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ABSTRACT 

 

Evaluation of silver nanoparticles (AgNPs) and anti-GD2-AgNP antibody-drug 

conjugates as novel neuroblastoma therapies 

 

Haley MacLeod 

 

 

Neuroblastoma (NB) has one of the highest mortality rates in pediatric oncology 

due to relapsed and refractory disease. Current aggressive multi-modal treatments are 

inhibited by dose-limiting toxicities and are associated with late-effects and secondary 

malignancies, emphasizing the necessity for novel therapeutics. Uniquely, most NB cells 

highly express disialoganglioside (GD2) a cell surface glycolipid that can provide a target 

for tumour-specific delivery. This study demonstrates a comprehensive evaluation of silver 

nanoparticles (AgNPs) and the first preliminary evaluation of anti-GD2-AgNP antibody-

drug conjugates (ADCs) against NB in vitro. This present study validates the potential for 

AgNPs as an anti-cancer agent against NB as AgNPs demonstrated preferential toxicity 

towards NB cells through metabolic inhibition and indicative morphological alterations, 

while a less tumorigenic cell line demonstrated resistance to AgNP treatment. Therefore, 

this work identified an AgNP cell-type-dependent cytotoxicity effect. Low conjugation 

efficiency of the anti-GD2 monoclonal antibody, 14.G2a, to NHS-activated AgNPs failed 

to exert greater toxicity than the AgNPs alone. Collectively, this thesis provides novel 

information regarding the anti-cancer effects of AgNPs against NB with recommendations 

for anti-GD2-AgNP ADCs. 

Disclosure: The entirety of the work provided here has been performed by Haley MacLeod. 

 

Key Words: Silver nanoparticles, neuroblastoma, GD2, ADC, cancer treatment. 
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CHAPTER 1 

Introduction 

 

1.1 Neuroblastoma  

 

Neuroblastoma (NB), the most common extracranial pediatric tumour, derives from 

immature neoplastic neural crest cells which fail to differentiate into mature sympathetic 

neural ganglia and adrenal medulla cells (Irwin & Park, 2015; Modak & Cheung, 2007). 

Due to the neuroectodermal origin of NB, primary tumours develop along the chain of the 

sympathetic nervous system, with the adrenal glands (a ganglion of the sympathetic 

nervous system) being the predominant site of growth (Irwin & Park, 2015). NB accounts 

for 8-10% of all childhood cancers (Westermann & Schwab, 2002) and approximately 15% 

of all pediatric oncology deaths (Maris et al., 2007).  

NB has highly heterogeneous clinical presentations with prognoses ranging from 

spontaneous regression to aggressive metastatic tumours (Maris et al., 2007). Due to these 

diverse clinical presentations, a broad classification system has been established to 

categorize NB patients into low- (LR), intermediate- (IR), or high-risk (HR) groups 

identifying the patient’s risk of developing recurrent or refractory disease, which are 

associated with low survival rates. Currently, LR and IR patients retain greater than 90% 

overall survival (OS) rates, however, HR patients retain less than 50% OS even with 

treatment advances and intensifications (Maris et al., 2007; Pinto et al., 2015).   

The clinical behavioral irregularities of the disease have facilitated different staging 

systems beyond IR, LR, and HR, to ensure appropriate patient risk classification and 

treatment. Previously, patient risk classification and staging was based on the post-surgical-

pathological International NB Staging System (INSS) (Øra & Eggert, 2011). Within INSS, 
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patients are categorized as stages 1-4, and 4S. Localized tumours with varying amounts of 

local invasion and node involvement are classified within stages 1-3, with stage 4 defined 

as metastases to distant lymph nodes, bone, bone marrow, liver, skin, or other organs (Maris 

et al., 2007). Furthermore, stage 4 patients are typically over one and a half years of age 

whereas patients who present with metastases to the liver, skin, and/or marrow and are less 

than one year of age are classified as 4S. This latter stage is typically associated with 

favourable characteristics, high survival rates, and can undergo spontaneous regression 

(Irwin & Park, 2015).  

Due to the INSS being based on post-surgical evaluation, it failed to consider 

prognostic factors. To overcome these insufficiencies, the International Neuroblastoma 

Research Group (INRG) created a new pre-treatment classification system. The INRG 

aimed to create standard treatments to further improve treatment outcomes, while also 

mediating over-treatment of patients to reduce unnecessary related toxicities (Monclair et 

al., 2009). The prognostic factors evaluated within the INRG staging system, which were 

not previously assessed within the INSS, included image-defined risk factors, age at 

diagnosis, and biological factors such as grade of tumour differentiation, DNA ploidy, copy 

number status at the MYCN oncogene locus, and chromosomal 11q aberrations (Hoy, 2016; 

Maris, 2010). With these newly defined factors, the INRG defined stage L1 as localized 

tumours not impeding vital structures; Stage L2 as locoregional tumours with one or more 

image-defined risk factors; Stage M and MS as the equivalent of INSS stages 4 and 4S 

(Monclair et al., 2009). With the INRG staging systems classifying L1, L2, M, and MS 

disease stages into broad categories of LR, IR, and HR, as previously defined  (Monclair 

et al., 2009; Øra & Eggert, 2011).  



 3 

Age of diagnosis was one of the first prognostic indicators identified within the 

INRG, as patients older than 1-2 years have a poorer outcome, with this being exacerbated 

in metastatic patients (George et al., 2005; Schmidt et al., 2005). Histopathological criteria, 

first outlined by the International Neuroblastoma Pathology Committee, were also 

incorporated into the INRG (Monclair et al., 2009; Shimada et al., 1999). Through the 

development of the International Neuroblastoma Pathology Committee, Shimada et al. 

(1999) determined NB patients who presented with favourable histology had greater event 

free survival and OS rates in comparison to patients presenting with unfavourable 

histological characteristics. Histopathology characteristics used to identify favourable or 

unfavourable histopathology include presence/absence of Schwannian stroma, the grade of 

neuroblastic differentiation, and Mitosis-karyorrhexis index. While NB is considered 

Schwannian-stroma poor and is associated with unfavourable outcomes, NB can 

differentiate into ganglioneuroblastoma and ganglioneuroma, which become Schwannian 

stroma-rich and dominant, respectively, and are associated with favourable outcomes 

(Shimada et al., 1999).  

The new INRG further utilized biological and genomic prognostic factors for risk 

stratification, specifically DNA index (ploidy), MYCN amplification and 11q aberrations. 

It has been demonstrated that patients exhibiting diploidy typically have a poorer outcome 

and are less responsive to chemotherapy compared to those presenting with hyperploidy 

(Cohn et al., 2009; George et al., 2005; Look et., 1984). Interestingly, the presence of 

hyperploidy and a lack of MYCN amplification genetic characteristics, even with advanced 

metastatic disease, is associated with a strong response to standard treatments. Whereas 

patients with MYCN amplification are significantly associated with higher-risk disease and 

worse outcomes as mutations of the MYCN oncogene allow cancerous cells to proliferate 
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uncontrollably (Cohn et al., 2009; George et al., 2005). MYCN amplification is defined as 

greater than 10 copies of the oncogene (Ambros et al., 2009) and is present within 

approximately 20% of NB patients (Brodeur et al., 1984; Seeger et al., 1985). Hence, 

MYCN amplification is one of the most prominent distinguishing prognostic factors for the 

classification of HR patients. Finally, chromosome 11q loss of heterozygosity (LOH) has 

been detected within 30-40% of NB cases and is a predictive factor for poor prognosis 

(Attiyeh et al., 2005). The 11qLOH is unassociated with MYCN amplification but trials are 

being conducted to determine whether 11qLOH may be a predictor for poor outcomes for 

non-HR patients (Irwin & Park, 2015).  

