/treatment 
group). Data are presented as mean ± SEM (n=24 for Fig. B and n=8/group for Fig. C&D). *p<0.05 from Two-way ANOVA 
followed by Dunnett’s multiple comparison tests. 
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3.3.5 T-siPLK1-NP impedes tumor proliferation and promotes cancer apoptosis 

in the lungs 

In addition to metastasis incidence rate and tumor burden, we carefully characterized 

the cancer in lungs of mice to confirm the treatment efficacy of T-siPLK1-NP. T-siPLK1-

NP treatment significantly reduced the tumor lesion area (by H&E, which was confirmed 

by human vimentin staining) in lungs by 91% and 89% compared to the saline and T-

siSCR-NP groups, respectively (Figure 3.9A-B). The extent of human cancer in mouse 

lungs was also quantified by the relative levels of human HPRT (hHPRT) mRNA to 

mouse HPRT mRNA (mHPRT). In agreement with the histological data, T-siPLK1-NP 

decreased hHPRT mRNA by 84% and 79% compared to the saline and T-siSCR-NP 

groups, respectively (Figure 3.9C). Lastly, we confirmed that the therapeutic effect was 

the direct result of RNAi by assessing the level of PLK1 knockdown. T-siPLK1-NP 

treatment effectively depleted PLK1 gene expression by 84% and 81% compared to the 

saline and T-siSCR-NP groups, respectively (Figure 3.9D). Immunostaining for Ki-67 

and cleaved-caspase 3 also confirmed that T-siPLK-NP caused a significant reduction 

in overall proliferation (Figure 3.9E) and increase in apoptosis (Figure 3.9F). Taken 

together, these experiments showed that our nanoparticle effectively delivered PLK1 

siRNA to metastatic tumors upon systemic delivery, which resulted in reduced tumor 

growth and increased cancer death.  
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Figure  3.9. T-siPLK1-NP treatment inhibits tumor growth in lung by silencing the PLK1 gene, reducing 
proliferation, and promoting apoptosis. 
(A) Percent lesion area per total lung area in LM2-4luc+/H2N experimental metastasis mice from the in vivo study as 
shown in Figure 3.8A. (B) Representative images of the lung tissues isolated from mice from each treatment groups, 
stained with H&E and anti-human vimentin (red) over DAPI (blue). (C) Tumor burden in LM2-4luc+/H2N mice as 
quantified by qPCR analysis of human HPRT (hHPRT) mRNA relative to mouse HPRT (mHPRT) in mouse lungs. (D) 
hPLK1 mRNA expression in the lung tissues relative to hHPRT mRNA. (E) Quantification and representative images of Ki-
67 positive cells in the lung nodes. Scale bar = 100 µm. (F) Quantification and representative images of Cleaved-caspase 
3 (CC3) positive cells in the lung nodes. Scale bar = 100 µm. Dotted lines in the images in (B, E&F) mark the boundary 
between the tumor and surrounding normal lung tissue. All data are represented as average ± SEM. Each dot in (A, C&D) 
represents value from one mouse, and in (E&F) represents one tumor node in the lungs of mice (n=2 nodes/mouse, 5 
mice/group). P values as indicated on the graph from Kruskal-Wallis test, except in (A) from One way ANOVA, followed by 
Dunnett’s multiple comparison tests.  
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3.3.6 Depletion of PLK1 by T-siPLK1-NP inhibits lung metastasis and prolongs 

overall survival in long-term in vivo study  

To investigate the long-term therapeutic effect of T-siPLK1-NP treatment, we conducted 

a long-term study in which mice received the same dosing schedule as the short-term 

study but extended the study to 2 months (see dash lines in Figure 3.10A for injection 

days). Tumor burden was monitored up to day 32 post 1st treatment where >80% of 

mice were still alive. As expected, T-siPLK1-NP significantly reduced tumor burden in 

the lungs as measured by 1000-fold less of bioluminescence signal vs. saline (Figure 