NB risk classification systems are based around biological and genetic predictive 

factors and have been used for over 30 years to determine patient prognoses. However, 

other genetic alterations, which are not considered within the INRG, have frequently been 

identified within NB tumours and have been associated with poor prognoses, such as 

anaplastic lymphoma kinase mutations and chromosome 1pLOH. Activating mutations of 

anaplastic lymphoma kinase are present within 8-12% of primary HR NB tumours and 

some have been found to contribute to oncogenesis in NB model systems, making it another 

potential HR prognostic indicator (George et al., 2008; Mossé et al., 2008; Wagner & 

Danks, 2009). Chromosome 1pLOH has also been detected in 23-30% of tumours, 

correlating with other HR characteristics such as age, metastasis and MYCN amplification 

(Riley, 2004). Making 1pLOH a relevant prognostic factor for HR classification of patients 

without MYCN amplification (Riley, 2004). As further research is conducted, additional 

relevant biological and genetic factors are being identified as having strong prognostic 

potential and it will be important for risk classification systems, such as the INRG, to 

recognize these factors for their incorporation and clinical use.  
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1.2 Low-Risk Treatment 

LR patients have an OS rate of greater than 90% and account for 40% of NB 

incidences (Park et al., 2013). Low-risk patients have a remarkable survival rate with 

surgical intervention being the most severe treatment method. Interestingly, many LR 

patients undergo spontaneous differentiation and regression without treatment although the 

exact mechanisms involved are not well understood (Brodeur, 2018). A study by Hero et 

al. (2008) observed that 47% of INSS/INRG stage 1/L1 and 2/L2, with favourable 

prognostic factors spontaneously differentiated and regressed without surgery, biopsy, or 

chemotherapy. This study found the 3-year OS to be 99%, and the 3-year rate of metastases-

free survival to be 94% for unresected tumours (Hero et al., 2008). An additional 

prospective study found that 70% of patients within the fulfilled criteria (i.e. 1/L1, 2/L2, 

LR patients) could be observed without surgical or chemotherapy intervention (Tanaka et 

al., 2010). However, more intense treatment regimens such as, chemotherapy or low dose 

radiation, is  required for LR patients with life threatening symptoms and for a small subset 

of patients with recurrent and progressive disease (Øra & Eggert, 2011). Specifically, if LR 

patients present with large tumours or hepatomegaly that cause mechanical obstruction, 

respiratory distress, and/or liver dysfunction.  

Children who present with metastases to the liver, skin, and/or marrow and are less 

than one year of age (4S patients) can also be classified as LR when they do not have MYCN 

amplification, as this classification is associated with a good prognosis and can undergo 

spontaneous regression (Brodeur, 2018), although, regression can occur in any stage of the 

disease if they are biologically favourable (Brodeur, 2018; Cozzi et al., 2013; Taggart et 

al., 2011). Some theories suggest the tumours that undergo spontaneous regression may not 

actually be cancerous, but may be clusters of normal sympathetic neuroblasts that persist 
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before differentiating into mature sympathetic ganglion. An early study found 1 in 40 

children who had died due to reasons unrelated to NB, had foci of neuroblasts in their 

adrenal glands (Beckwith & Perrin, 1963; Brodeur, 2018). Some of these foci may have 

developed into NB, however, the occurrence rate of NB in children is 1 in 8000, meaning 

that a significant portion of those foci in children would differentiate into mature 

sympathetic ganglion, otherwise, the occurrence rates of NB would be 200 times more than 

current rates of clinically detected NB (Brodeur, 2018). However, additional theories 

suggest that these neuroblast foci cells with high tropomyosin receptor kinase A (TrkA) 

expression, which is a favourable LR biological feature, can differentiate into 

ganglioneuroma in the presence of nerve growth factor or spontaneously regress in the 

absence of nerve growth factor (Brodeur et al., 1997; Nakagawara et al., 1993). Other 

theories suggest the role of decreased telomerase activity (Hiyama et al., 1995), humoral 

or cellular immune responses, and alterations in gene methylation or histone modification 

in the differentiation or spontaneous regression of these neuroblasts (Brodeur, 2018; 

Decock  et al., 2011). 

 

1.3 Intermediate-Risk Treatment 

 IR patients cover a broad range of clinical presentations including INSS/INRG 

stage 3/L2 and 4/M with favourable biological prognostic factors and the absence of MYCN 

amplification (Monclair et al., 2009). IR incidences account for approximately 20% of total 

NB incidences (Park et al., 2013), and treatment regimens include surgical resection and 

moderate-dose chemotherapy, which typically utilizes cisplatin, doxorubicin, etoposide, 

and cyclophosphamide (Øra & Eggert, 2011). Currently, IR patients retain greater than 

90% survival rates following surgery and chemotherapy, which has prompted progress to 
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be made towards reducing therapies, and mediating overtreatment to avoid acute related 

toxicity as well as the long-term toxic effects of chemotherapy.  

 

1.4 High-Risk Treatment 

 HR incidences account for 40% with long term survival less than 50% (Park et al., 

2013). Until recently, long-term survival was uncommon after relapse (Maris, 2010). HR 

patients are classified as INSS/INRG stage L1/2, 3, 4/M, 4S/MS when patients are greater 

than 18 months of age with MYCN amplification, or stage 3/L2 when patients are greater 

than 18 months of age with unfavourable histology (Monclair et al., 2009). Treatment for 

HR patients utilizes 3 distinct regimens, specifically 1) induction therapy, 2) consolidation, 

and 3) post-consolidation/maintenance. Induction therapy utilizes multi-agent 

chemotherapy of the primary tumour site to decrease primary tumour burden. The specific 

chemotherapeutic agents employed include, cisplatin, cyclophosphamide, doxorubicin, 

etoposide, topotecan, and vincristine (Pinto et al., 2015). After 5 -7 cycles of multi-agent 

chemotherapy the patient undergoes aggressive surgical resection and external-beam 

radiotherapy of the primary tumour. Being one of the most radiosensitive pediatric solid 

tumours, radiation is also used to treat residual metastatic sites (Haas-Kogan et al., 2003). 

Then as part of standard HR NB treatment, patients sequentially undergo consolidation 

therapy, which incorporates myeloablative therapy with autologous bone marrow or 

peripheral blood stem cell rescue. Normally, patients who undergo induction and 

consolidation therapies initially respond, yet they often develop progressive disease and 

half of all HR patients who reach clinical remission will relapse (Pinto et al., 2015).  

The high rate of relapse in HR patients following induction and consolidation has 

facilitated the need for post-consolidation and maintenance therapies for HR patients 
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(Hansford et al., 2007; Keshelava, et al., 1998; Maris, 2010). It has been hypothesized that 

the significant rate of relapse is attributed to drug resistant cells that survive induction and 

consolidation regimens in metastatic sites, and remain dormant until they resume 

proliferating months to years after initial treatment. The dormancy stage of NB is referred 

to as minimal residual disease (MRD) (Hansford et al., 2007; Keshelava, et al., 1998; Maris, 

2010). Bone marrow typically is the most common site for metastasis and disease 

recurrence (Burchill et al., 2017). However, there is an increasing prevalence of central 

nervous system (CNS) metastases with occurrence rates found to be from 8% (Paulino et 

al., 2003) to 11.7%, which may be attributed to increasing OS rates (Zhu et al., 2015) in 

addition to treatments that may drive metastatic bone marrow cells into the CNS, or due to 

the lack of exposure of treatment regimens to the CNS due to the blood-brain barrier 

(Kramer et al., 2001; Swaiman et al., 2017). The initial standard treatment for relapsed 

patients post-consolidation treatment, consisted of the use of non-toxic synthetic retinoid 

isotretinoin or 13-cis retinoic acid as it demonstrated some efficacy against residual drug 

resistant cells in culture through the induction of cell growth arrest and differentiation of 

NB cells (Matthay et al., 1999; Matthay et al., 2009; Reynolds et al., 2003).  

The first prospective randomized study of the efficacy of 13-cis-retinoic acid, or 

isotretinoin, was evaluated after patients had undergone myeloablative chemotherapy, 

total-body irradiation, and transplantation of autologous bone marrow purged of cancer 

cells (Matthay et al., 1999). Patients administered 13-cis-retinoic acid after induction and 

consolidation regimens had improved event free survival in patients (46%) in comparison 

to patients who did not (29%) (Matthay et al., 1999). Although, isotretinoin was initially 

promising, specifically for the treatment of refractory HR NB, OS was not significantly 
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improved and no differences were observed in OS or event free survival with patient follow 

ups, facilitating the need for new and more effective treatments.  

A randomized-control trial led by Yu et al., (2010) established the efficacy of a 

disialoganglioside (GD2) targeted immunotherapy in combination with granulocyte-

macrophage colony-stimulating factor (GM-CSF), interleukin-2 (IL-2), and isotretinoin, 

and has now become the standard post-consolidation/maintenance treatment for HR 

patients. Yu and colleagues (2010) determined combination immunotherapy to be superior 

to standard treatments as event free survival was 66% and 46% and OS was found to be 

86% and 75% respectively. However, despite implementation of standard staging systems 

and intense multi-modal treatments, survival rates for HR NB patients remain low patients 

remain low with an OS of <50% (Maris et al., 2007; Pinto et al., 2015).  

 In addition to the troubling lack of improved survival rates surrounding HR NB, 

surviving NB patients are typically faced with further health issues, called late effects 

(Cohen et al., 2014; Irwin & Park, 2015; Moreno et al., 2013; Wagner & Danks, 2009). 

Late effects are due to the young age of the patients and aggressive nature of the treatments. 

Late effects experienced by most HR NB patients include hearing loss, renal dysfunction, 

and endocrine effects such as hypothyroidism, ovarian dysfunction and infertility. Patients 

can also experience cardiac dysfunction and secondary malignances. The most common 

hematopoietic secondary malignances include myelodysplastic syndrome and acute 

myelogenous leukemia, which are reported in 1-8% of patients who underwent etoposide 

exposure, and radiation. Furthermore, solid tumours that have been reported include 

thyroid, bone, and kidney (Cohen et al., 2014; Irwin & Park, 2015; Moreno et al., 2013; 

Wagner & Danks, 2009). The low survival rates and prevalence of late effects for HR NB 
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patients highlights the necessity for new treatments with increased efficacy and reduced 

toxicity be investigated.  

 

1.5 Immunogenicity of Neuroblastoma  

 Cancer-based immunotherapies aim to activate the patient’s immune system 

through targeting and killing cancer cells (Mellman et al., 2011). Two basic strategies exist 

when creating new immunotherapies, passive and active approaches (Mellman et al., 2011). 

Passive immunotherapies, like the therapies used for HR post-consolidation treatments, are 

based on immediate but transient effects and include the use of immunostimulatory 

cytokines in combination with monoclonal antibodies (mAbs), which target tumour-

associated antigens.  An adoptive transfer of immune effector cells such as T cells and 

natural killer (NK) cells are also a form of passive immunotherapies. Whereas, active 

immunotherapeutic strategies induce a long-term anti-cancer effect through stimulating the 

immune system using cancer vaccines. Different types of cancer vaccines can include 

peptide/protein vaccines, DNA vaccines, or dendritic cell vaccines.  

 The susceptibility of tumours to immunotherapies, or their immunogenicity, 

depends on the expression and location of tumour-associated antigens, which are necessary 

to induce immune responses (Gray & Kohler, 2009). Interestingly, NB has nine identified 

tumour-associated antigens, confirming the immunogenicity of NB tumours. Although, 

variations of tumour-associated antigen expression exist between tumours where individual 

proteins may be present in some cells but not others and protein expression may be highly 

variable between cells when present (Gray & Kohler, 2009). Yet, despite the expression of 

tumour-associated antigens by NB tumours, natural immune responses in NB patients are 

typically weak and do not control tumour growth on their own, leading to the necessity of 
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immunotherapeutic intervention to facilitate an effective anti-tumour response. However, 

NB tumours, like most other cancers, can have immune-evading mechanisms and tumour-

associated antigen-dependent expression can be too low to induce an effective immune 

response (Gray & Kohler, 2009). 

 

1.5.1 Neuroblastoma Tumour Associated Antigen: GD2 

NB cells uniformly express GD2, a NB tumour-associated antigen, on 

approximately 98% of their cell membrane, however, between NB cell types variations are 

exhibited regarding the number of cells that express GD2 , hence 100% of NB cells do not 

express GD2 (Suzuki & Cheung, 2015). GD2 is composed of glycosphingolipids and sialic 

acids, and it is a derivative of GD3, where Gal-NAc is added by the enzyme GM2/GD2 

synthase (B1, 4-N-acetylgalactosaminyltransferase) (Suzuki & Cheung, 2015). These 

glycolipids consist of a hydrophobic ceramide that is anchored to the cell membrane with 

an extracellular hydrophobic oligosaccharide chain, which is connected to one or more 

sialic acid molecules (Ledeen & Yu, 1982). Interestingly, the GM2/GD2 synthase enzyme 

has become a molecular marker for minimal residual disease in bone marrow of NB patients 

(Cheung et al., 2012, 2014). 

GD2 is found to be expressed by embryonal cancers (NB, brain tumours, 

retinoblastoma, Ewing’s sarcoma, rhabdomyosarcoma), bone tumours (osteosarcoma, 

Ewing’s sarcoma), neural crest derived tumours (small cell lung cancer and melanoma), 

and breast cancer (Suzuki & Cheung, 2015). NB, however, retains the most abundant 

homogenous surface expression. Within healthy tissues GD2 is isolated to neurons, 

peripheral pain fibres, and melanocytes (Svennerholm et al., 1994). Moreover, within 

healthy tissues GD2 comprises a minor 1-2% of total gangliosides, with an expression that 
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is 3-8 fold lower than other non-aberrant gangliosides, making GD2 an ideal antigen for 

targeted therapies.  

GD2 has been ranked 12th of 75 as one of the most important cancer antigens by the 

National Cancer Institute (Cheever et al., 2009). It was ranked based on therapeutic 

function, immunogenicity, role of the antigen in oncogenicity, specificity, expression level 

and percent of antigen-positive cells, stem cell expression, number of patients with antigen-

positive cancers, number of antigenic epitopes, and cellular location of antigen expression. 

The exact function of GD2 is not yet well understood but under non-aberrant conditions it 

is known to be involved in neural differentiation and proliferation (Svennerholm et al., 

1989), and play a role in the attachment of tumour cells to extracellular matrix proteins 

(Cheresh et al., 1986; Cheresh et al., 1984). However, under aberrant conditions it is now 

understood that GD2 is integral to increased proliferation, cell migration (Julien et al., 

2013), cell invasion, and cell motility for disease tumorigenesis and metastasis (Battula et 

al., 2012; Suzuki & Cheung, 2015).  

 

1.6 GD2-Targeted Immunotherapies  

 Due to NB tumours retaining the most homogenous expression of GD2 and its 

restricted physiological expression, GD2 has become a suitable and validated tumour-

associated antigen for NB immunotherapeutics (Suzuki & Cheung, 2015). GD2 is a 

carbohydrate that does not effectively bind with major histocompatibility complexes 

(MHC), therefore preventing it from inducing a GD2-specific T cell response (Suzuki & 

Cheung, 2015). It has also been established that most NB tumours express only low or 

absent levels of MHC class I molecules, deterring activation of cytotoxic T cells (Prigione 

et al., 2004). This lack of MHC class I expression makes NB cells sensitive to NK cells. 
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Specifically for NB, natural cytotoxicity receptors and the DNAX accessory molecule-1 

(DNAM-1) have been shown to be key factors in modulating NK-cell mediated lysis 

(Castriconi et al., 2004; Sivori et al., 2000). However, NB can secrete various soluble 

MHC-like molecules, like MHC class I chain related protein A (MICA), that have an 

inhibitory effect upon NK cells (Raffaghello et al., 2004). Furthermore, NB also releases 

inhibitory cytokines that have a marked effect on anti-tumour immune responses (Bin et 

al., 2002; Rivoltinil et al., 1992). All the above inhibit immunotherapies from being 

effectively utilized to enhance natural immunological responses. Hence, anti-GD2 

immunotherapies have focused on passive mechanisms using GD2-specific mAbs.  

 

1.6.1 GD2 Monoclonal Antibodies 

The first anti-GD2 mAb, murine IgG3 3F8, was tested in the first-in-human Phase 

I clinical trial in NB and malignant melanoma patients in the late 1980’s (Cheung et al., 

1987). This study produced the first account of anti-GD2 mAb toxicity, which included 

severe pain, hypertension, and focal urticaria. Cheung et al. (1987) reported patients pain 

to typically involve the abdomen, lower back, chest, with peripheral pain spreading to the 

ankles and feet. Notably, pain did not correlate with dose or duration of infusion. However, 

human anti-mouse antibody levels within serum were significant and inhibited IgG3 3F8 

efficacy (Dobrenkov & Cheung, 2012). Due to these strong human anti-mouse antibody 

responses associated with 3F8 administration attention was shifted towards a chimeric 

human-murine mAb, ch14.18.        

The chimeric ch14.18 mAb was developed to retain murine variable heavy and 

variable light chains grafted onto human IgG constant domains (Mueller et al., 1990). In 

vitro, ch14.18 demonstrated significantly higher antibody-dependent cellular cytotoxicity 
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(ADCC) compared to 3F8 (Mueller et al., 1990). Chimeric ch14.18, was then validated to 

effectively lyse NB cells through ADCC in both pre-clinical studies (Mueller et al., 1990) 

and early-phase clinical trials (Yu et al., 1998; Handgretinger et al., 1995).The ADCC of 

ch14.18 was shown to occur via activation of neutrophils, natural killer cells, granulocytes, 

and lymphokine activated killer cells (Barker, 1991; Gilman et al., 2009; Honsik, Jung, & 

Reisfeld, 1986). Further studies demonstrated that ADCC is induced through the binding 

of anti-GD2 mAbs and Fc receptors of granulocytes and NK cells, FcRIIA (CD32) and 

FcRIIIA (CD16A) respectively, which releases cytotoxic granules and cytokines that lead 

to tumour cell death (Cheung & Dyer, 2013).  