3.10A). Also, the first incidence of death in the T-siPLK1-NP treatment was significantly 

delayed by 36 days and overall survival improved greatly compared to the siSCR and 

saline groups (Figure 3.10B). In addition, upon sacrifice/death I observed large axillary 

lymph node tumors (>1200 mm3) in multiple mice from the saline and T-siSCR-NP 

groups (4 out of 8 in each group), whereas only 1 out of 8 mice in the T-siPLK1-NP 

group exhibited large lymph node tumors. T-siPLK1-NP treatment also yielded smaller 

lung lesions as compared to saline and T-siSCR-NP groups (Figure 3.10C), which is in 

agreement with the results from the short-term study. In summary, treatment with T-

siPLK1-NP elicits anti-metastatic activity and extends overall survival in mice, which 

provides a novel potential therapeutic option for metastatic breast cancer disease.  
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Figure  3.10. T-siPLK1-NP treatment improves overall survival of LM2-4luc+/H2N experimental metastasis mice. 
 (A) Quantification of lung photon flux normalized to pre-treatment flux from each individual mouse in the treatment groups 
(n=8/group). IVIS imaging was performed on once per week basis. Data are presented as mean ± SEM. P values as 
indicated on the graph. Vertical dashed lines represent injection days. Two-way ANOVA followed by Dunnett’s multiple 
comparison tests. (B) Kaplan-Meier survival analysis of the experimental metastasis study mice up to day 50 post 
treatment (n=8/group). Data are presented as mean ± SEM. *P=0.0251 between T-siPLK1-NP vs Saline. Mantel-Cox Log 
rank test. (C) Representative images of the whole lung, H&E, and anti-human vimentin staining on the NP-treated mice vs 
saline. (from left to right: whole lung image (unfixed tissue); low magnification of the entire lung H&E (each lobes were 
separated for better visualization of the tumor nodes); high magnification of the “boxed” area in the H&E (low 
magnification) panel; immunofluorescence staining of anti-human vimentin (red) and nucleus (blue) of the same lung 
sections. 
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3.4 Discussion and Conclusion 

Herein, we have shown for the first time that mesoporous silica nanoparticles can 

scavenge intracellular ROS, modulate NOX4 activity, and in turn inhibit cellular invasion 

and migration in cancer cells in vitro. This intrinsic property of mesoporous silica 

nanoparticles hence further promotes its use as a therapeutic delivery platform for 

cancer treatment. We believe this finding is impactful as it may inspire new platforms 

that are not only passive carriers but also therapeutics. 

By utilizing a HER2-expressing metastatic MDA-MB-231 cell line, LM2-4luc+/H2N [207], 

for the in vivo experimental metastasis model we demonstrated that silencing the PLK1 

gene with T-siPLK1-NP impedes metastasis and tumor growth in vitro and in vivo. We 

used HER2 overexpressed TNBC as a cancer model to demonstrate effective targeted 

delivery. Our future work will focus on the most aggressive TNBC, basal-like TNBC, 

which is categorized as those with EGFR+ and/or CK5/6+. From a study that monitored 

3,726 early stage BC patients for 15 years [208], basal-like TNBC was diagnosed in the 

youngest women and was most aggressive. The overall survival from metastasis to only 

6 months compared to 9-13 months for all TNBC. The majority (>80%) of basal-like 

TNBC is EGFR+ [187, 206, 209], representing an attractive homing target for 

therapeutic delivery.  

In conclusion, we have successfully developed a nanoparticle platform that is effective 

in treating metastatic breast cancer by simultaneously reducing metastasis potential of 

cancer through the intrinsic antioxidant property of the nanoparticle, while delivering 

siPLK1 to metastatic tumors to promote apoptosis through PLK1 gene silencing 

mechanism. As previously discussed, PLK1 inhibitors have shown to impart adverse 
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effects and siPLK1 on lipid nanoparticles without a targeting agent only provided a 

narrow therapeutic window in clinical trials. The sequence specificity of siPLK1 

combined with the tumor target specificity of our nanoparticle platform will potentially 

improve both efficacy and safety for treating metastatic breast cancer. The unique 

antioxidant features and the versatility of our nanoparticles will potentially be beneficial 

in the treatment of not only cancer but also other inflammatory diseases.  