Variations in reactivity and toxicity exist among various anti-GD2 mAbs (i.e. 

ch14.18, 3F8, 14.G2a), although the mAbs all induce toxicity through the same 

mechanisms (Cheung & Dyer, 2013). Specifically, anti-GD2 mAbs, in addition to ADCC, 

effectively facilitate monocyte-macrophage-mediated phagocytosis through the activation 

of macrophages and monocytes (Cheung & Dyer, 2013). Furthermore, these mAbs can 

induce complement-mediated cytotoxicity through the binding of C1q to the Fc region of 

the tumour bound mAb. This stimulates a complement activation cascade leading to the 

formation of membrane attachment complexes that cause pores in the cell membrane to 

form, eventually leading to cell lysis (Cheung & Dyer, 2013). More recently, it has been 

established that anti-GD2 mAbs can also induce apoptosis and mediate adhesion of NB 

cells, therefore reducing migration, invasion, and motility in culture (Shibuya et al., 2012; 

Suzuki & Cheung, 2015).  

GD2 is involved in the activation of focal adhesion kinase (FAK) through 

phosphorylation, which promotes cell migration, invasion and motility (Aixinjueluo et al., 
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2005; Wu et al., 2008). Anti-GD2 mAbs, in contrast, can prompt the dephosphorylation of 

Fak, inducing the activation of p38 MAPK and the induction of anoikis and apoptosis 

(Aixinjueluo et al., 2005; Kowalczyk et al., 2009); anoikis is induced when adherent cells 

detach from the extracellular matrix. Finally, a more recent study performed by Doronin et 

al. (2014) observed a direct induction of mitochondrial-dependent cell death through the 

binding of anti-GD2 mAbs with GD2 on NB cell surfaces that lead to the translocation of 

the gangliosides into the mitochondria and subsequently, apoptosis.  

As previously discussed, anti-GD2 mAb ch14.18 effectively kills cultured GD2 

expressing NB cells and tumours in preclinical models through a variety of mechanisms 

(Cheung & Dyer, 2013; Shibuya et al., 2012; Suzuki & Cheung, 2015). Due to the 

effectiveness of the mAb in these models, it is now used in post-consolidation and 

maintenance therapies of HR NB patients. However, as NB tumours secrete MHC-like 

molecules and inhibitory cytokines as evasion mechanisms from NK anti-tumour immune 

responses (Raffaghello et al., 2004), ch14.18 was evaluated in combination with 

immunostimulatory cytokines GM-CSF and IL-2 (Gilman et al., 2009; Yu et al., 2010). 

Earlier in vitro and in vivo research had identified the ability of GM-CSF and IL-2 to 

enhance ADCC through mediating granulocytes and monocytes (Batova et al., 1999), and 

lymphokine-activated killer cells (Sabzevari et al., 1994), respectively. These encouraging 

pre-clinical results led to the evaluation of GM-CSF and IL-2 in combination with ch14.18 

in randomized studies, which found the combination to significantly improve patient 

outcomes in comparison to ch14.18 alone (Gilman et al., 2009; Yu et al., 2010). Therefore, 

administration of ch14.18 in combination with GM-CSF and IL-2 has become a standard 

post-consolidation and maintenance therapy for HR NB patients. 
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More recently, work has focused towards humanizing anti-GD2 mAbs such as 

ch14.18 (hu14.18) (Navid et al., 2014) and 3F8 (hu3F8) (Cheung et al., 2017) to reduce 

immune responses against the antibodies and maintain antibody efficacy. These humanized 

anti-GD2 mAbs have completed phase I trials but have failed to elicit improved outcomes 

compared to ch14.18, particularly as both hu14.18 and hu3F8 had reduced immunogenicity 

and increased immune response through human antihuman antibody development. 

Substantial efforts have been allocated to improving the efficacy of anti-GD2 therapies for 

the treatment of HR NB as they have been associated with improved survival rates (Batova 

et al., 1999; Cheung et al., 2017; Cheung et al., 1989; Heiner et al., 1987; Kushner et al., 

2014; Metelitsa et al., 2002; Navid et al., 2014; Z. Wu et al., 1986; Yu et al., 1998). 

Although survival rates have improved, they still remain low (<50%), which can be 

attributed to NB cells that lack GD2 expression, making them resistant to anti-GD2 

therapies (Suzuki & Cheung, 2015). As mentioned previously in section 1.4, bone marrow 

is the most common site for metastasis, with an increasing prevalence of CNS metastases 

(Burchill et al., 2017; Paulino et al., 2003; Zhu et al., 2015). These increasing rates of CNS 

metastases are hypothesized to be associated with 1) dormant cells in the bone marrow that 

lack GD2 expression, 2) increasing survival rates that allow for longer latency tumours 

such as brain tumours to appear, 3) the inability of anti-GD2 mAbs to cross the blood-brain 

barrier, or 4) GD2-expressing NB cells in the bone marrow seeking refuge in the CNS 

(Swaiman et al., 2017).   

 

1.6.2 GD2 Vaccines 

Another promising immunotherapy for NB treatment are GD2 vaccines. A phase I 

trial of HR NB children in second or later remission were treated with GD2/GD3 vaccine 
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containing OPT-821, a purified naturally-occurring heterogeneous saponin fraction that 

prompts the immune system to increase antibody and cytotoxic T-cell responses against 

targeted antigens (Kushner et al., 2014; Soltysik et al., 1995). The phase I trial resulted in 

no major toxicity, and no neuropathic pain (Kushner et al., 2014). Of the 15 patients within 

the study 13 of 15 received the entire treatment regimen, with relapse free survival 

remaining at 80% for 24 months, and 6 of 10 patients had a disappearance of minimal 

residual disease. While phase I trials with small patient numbers and patient selection biases 

must be cautiously interpreted, the results were sufficiently encouraging to justify a phase 

II study to further determine the efficacy of the vaccine for the treatment of HR NB and 

minimal residual disease.  

 

1.7 Antibody Drug Conjugates in Cancer Treatment  

 Recently, there has been an increasing focus on the development of antibody-drug 

conjugates (ADCs) (Lambert & Chari, 2014; Lambert & Morris, 2017; Trail et al., 2018). 

ADCs are composed of three main components: a cytotoxic drug, a tumour targeting 

antibody, and a chemical linker attaching the two. These novel drug conjugates are gaining 

rapid attention as they have the potential to provide increased treatment efficacy, while also 

minimizing systemic toxicities experienced with traditional small-molecule therapeutics 

(Polakis, 2005; Wu & Senter, 2005). The emergence of established mAbs have provided 

opportunities for ADC development as the antibodies can specifically target cells, such as 

cancerous cells that may minimize toxicity to healthy tissues (Toy & Roy, 2016). Over 10 

different mAbs have been approved for use, however, due to the novelty and complexity 

of ADCs, these dug conjugates face various challenges due to limited identification of 

tumour-associated antigens, the requirement of a cytotoxic drug with high potency at 
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minimal concentrations, and the conjugation method and linker, the latter which are the 

most novel and least established components (Lambert & Morris, 2017).  

 

1.7.1 Key Requirements of ADCs for Cancer Treatment 

 Development of ADCs can be highly challenging due to the novelty of the field and 

working with previously uncharacterized conjugated antibodies and chemical compounds, 

which often results in instability and unusual circulation (Gordon et al., 2015; Lambert & 

Morris, 2017; Trail et al., 2018). Therefore, to eliminate unwanted binding, removal, and 

ensure anti-cancer efficacy six necessary requirements must be taken into consideration 

when designing and beginning preliminary testing of a drug conjugate. These include 

circulation, antigen binding, internalization, payload release, and payload action (Gordon 

et al., 2015).  

Circulation. For a drug conjugate to effectively target cancer cell surface antigens 

they must be injected intravenously to allow for effective dispersion throughout the 

circulatory system (Amiri-Kordestani et al., 2014; Gordon et al., 2015; Saber & Leighton, 

2015). Administration of ADCs within the circulatory system allows for effective delivery 

to primary tumours and metastases, apart from brain tumours and metastases, as ADCs 

cannot cross the blood brain barrier. Furthermore, this distribution method will increase the 

probability of the ADC reaching healthy tissues expressing the target antigen and will 

reduce the potential for inducing off-target toxicities. Once ADCs are in circulation, they 

must remain stable long enough to reach the tumour-associated antigen and to prevent 

premature drug cleaving, resulting in unnecessary toxicities. The conjugate must also retain 

low immunogenicity, like humanized naked antibodies, to avoid immune responses that 
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will reduce its efficacy (Amiri-Kordestani et al., 2014; Gordon et al., 2015; Saber & 

Leighton, 2015).  