3.5  Author contributions 

All in vitro data collection and analysis were done by Jingga Morry, except for Figure 

3.1. Worapol Ngamcherdtrakul and Moataz Reda synthesized and characterized 

materials presented in Figure 3.1. The western blot data in Figure 3.3 was collected by 

Shenda Gu. The in vivo experiments were performed with the help of Brandon Beckman 

and Thanapon Sangvanich. All of the in vivo data presented in Figure 3.8 - 3.10 were 

collected and analyzed by Jingga Morry. 

3.6 Model limitations 

In this chapter, a HER2-positive TNBC cell line was used to show the effect of targeted 

delivery of nanoparticle conjugated with the anti-HER2 antibody, trastuzumab, in an in 

vivo experimental metastasis model. However, most TNBC lacks HER2 expression, 

thus HER2-targeted therapy, in this case, can only be used as a proof-of concept study. 

Another targeting antibody has to be used to show efficacy in the treatment for TNBC, 

such as conjugation with anti-EGFR antibody. Another limitation of this study was the 

ability to only investigate the post-extravasation step of the metastatic cascade, since 

the early steps of metastasis was eliminated in the experimental metastasis model. In 
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order to examine the treatment efficacy at all stages of the metastatic cascade, a 

spontaneous metastasis model might be a better option. 
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4 Chapter 4: Summary, Conclusion, and Future Directions 

 

4.1 Summary and conclusions 

The work presented in this dissertation was a thorough evaluation of the antioxidant 

activity and siRNA delivery efficiency of a NP platform for inhibiting in two disease 

processes, skin fibrosis (scleroderma) and cancer metastasis. As mentioned in Chapter 

1, increases in oxidative stress have been linked to various steps involved in 

fibrogenesis as well as carcinogenesis. Current antioxidant treatments are not effective 

due to low bioavailability which results in the inability to achieve a therapeutic level in 

the target tissues. Inorganic nanoparticles with intrinsic antioxidant properties such as 

mesoporous silica nanoparticles (MSNPs) have great potential to be used not only as 

an antioxidant therapy, but also as a carrier for siRNA gene delivery. Compared with 

other inorganic nanoparticles with antioxidant properties, MSNPs are safer and more 

biocompatible for in vivo applications. Furthermore, not only are MSNPs effective 

antioxidants, with the right surface modification as accomplished in our lab, the material 

(namely “NP”) can also effectively deliver siRNAs to the target cells, making it highly 

promising in treating diseases involving oxidative stress and gene abnormality such as 

fibrosis and cancer. 

 

In Chapter 2, I investigated the intrinsic antioxidant property of the NPs and assessed 

the gene silencing effects of HSP47 in a bleomycin-induced scleroderma mouse model. 

In this study, I showed that MSNP was efficiently transported into the cells without 

causing overt cytotoxicity. In addition, I also demonstrated that the MSNP imparted an 
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antioxidant property by scavenging free radicals in both an acellular DPPH system as 

well as intracellularly via a CellROX assay. This reduction of ROS subsequently lead to 

the downregulation of NOX4 in the dermal fibroblast cells which also contributed to the 

reduction of profibrotic markers (COL I and -SMA). Silencing of HSP47 was 

subsequently explored as a strategy to further inhibit fibrogenesis in both in vitro and in 

vivo models of fibrosis. Delivery of HSP47 siRNA into the TGF- stimulated cells 

efficiently knocked down more than 90% HSP47 mRNA expression in vitro. Furthermore, 

with this model I was also able to elucidate a novel relationship between NOX4 and 

HSP47 signaling by demonstrating that NOX4 acts upstream of HSP47 under TGF- 

stimulation. More importantly, the in vitro efficacy translated well to in vivo efficacy in a 

mouse model of skin fibrosis. In fact, intradermal administration of siHSP47-NP to the 

bleomycin-induced scleroderma mice decreased the skin thickness and significantly 

reduced pro-fibrotic markers (i.e., NOX4, COL I, and SMA) through effective HSP47 

gene silencing in addition to the ROS-scavenging properties of MSNP in the skin.  