Antigen Binding. The immunoaffinity of the antibodies must remain unaffected 

post-covalent coupling with the drug (Gordon et al., 2015; Senter & Sievers, 2012). 

Specifically, the binding region of the antibodies must remain unmodified post-drug 

conjugation. Notably, changes in hydrophobicity of the drug post-conjugation must be 

considered as this may affect the antibody’s binding efficacy, circulation, and stability 

(Gordon et al., 2015; Senter & Sievers, 2012).   

Internalization, Payload Release and Action. Once the conjugate binds with the 

tumour-associated antigen the conjugate must be successfully internalized allowing for 

delivery of the drug or toxic payload. It is well understood that targeted drug conjugates 

are internalized through receptor-mediated endocytosis (Gordon et al., 2015; Kalim et al., 

2017). Post-binding, the drug conjugate enters an endosome, subsequently entering either 

a highly acidic lysosome or the reducing environment of the cytosol, which facilitates its 

break down. It is necessary to ensure that once the drug conjugate is broken down 1) the 

drug is released in an active form post-subcellular processing; 2) ensure the drug catabolite 

retains toxicity to induce anti-cancer effects. A final consideration is the potency of the 

drug as the drug must be toxic enough that a significant cytotoxic effect is achieved with 

minimal amounts of internalized drug, which would require the drug to be highly cytotoxic 

at least within a picomolar range. Cytotoxic drugs lose potency once conjugated, which has 

prompted the use of powerful cytotoxins that had previously been deemed too toxic for 

traditional chemotherapies (Amiri-Kordestani et al., 2014; Gordon et al., 2015; Saber & 

Leighton, 2015).  
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1.7.2 Conjugation Methods  

The conjugation method and linker attaching the antibodies and drug are equally as 

important as their counterparts, however, they are the least established of the three 

components. The conjugation method determines the drug-to-antibody ratio (DAR), 

species homogeneity, antibody structural stability, and binding capacity (Gordon et al., 

2015). Ensuring conjugation homogeneity is critical as it controls the DAR, 

pharmacokinetics, and binding ability of the ADC. Conjugation homogeneity is reached 

through site-specific conjugation versus random conjugation techniques (Hamblett et al., 

2004; Junutula et al., 2008; McDonagh et al., 2006). Previously, focus was placed on the 

use of random conjugation more so than site-specific, which may be attributable to the 

previous establishment of random conjugation techniques and lack of established sit-

specific techniques. Random conjugation techniques reduce interchain disulfide bonds and 

covalently link to the newly exposed lysine side-chain amines or cysteine sulfhydryl groups 

(Junutula et al., 2008). However, these conjugation methods produce 1) heterogeneous 

ADCs that display variations in DARs, 2) utilize antibody linker sites that affect 

pharmacokinetics in vivo, which both reduce the efficacy of the ADC and contribute to 

systemic toxicities (Hamblett et al., 2004; Junutula et al., 2008; McDonagh et al., 2006). 

Hamblett et al. (2004) compared the in vivo efficacy, tolerability, and pharmacokinetics of 

heterogeneous ADCs with 2, 4, and 8 conjugated drugs per antibody. The conjugates with 

a greater DAR had the lowest tolerated dose, most rapid clearance, and did not exert a 

proportional efficacy (Hamblett et al., 2004; Junutula et al., 2008). Furthermore, reducing 

antibody interchain disulfide bonds can lead to retention of disrupted chains, which has 

been shown to play a role in systemic toxicities such as liver damage, and ADC instability 

in circulation, highlighting the importance of ADC homogeneity and suggesting that ADCs 
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with a low drug stoichiometry is ideal (Kalim et al., 2017; Perez et al., 2014; Shen et al., 

2012). 

Overall, random conjugations produce heterogeneous ADCs with multiple 

variations, making the end product impossible to control (Junutula et al., 2008). Site-

specific conjugation methods, such as cysteine-engineered antibodies, offer the opportunity 

to overcome significant flaws associated with random conjugation techniques (Nunes et 

al., 2017; Sadowsky et al., 2017). Specifically, these methods allow for the control of drug 

stoichiometry and DARs, which ensures the drugs are conjugated to sites that will enhance 

pharmacokinetics in vivo, retention of antibody binding abilities, structural integrity, 

prevention of ADC aggregation, and ADC circulation stability (Gordon et al., 2015; 

Junutula et al., 2008). Yet, established site-specific conjugation methods are lacking, likely 

due to their greater complexity as antibodies need to be functionalized with cysteine groups 

or functionalized in a way that the antibody function is not compromised (Nunes et al., 

2017; Sadowsky et al., 2017).  

 Site-specific conjugation research has increased due to significant flaws associated 

with random conjugation methods (Gordon et al., 2015; Junutula et al., 2010). Yet, 

extensive work is still required to establish and implement site-specific techniques. An 

encouraging site-specific technique gaining traction is genetic recombinant methods that 

increase free thiol groups for the generation of cysteine-engineered ThioMAb antibodies 

for their use as ThioMAb drug conjugates (TDCs) (Chumsae, Gaza-Bulseco, & Liu, 2009; 

Junutula et al., 2010; Junutula et al., 2008). Previous work has identified the vital role of 

engineered ThioMAbs in site conjugation techniques, as their use has improved drug 

conjugate efficacy, binding affinity, and plasma stability (Junutula et al., 2010; Junutula, 

Bhakta, et al., 2008; Nunes et al., 2017; Sadowsky et al., 2017; Sukumaran et al., 2015). 
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Specifically, Junutula et al. (2010) identified ADCs conjugated using random techniques 

on average had a distribution of 0-8 drugs, while their engineered TDCs with two cysteine 

groups had improved uniform stoichiometry as 92% of TDCs retained two conjugated 

drugs. This study also identified reduced off-target toxicities and liver damage associated 

with TDCs versus randomly conjugated ADCs (Junutula et al., 2010; Junutula et al., 2008). 

Importantly, a study by Sukermaran et al. (2015) identified ThioMAbs engineered with 

cysteine groups on the light chain regions to have the greatest stability in vivo. Ultimately, 

the literature supports engineered cysteine groups on the light chain regions of ThioMAbs 

and their use to create TDCs are more highly efficacious than random conjugation 

techniques and ADCs (Junutula et al., 2010; Junutula, Bhakta, et al., 2008; Nunes et al., 

2017; Sadowsky et al., 2017; Sukumaran et al., 2015).  

 

1.7.3 Linker Chemistry  

 

Similar to conjugation methods, linkers and related chemistry is complex and 

under-developed (Jain et al., 2015; Kim et al., 2016; Saber & Leighton, 2015). They are 

required, like conjugation sites to remain stable in storage and circulation, yet must be both 

stable and liable enough to cleave the drug upon entering the target cell (Jain et al., 2015; 

Kim et al., 2016; Saber & Leighton, 2015). It is imperative that the linker is stable in 

circulation as early release of the drug would lead to off-target toxicities, and would lower 

the therapeutic index of the ADC (Jain et al., 2015). Thus, linkers are necessary to stabilize 

the conjugation of the drug and antibody, while also providing flexibility in conjugation 

methods. Linkers are either cleavable or non-cleavable. The mechanisms most commonly 

utilized for cleavable linkers include 1) pH-sensitivity, 2) protease-sensitivity, and 3) 

glutathione-sensitivity. Non-cleavable linkers do not rely on any mechanisms, instead the 
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antibody must be completely degraded post internalization for the drug to be released.  

  

1.7.4 Nanoparticle Drug Delivery Systems 

While ADCs in the form previously discussed hold significant merit, there has been 

a move towards the use of nanoparticles in ADCs. Using nanoparticles as a drug delivery 

system offers potential solutions to issues related to stability, DARs, linking chemistry, 

heterogeneity, and the enhancement of delivery of ADCs to cancerous tissues. 

Nanoparticles typically range between 1-100 nm, a size that provides unique transportation 

and bio-distribution properties (Toy & Roy, 2016). Nanoparticles offer further unique 

physiochemical properties such as variety in size, surface area, shape, charge, ligand type, 

and ligand density that make their use ideal as drug delivery systems in ADCs (Toy & Roy, 

2016). The most notable types of nanoparticles evaluated for use in therapeutics include 

liposomes, polymeric nanoparticles, polymeric micelles, viral-based nanoparticles, 

magnetic nanoparticles, silica materials, carbon nanomaterials, dendrimer nanomaterials, 

and gold and silver nanoparticles (Almeida et al., 2013; Austin et al., 2014; Brown et al., 

2014; Hosseini et al., 2015; Mellman et al., 2011; Samanta & Medintz, 2016). The variety 

of nanoparticle types provides different physiochemical properties that can allow for 

effective nanoparticle drug loading or drug encapsulation.   

Size. Size plays an integral role in the passive accumulation and circulatory 

retention of biocompatible molecules, such as nanoparticles and ADCs. The size is critical 

for pharmacokinetics, transport and uptake (Toy & Roy, 2016). Particles that are smaller 

than 10 nm have been found to be removed through the kidneys, whereas larger 

nanoparticles (> 100 nm) are readily removed through the liver and spleen (Owens & 

Peppas, 2006). Size of nanoparticles are not only relevant for clearing rates but plays a role 
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in cellular uptake. A study by Chithrani et al. (2006) observed in vitro differences in 

nanoparticle uptake. Specifically, they found that HeLa cells preferentially took up 50 nm 

sized gold nanoparticles versus 14, 30, 74, and 100 nm nanoparticles. However, other work 

has shown that factors such as surface chemistry may play a greater role in cellular uptake 

than size, as 100 nm nanoparticles were preferentially taken up by breast cancer in culture 

over smaller particles due to changes in surface chemistry (Azizi et al., 2017).  

Surface Chemistry. It is well understood that surface chemistry or functionalization 

of nanoparticles play a significant role in cellular uptake. These characteristics are 

important when determining life span, circulation fate, immunogenicity, and cellular 

uptake, in addition to drug conjugation methods. Often, the surface chemistry of 

nanoparticles can be altered through surface coating the nanoparticles or adding functional 

groups to facilitate binding with the linker (Toy & Roy, 2016). Furthermore, surface 

chemistry can play a significant role in the opsonization of the particles in vitro. 

Opsonization is the process of opsonin proteins coating foreign particles for their 

identification by phagocytic cells (Owens & Peppas, 2006). For instance, Moghimi and 

Szebeni (2003) determined if a nanoparticle or drug conjugate has a hydrophillic surface 

or capping agent it will be less likely to induce an immunogenic response than those with 

hydrophobic surfaces. Therefore, determining the polarity and understanding the surface 

chemistry of nanoparticles can play a distinct role in the efficacy of the nanoparticle and 

its efficacy within ADCs. 

A study by Azizi et al. (2017) evaluated different breast cancer cell lines and normal 

breast cells in addition to white blood cells, to determine differences in uptake and toxicity 

of both bare or non-functionalized silver nanoparticles (AgNPs) (7 nm) and albumin coated 

AgNPs (100 nm). They found that albumin-coated 100 nm AgNPs induced greater toxicity 
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to the breast cancer cell lines than the bare AgNPs, as the albumin reacted with surface 

albumin receptors which facilitated their uptake preferentially over the smaller bare 

particles. Furthermore, the white blood cells and normal breast cells were significantly less 

affected by the albumin-coated AgNPs than the bare particles, although neither the 

albumin-coated or the bare particles led to significant toxicities in the normal tissues. 

Other work has determined that functionalization using different polymers such as 

PEI, PEG, or TAT can aid in reducing immunogenicity and facilitating cellular uptake 

(Farvadi et al., 2016; Liu et al., 2012; Moghimi & Szebeni, 2003). However, surface 

modifications of nanoparticles will create changes in toxicity and specificity so it is 

imperative a particle’s toxicity mechanisms is fully understood in vitro. In particular, 

surface chemistry and functionalization can lead to unexpected outcomes. For example, in 

Azizi et al. (2017), significantly larger nanoparticles were preferentially taken up and had 

a stronger toxicological effect than the smaller particles. Such large nanoparticles, would 

not have been expected to be readily taken up over smaller nanoparticles due to a lack of 

effective uptake mechanisms and inability to cross cellular membranes effectively.   

Shape. Different shapes of nanoparticles have been reported to trigger different 

intracellular signaling pathways and immunological responses, highlighting the importance 

that shape plays in the success of ADCs in vivo. A study by Sun et al. (2013) found 

polyhedron and plate-shaped aluminum oxyhydroxide nanoparticles led to the production 

of the proinflammatory cytokines TNF-, IL-6, IL-12, and GM-CSF that engage the innate 

immune system, while rod-shaped nanoparticles induced the secretion of the 

inflammasome-related cytokines IL-1, and IL-18 (Schroder & Tschopp, 2010). The group 

also reported a higher cellular uptake of the rod-shaped nanoparticles, which were 100 nm, 
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versus the plate and polyhedrons that were 50 nm. In addition, the shape of the particles 

can create differences in polarity and potentially facilitate or impede functionalization 

(Gordon et al., 2015), highlighting the importance that shape may play in the uptake and 

chemistry of nanoparticles.  

Cellular Uptake Mechanisms. Generally, cell membranes are impervious to most 

large particles, and particles that can cross the membrane usually range between 10-30 nm 

(Kettler et al., 2014). Mechanisms for the uptake of nanoparticles include: 1) phagocytosis 

or opsonization of large particles (500-1000 nm), 2) micropinocytosis of liquid and 

suspended particles, 3) endocytosis, 4) receptor-mediated endocytosis through ligand-

binding such as mAbs used in ADCs (~80-120 nm), and 5) diffusion (10-30 nm) (Doherty 

& Mcmahon, 2009; Kettler et al., 2014). Additionally, a study by Azizi et el. (2017) has 

identified cellular uptake to be modulated by the metabolic activity of the cell line. The 

study found that more aggressive, proliferative, and metabolically active cancer cells 

preferentially internalized the nanoparticles over less metabolically active cancers and 

healthy tissues. Importantly, less proliferative cancers still demonstrated a higher rate of 

nanoparticle uptake than normal cells. Notably, the small concentration of nanoparticles 

taken up by the normal tissues did not induce severe toxicity. The group attributed these 

findings to the necessity for highly proliferative and metabolically active cancers to seek 

out and require greater sources of nutrients, making the albumin coated AgNPs enticing for 

the cancer cells (Azizi et al., 2017). Overall, nanoparticles offer opportunities to effectively 

deliver drugs, whether they are surface functionalized, linked to an antibody, or 

encapsulated. Nanoparticles as drug delivery systems have demonstrated preferential 

cellular uptake by cancerous cell types but not by normal cells. This will have significant 

consequences for their use in new cancer therapies as they will mediate systemic toxicities 
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currently experienced with traditional therapies and increase efficacy through preferential 

tumour accumulation. However, it is vital for the proposed nanoparticles proposed to 

undergo extensive analyses prior to in vivo testing to fully understand the particles 

physiochemical properties.  

 

1.8 Silver Nanoparticles 

 AgNPs have become one of the most widely commercialized nanomaterials due to 

their unique physical, chemical, and biological properties (Wei et al., 2015). They have 

been applied in various commercial, industrial, and biomedical applications due to their 

anti-bacterial, anti-viral, anti-fungal, anti-angiogenic, and anti-cancer abilities (Hsiao et al., 

2017; Wang et al., 2017; Wei et al., 2015; Xu et al., 2013). Within the past few years, 

attention has shifted primarily towards the use of AgNPs as drug delivery systems, as 

diagnostic bio-sensing materials, medical device coatings, and in personal care products 

(Wei et al., 2015). However, more recently, focus has been placed on evaluating AgNPs as 

a cancer treatment. Their anti-cancer efficacy has been demonstrated in vitro within various 

human cancer cell lines such as neuroblastoma (SH-SY5Y), astrocytoma (D384) (Coccini 

et al., 2014), breast cancer (MB 231) (Azizi et al., 2017; Lim et al., 2017) (MCF-7) (Reshi 

et al., 2016; Simard et al., 2016), colon adenocarcinoma (HCT-15) (Reshi et al., 2016) 

(Colo 205, and Colo 320) (Kovács et al., 2016), epithelioid cervical carcinoma (HeLa) 

(Juarez-Moreno et al., 2017), glioblastoma (U251) (AshaRani et al., 2009), lung 

adenocarcinoma (A549) (Blanco et al., 2017; Foldbjerg et al., 2011), and prostate cancer 

(DU-145) (Juarez-Moreno et al., 2017). AgNPs have also been evaluated for toxicity in 

vitro within normal human cell lines such as breast (MCF-10A) (Azizi et al., 2017; Simard 

et al., 2016), fibroblasts (IMR-90) (AshaRani et al., 2009; Lim et al., 2017), keratinocyte 
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(HaCaT) (Bastos et al., 2016), and white blood cells (WBC) (Azizi et al., 2017). These 

studies have identified selective time and dose-dependent anticancer effects of AgNPs as 

they are preferentially taken up by cancerous tissues over normal tissues through multiple 

mechanisms (AshaRani et al., 2009; Azizi et al., 2017; Bastos et al., 2016; Lim et al., 2017; 

Simard et al., 2016). Furthermore, AgNPs were found to be cytotoxic to normal cells at 

concentrations substantially greater than the LC50 for cancerous cell lines; although the 

exact mechanism driving the AgNP resistance of normal cells is unknown. Therefore, 

cancerous cells are more susceptible to AgNP induced cytotoxicity than normal cells, 

which demonstrate a resistance (AshaRani et al., 2009; Azizi et al., 2017; Bastos et al., 

2016; Lim et al., 2017; Simard et al., 2016).  