 

In Chapter 3, I evaluated the in vitro and in vivo efficacy of siPLK1 delivered by our NPs 

for treating metastatic breast cancer. I showed that siPLK1-NP treatment effectively 

silenced PLK1 gene expression and induced G2/M cell cycle arrest and concomitant 

apoptotic cell death in multiple TNBC cell lines. Treatment of NPs in TNBC cells could 

cause inhibition of cancer cell migration and invasion through ROS-scavenging ability of 

the MNSP core.  

In addition, I also showed that treatment of NAC on breast cancer cells was ineffective 

in reducing cellular invasion at low dose and only showed increased inhibition at high 
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dose. Low dose of NAC (typically below 10 mM) prevent p53 activation by reducing 

oxidative DNA damage caused by high ROS levels (produced intracellularly by the 

cancer cells), which lead to increased tumor cell proliferation as well as invasiveness 

[244, 245]. NAC at high concentration (>10 mM) has inhibitory effects on matrix 

metalloproteinase activities due to the direct interference at the MMP catalytic domain 

by excess sulfhydryl residues [246]. At concentration above 10 mM, NAC treatment has 

been shown to reduce matrix metalloproteinase-9 (MMP-9) secretion in human corneal 

epithelial cells [247], transformed mouse fibroblasts [248], human bladder carcinoma 

[249], and murine melanoma cells [250].  MMP9 is the key enzyme for the proteolytic 

degradation of ECM during tumor invasion and metastasis [251]. High levels of MMP9 

are expressed in basal-like and HER2-positive breast cancer patients as well as TNBC 

cell line,  MDA-MB-231 [252].  

By using a HER2-expressing metastatic MDA-MB-231 cell line, I showed that targeted 

delivery of siPLK1 on the NP conjugated with anti-HER2 antibody (trastuzumab, T; the 

nanoconstruct was named T-siPLK1-NP) could be achieved in an in vivo experimental 

metastasis model following intravenous. The mice receiving T-siPLK1-NP had effective 

PLK1 gene knockdown in the lung nodules with significantly fewer proliferative Ki-67+ 

cells and more apoptotic cleaved-caspase 3+ cells. In addition, these mice also showed 

significantly less metastasis to other organs and have increased survival compared to 

the saline and scrambled siRNA control groups. 

In order to tailor the medical treatments to target the specific disease characteristics of 

individual patients, nanomaterials such as our nanoparticle could be applied 

advantageously to treat metastatic breast cancer disease. Since our NP has the intrinsic 
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antioxidant properties, it will be beneficial for treating patients with high ROS level in 

their tumor. The ROS level of the tumor could be measured from the tumor biopsy 

samples or non-invasively by using imaging system. For instance, the ratio of reduced 

glutathione (GSH) to oxidized glutathione (GSSG) may be used as a marker for 

oxidative stress in the tumor samples of the cancer patients. Alternatively, the tumor 

redox status could also be measured noninvasively in vivo with the use of redox-

sensitive contrast agents such as nitroxides [253] or chemical exchange saturation 

transfer (CEST) method [254] for magnetic resonance imaging (MRI). By selecting 

patients with high tumor ROS level, we could ensure that the nanoparticle treatment is 

only given to patients with tumors with enhanced oxidative levels. In addition, the redox 

status of the tumor should also be monitored throughout the treatment period for optimal 

treatment efficacy as well as lowering the risk of adverse effects.   

 

4.2 Future directions 

So far, I have evaluated the intrinsic antioxidant property and therapeutic benefit of our 

nanoparticles in fibrosis and cancer disease models. I have also determined that the 

ROS-scavenging ability of NP was, in part, attributed by the mesoporous silica core. 