In general, studies use AgNPs of different sizes, surface functionalizations, and 

concentrations which can account for variations in toxicity responses (Azizi et al., 2017; 

Farvadi et al., 2016). The field would therefore be advanced by studies elucidating the ideal 

size and surface functionalization to induce the greatest anti-cancer effect at the lowest 

concentration in multiple cancer cell types, including primary cancer and cancer stem cells. 

Furthermore, evaluating the proliferation rate of cancerous cells while elucidating the effect 

of AgNPs will aid in comprehensively understanding AgNP toxicity in cancerous and non-

cancerous cells. However, despite these inconsistencies, studies have demonstrated AgNPs 

have a selective anti-cancer effect as they induce toxicity in cancerous cells at substantially 

lower concentrations than concentrations required to induce toxicity in normal cells 

(AshaRani et al., 2009; Azizi et al., 2017; Bastos et al., 2016; Lim et al., 2017; Simard et 

al., 2016), which has prompted further work to elucidate the exact mechanisms involved in 

their anti-cancer abilities. 
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1.8.1 Toxicity Mechanisms 

 When evaluating potential chemotherapeutic agents, it is essential to discern the 

mode of toxicity. Specifically, chemotherapeutic agents must induce cell death through the 

induction of apoptosis rather than necrosis (Hannun, 1997; Safavi et al., 2012). Apoptosis 

is a process of programmed cell death when a cell becomes damaged, whereas necrosis 

induces systemic inflammatory responses that produce adverse effects. 

 AgNPs exert toxicity through the intracellular release of silver ions (Ag+), which 

induce oxidative stress through producing reactive oxygen species (ROS) (AshaRani et al., 

2009; Wei et al., 2015). After cellular uptake AgNPs have been found to accumulate in 

lysosomes, which have an acidic environment that oxidizes the surface of the AgNPs and 

leads to the release of Ag+ (Blanco et al., 2017). AgNPs have also been found to accumulate 

within the nucleus and mitochondria, two organelles highly susceptible to Ag+ damage 

(AshaRani et al., 2009; Blanco et al., 2017; Wei et al., 2015). AgNP-mediated ROS 

production primarily causes mitochondrial, nucleus, and cytoskeleton disruptions and 

damage that activates apoptotic pathways (AshaRani et al., 2009; Azizi et al., 2017; Juarez-

Moreno et al., 2017). Additionally, ROS production was found to disrupt the mitochondrial 

respiratory chain that produces ROS, interrupts ATP synthesis, and causes DNA damage.  

More recent studies have identified additional mechanisms of AgNP induced 

apoptosis (Azizi et al., 2017; Bastos et al., 2016; Han et al., 2017; Juarez-Moreno et al., 

2017; Lim et al., 2017; Simard et al., 2016). Han et al. (2017) treated murine embryonic 

carcinoma cells (F9) for 24 hours with 0 – 50 g/ml of 20 nm AgNPs and found that 

exposure led to mitochondrial dysfunction, increasing lactate dehydrogenase leakage, DNA 

fragmentation, increased expression of apoptotic genes (p53, p21, Caspase-3, Caspase-9, 
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Bax) and a decreased expression of anti-apoptotic genes (Bcl-2). Lim et al. (2017) treated 

normal human fibroblasts (IMR-90), human breast adenocarcinoma (MDA-MB-231, 

MCF-7), and human glioblastoma cells (U251, MO59K) with 200 g/ml of AgNPs for 48 

hours. The study found nominal effects in the IMR-90 cell line but in the cancerous cell 

lines identified DNA damage through observed activation of DNA-dependent protein 

kinase and c-Jun N-terminal kinase pathways. Additionally, the study detected the 

induction of -H2AX foci formation, which is indicative of DNA damage. Simard et al. 

(2016) worked with breast cancer cell lines (MCF-7, T-47D) and a normal human epithelial 

cell line (MCF-10A), which were treated with 0-5 g/ml of 2 nm AgNPs and 0-25 g/ml 

of 15 nm AgNPs for 24 hours. This group identified the ability of AgNPs to damage the 

endoplasmic reticulum and activate the unfolded protein response-dependent apoptotic 

pathway. Furthermore, Simard and colleagues (2016) identified normal cells to be more 

resistant to treatment as 40% were entering apoptosis at the highest AgNP concentrations 

compared to the cancerous cell lines that were >80% positive for the apoptotic marker 

(Simard et al., 2016).  

Notably, Lim et al. (2017) briefly evaluated the effects of AgNPs on c-Myc proto-

oncogene expression. AgNP treatment led to increased expression of c-Myc in normal 

tissues in vitro, while cancerous tissues demonstrated a significant reduction in expression 

of the protein. As discussed previously (1.1), MYCN amplification, a NB proto-oncogene, 

is associated with poor prognostic outcomes in NB, and elevated expression, amplification 

or mutation of members of the Myc proto-oncogene family is associated with other cancers. 

Interestingly, high MYCN levels have been found to be driven by high c-Myc expression 

and have been linked to malignant NB occurrences (Westermann et al., 2008). Typically 
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the activation and expression of these genes and related proteins contribute to 

tumorigenesis through promoting cell growth, metastasis, angiogenesis and genomic 

instability (Adhikary & Eilers, 2005; Mestdagh et al., 2009). This study by Lim et al. (2017) 

suggests that AgNP-based therapy may be effective against MYCN-amplified cancers such 

as HR NB by causing a reduction in c-Myc expression. Further investigation into the effects 

of AgNPs on panels of NB cell lines is required, although a substantial portion of HR NB 

is not MYCN amplified, hence, AgNP effects on MYCN may not be relevant to all NB types.  

In summary, the current body of literature regarding AgNPs demonstrates their 

cytotoxic effects through the induction of processes such as oxidative stress, mitochondrial 

damage, DNA damage and fragmentation, cytoskeleton disruption, endoplasmic reticulum 

stress, and the downregulation of c-Myc expression (Azizi et al., 2017; Bastos et al., 2016; 

Han et al., 2017; Juarez-Moreno et al., 2017; Lim et al., 2017; Simard et al., 2016). AgNPs 

have been found to successfully halt the cell cycle and initiate apoptotic pathways, although 

most work does report a small percentage of cell death due to necrosis. However, as no 

significant necrotic cell death events have been recorded, AgNPs exhibit potential as a 

chemotherapeutic agent due to their apoptotic abilities.  

 

1.8.2 Angiogenic Properties 

An additional characteristic of interest is the anti-angiogenic property of AgNPs 

(Gurunathan et al., 2009). Angiogenesis is an essential function in normal conditions, 

although it is exacerbated by cancerous tissues to facilitate rapid growth and metastasis. 

Gurunathan et al. (2009) exposed bovine retinal endothelial cells in vitro to 500 nM of 50 

nm AgNPs for 24 hours and in vivo evaluated five to six-week-old C57BL/6 mice 

subcutaneously injected with Matrigel containing 500 nM of AgNPs for 7 days before 
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being sacrificed. Both in vitro and in vivo testing demonstrated AgNPs effectively inhibited 

VEGF-induced angiogenesis. However in contradiction to the work by Gurunathan et al. 

(2009), Kang et al. (2011) identified angiogenesis and vascular tube formation occurred 

after exposure to PVP-capped AgNPs at a concentration of 0-5 g/ml for 24 hours in vitro 

and in vivo in Matrigel at concentrations 0-10 mg/kg in female C57BL/6 mice between 5-

7 weeks old after 10 days of exposure. However, PVP-capped AgNPs have been found to 

be highly stable (Tejamaya et al., 2012), which may have reduced the surface oxidation and 

Ag+ release of the AgNPs preventing oxidative stress mediated anti-angiogenic properties 

previously described by Gurunathan et al. (2009). Further evaluation of the effects of 

AgNPs on the influence of angiogenesis is required to elucidate whether stable capping 

prevented oxidative stress induced anti-angiogenic properties or whether AgNPs do not 

have anti-angiogenic properties. Since angiogenesis stimulates tumour growth, the role of 

AgNPs in this process must be resolved.  