However, the possible implications of the cationic polymer coating, PEI, −beyond 

facilitating siRNA binding and endosomal escape of NP− have not been described. In 

the following sections, I will show some of my preliminary results relating to PEI polymer 

and its copper-binding ability in mitigating oxidative stress in cancer cells. 
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4.2.1 Roles of copper in oxidative stress and cancer 

Copper is an essential mineral required for many physiological functions including 

cellular respiration, formation of connective tissues, and iron metabolism [255]. Copper 

is also an important cofactor for several enzymes including cytochrome c [256], SOD1 

[257], and lysyl oxidase [258]. Ceruloplasmin is the major copper-binding protein in 

blood. It is a ferroxidase enzyme synthesized and secreted by hepatocytes which is 

responsible for transporting 95% of total copper in the circulation [259]. In clinic, serum 

ceruloplasmin is used as a surrogate marker for total body copper [260].  

During cancer progression, copper was found to be an essential component for 

activation of several pathways which play a critical role in angiogenesis and metastasis 

such as angiogenesis promotion through HIF-1/VEGF-signaling [261, 262] and 

Memo/NOX-mediated cellular migration and invasion [263] as shown in Figure 4.1.  In 

HIF-1/VEGF-signaling, copper was found to be capable of stabilizing HIF-1 through 

inhibition of prolyl hydroxylases [262].  Copper is also required for the activation of the 

Memo protein which is involved in the localized ROS production in the cell protrusions 

during chemotaxis and cellular invasion. MacDonald et al. proposed that Memo is 

necessary for the sustained activation of NOX in cancer cells during cell motility, 

invasion, and metastasis [263].  

Increase in serum copper concentration has been observed in various malignancies 

including breast cancer [264]. One clinical trial in breast cancer patients showed that 

depleting copper with copper chelator, tetrathiomolybdate (TM), prevented relapse in 

highly invasive triple negative breast cancer patients (only 2 relapsed in 11 TNBC 

patients) [265].  In addition, of the 75% patients who achieved the copper depletion 
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target, there was a statistically significant reduction in endothelial progenitor cells (EPC). 

Moreover, another clinical trial in ovarian cancer patients also found that chelating 

copper with trientine increased treatment efficiency of carboplatin by overcoming the 

platinum resistance in those patients [266]. These clinical trials demonstrated that 

copper chelation has favorable anti-cancer benefits and when given in conjunction with 

a platinum-based chemotherapy agent, it can reduce drug resistance in cancer patients. 

Thus, depleting copper may inhibit tumor cells from invading to other organs and 

prevent cancer relapse in patients. 
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Figure  0.1. Copper involvement in major signaling pathways in cancer 
progression. 

A) HIF is a heterodimer proteins consisting of an unstable alpha subunit (HIF-1) and a 

stable subunit (HIF-1) which binds to hypoxia response elements (HREs) on the DNA. 

In normoxic condition, HIF-1 is hydroxylated by prolyl hydroxylase domain (PHD) 

enzymes. The hydroxylated HIF-1 is then recognized by von Hippel-Liandau tumor 
suppresor gene product (pVHL) and degraded via ubiquitin-proteasome pathway. In 

hypoxic condition,  the hydoxylation of HIF-1 is inhibited which prevents it from being 

degraded. The unmodified HIF-1 then dimerizes with HIF-1 and stimulates the 
transcription of its target genes such as VEGF and NOX4. In the presence of copper 

chelator, HIF-1 activation and accumulation is suppressed, thus preventing the 
transcription of its target genes. B) Copper is required for the activation of Memo. 
During metastasis, Memo is localized to the membrane protrusion upon stimulation with 
growth factors and is involved in sustaining superoxide production in response to NOX 
activation. Adapted from Science Signaling  [263]. 
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4.2.2 PEI on MSNP binds to copper ions 

The polymer-coated mesoporous silica nanoparticle developed by our group is made up 

of multiple components consisting of two types of polymer, cationic polyethyleimine (PEI) 

and polyethylene glycol (PEG), coated on the surface of the mesoporous silica core. 

PEI has been long known to bind copper effectively by chelating Cu2+ ions through its 

amine groups [267]. PEI has mostly been investigated as a water-soluble copper-

binding polymer for heavy metal removal from industrial wastewater [268] or as a 

chelating compound in copper detection assays [267, 269].  

In one of our in vivo studies where we conducted trace element analysis using 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) in the blood plasma of the 

NP-treated mice, we observed that copper (Cu) and silicon (Si) levels were elevated in 

the NP-treated mice (Figure 4.2). The increase in copper metal levels alongside with 

silicon (from MSNP) might suggest copper binding to the nanoparticles in the blood. As 

the liver and kidney serum biomarker levels were normal for these mice (data not 

shown), the Cu increase is likely not attributed to nanoparticle toxicity. To further 

investigate this, we measured the amount of copper binding to NP in the acellular 

system by spiking 100 ppb of Cu (from CuCl2) in three different matrices (water, RPMI 

media, or RPMI + 5% FBS) and found that NP (with PEI and PEG coating) with or 

without siRNA attachment could chelate at least 80% of the copper present in solution 

(Table 4.1). In addition, I also showed that pretreatment with NP prior to CuCl2 

stimulation on LM2-4luc+/H2N cells significantly reduced the ceruloplasmin and VEGF 

mRNA expression in a similar manner as the copper chelator, tetraethylenepentamine 

(TEPA). Collectively, these in vitro data support our hypothesis that PEI coating on NP 
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possesses copper-binding ability which might work in conjunction with the ROS-

scavenging properties of the MSNP core in reducing cellular migration and invasiveness 

in vitro and lowering the metastasis rate in vivo as observed in Chapter 3.  
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Figure  0.2. Silicon and copper plasma levels in HER2+ breast tumor xenograft in 
mice. 
Orthotopic HCC1954 tumor-bearing mice were treated with 9 doses of 1.25 mg 
siRNA/kg of T-siHER2-NP or saline. The animals were sacrificed two days post last 
dose. (n=3 for Saline and n=5 for NP group) 
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Table 0.1. Percent Copper binding to NP or siSCR-NP in different matrices. 

Material Matrix pH 
% Cu binding 

Average SD 

NP 

Water 7.36 85.4 0.4 

RPMI 8.53 88.7 0.4 

RPMI+FBS 8.47 85.2 0.2 

siSCR-NP 

Water 7.02 85.8 0.7 

RPMI 8.53 88.6 1.5 

RPMI+FBS 8.49 85.8 0.8 
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Figure  0.3. NP inhibits CuCl2 stimulation in LM2-4luc+/H2N cells. 
mRNA expression of (A) ceruloplasmin, (B) VEGF, and (C) NOX4 in LM2-4luc+/H2N 
cells pre-treated with either 100 µM TEPA or siSCR-NP (50 nM siRNA, N/P ratio of 50 
which is equivalent to 35 µg/mL NP) for 24 hr prior to 200 µM CuCl2 stimulation. All 
mRNA data were measured by qPCR and normalized to GAPDH expression. Data are 
presented as mean ± SD from 3 technical replicates from a single experiment. *P<0.05 
vs untreat. 
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4.3 Conclusions 

In conclusion, in this dissertation I have shown that our NP platform has great potential 

for the treatment of fibrosis and cancer. Taking advantage of the intrinsic antioxidant 

properties of the MSNP core and the NP’s ability to effectively deliver siRNA to target 

cells, our nanoparticle platform provided multi-functional treatment not only for fibrosis 

and cancer, but also for other types of oxidative-induced inflammatory diseases. In 

addition, I have also demonstrated a role of PEI in copper-binding which may contribute 

to additional benefit for the cancer therapy. Further investigation is warranted to assess 

the benefits of the inherent copper-chelating ability of our NPs in animal models of 

cancer disease. 
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