 

1.8.3 Neuronal Differentiation Properties 

There is evidence to support that AgNPs may have the ability to induce cellular 

differentiation. A study by Dayem et al. (2014) found that the week-long application of 

AgNPs to the NB cell line SH-SY5Y induced neuronal differentiation. The NB cell line is 

a common in vitro model for studying neurogenesis, as they can be maintained in an 

undifferentiated state or be induced to differentiate into neuron-like phenotypes. The study 

evaluated 30 nm AgNPs at concentrations of 0.1-0.4 M and found that week-long 

exposures to low non-toxic concentrations of AgNPs led the SH-SY5Y cells to differentiate 

into neuron-like cells. Differentiation was determined through neurite growth, and 
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increased expression of elongated neurite markers such as Map-2, -tubulin III, 

synaptophysin, neurogenin-1, Gap-43, and Drd-2. The study proposed that neuronal 

differentiation was due to the uptake of silver nanoparticles and subsequent alteration of 

ROS, phosphatases, and kinase signaling pathways. More specifically, they identified the 

phosphorylation of Akt and Erk, and the downregulation of DUSP expressions. Erk 1/2 are 

highly expressed in PNS and CNS neurons, and are involved in neuronal differentiation (Li 

et al., 2006), whereas, Akt is primarily involved in neuronal survival but also neurite 

elongation (Read & Gorman, 2009). Finally, DUSPs dephosphorylate kinase residues and 

inactivate various kinase pathways, including Erk 1/2 (Owens & Keyse, 2007). Therefore, 

the upregulation of Akt and Erk, and downregulation of DUSPs can be indicative of the 

mechanism of neuronal differentiation (Dayem et al., 2014). These findings are consistent 

with studies linking ROS to the activation of kinases and the mediation of neuronal 

differentiation (Dayem et al., 2014; Goldsmit et al., 2001; Katoh et al., 1999).  

Similarly, recent work by Han et al. (2017) evaluated the ability of a 24 hour 

exposure of 20 nm AgNPs at concentrations 0-50 g/ml to induce differentiation of a 

neuronal-like phenotype in murine stem cells in vitro. Biochemical analyses post-AgNP 

treatment identified the presence of differentiation markers (RBP, laminin B1, collagen 

type IV) and a decrease in stem cell markers (Nanog, Oct4, Rex1), in addition to increased 

levels of phosphorylated Akt and Erk. However, these increased phosphorylated protein 

levels were only present at a AgNP concentration of 6 g/ml and not at 12.5 g/ml, which 

may be due to high levels of cytotoxicity at 12.5 g/ml inhibiting differentiation. The work 

of Han et al. (2017) and Dayem et al. (2014) both potentially identify an additional role for 

AgNPs as a differentiating agent.  
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The potential differentiation abilities of AgNPs is important, particularly for NB, as 

isotretinoin (13-cis-retinoic acid) is currently used as a differentiating compound in 

combination with anti-GD2 mAbs, GM-CSF, and IL-2 as a standard post-consolidation 

maintenance treatment (Yu et al., 2010). Isotretinoin was initially evaluated alone in vitro 

and was found to be highly effective at inducing neuronal differentiation of NB cells; 

however, in a prospective randomized study the compound failed to significantly improve 

OS (Matthay et al., 1999; Matthay et al., 2009; Reynolds et al., 2003). Therefore, if AgNPs 

are capable of inducing neuronal differentiation, this characteristic will be useful in 

combination with AgNPs anti-cancer effects, but alone their differentiation abilities are 

unlikely to significantly improve survival rates.  

 

1.8.4 Multidrug Resistance 

 Another significant obstacle faced by systemic administration of chemotherapeutic 

agents is intrinsic or acquired multidrug resistance (MDR), which accounts for 90% of 

cancer chemotherapy failure (Juarez-Moreno et al., 2017; Liu et al., 2012). Often, 

conventional chemotherapies stimulate the development of MDR cancer phenotypes that 

lead to direct and indirect resistance to the chemotherapies (Kovács et al., 2016). Cancer 

MDR phenotypes typically demonstrate a resistance to apoptosis, enhanced activation of 

DNA repair, altered signal transduction pathways, and increased tolerance to oxidative 

stress, with ATP-powered efflux pumps such as P-glycoprotein pumps (Pgp, MDR1, 

ABCB1) being the primary mediators of MDR (Juarez-Moreno et al., 2017; Liu et al., 

2012).  

 Minimal work has been conducted evaluating the effects of AgNPs on MDR; 

however, two studies by Liu et al. (2012) and Kovács et al. (2016) have found significant 
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cytotoxicity of AgNP-treated MDR cancer cell lines. Liu et al. (2012) evaluated a highly 

drug resistant malignant melanoma (B16) cell line in vitro and found AgNPs functionalized 

with TAT (a non-toxic cell penetrating peptide) significantly inhibited MDR and tumour 

cell proliferation as the modified AgNPs were able to overcome the drug efflux pumps 

responsible for the drug resistance of the cells. The efficacy of TAT-modified AgNPs were 

assessed against doxorubicin in vivo in female nude mice aged six-eight weeks and 

subcutaneously implanted with B16 cells. The mice were treated with 0.5-1.0 nmol/kg 

AgNP and TAT-modified AgNPs and 2.6-4.3 mol/kg of doxorubicin for 10 days. Mice 

treated with AgNPs alone did not have a substantial decrease in tumour size, however, mice 

treated with TAT-modified AgNPs had similar reductions in tumour size as mice treated 

with doxorubicin. Furthermore, mice treated with doxorubicin experience severe systemic 

toxicities such as weight decline, monocyte death, inflammatory cell infiltration, and spleen 

death. Yet, TAT-modified AgNP treated mice did not experience similar systemic toxicities 

and gained weight over the course of the treatment, highlighting the ability of TAT-

modified AgNPs to effectively overcome drug resistant cell lines and have nominal 

systemic toxicities compared to traditional chemotherapeutic drugs.  

 More recent work by Kovács et al. (2016) demonstrated similar AgNP cytotoxicity 

in vitro towards a Pgp MDR-overexpressing cell line (Colo 320). Cells were treated with 

0-100 M citrate-coated AgNPs for 24 hours, which induced significant apoptosis in both 

the drug sensitive and MDR cell lines. Furthermore, AgNPs inhibited the efflux activity of 

the drug-resistant cells, in addition to downregulating the mRNA levels and protein 

expression of Pgp. Additionally, the ability of AgNPs to work synergistically with 

chemotherapeutic agents to effectively induce cell death was observed. However, it will be 



 36 

important to determine whether this synergistic effect also occurs in vivo, and to evaluate 

any systemic toxicities associated with the combination treatment.  

 

1.8.5 Chronic Systemic Toxicities and Adverse Effects 

Due to the proliferation of research targeted towards elucidating AgNPs anti-cancer 

abilities, it is now thought that AgNPs have significant merit as a chemotherapeutic agent. 

Consistently, AgNPs have demonstrated a selective anti-cancer effect, with normal cells 

having reduced rates of apoptosis and reductions in viability comparatively in the cancer 

models studied in vitro and in vivo. However, most literature has focused on acute in vitro 

studies, with a limited number of in vivo studies, particularly with regard to chronic 

exposures and comprehensive analyses on the effects on healthy tissues. However, within 

this limited pool of chronic in vivo studies there is evidence to suggest administration of 

AgNPs lead to some minimal systemic toxicities.   

A study by Sriram et al. (2010) evaluated the effects of 50 nm AgNP treatment at a 

concentration of 500 nM in vivo against Swiss albino mice inoculated with Dalton’s 

lymphoma ascites. AgNP tumour-induced treated mice were observed to have inhibited 

tumour proliferation and a 78% increase in life span in comparison to non-treated tumour-

induced mice. Healthy mice were also treated with AgNPs as a control, which were 

sacrificed after 50 days and maintained 100% survival in addition to maintaining similar 

weight gain and hematological parameters as healthy non-treated mice, indicating AgNPs 

were not exerting systemic toxicities in healthy animals.  

A similar study evaluated the effects of AgNPs in vivo against Dalton’s ascites 

lymphoma in male Swiss albino mice in adult stages by treating tumour-induced mice with 

50 g/ml of 3-35 nm AgNPs for 11 days (Antony et al., 2013). This study found AgNPs to 
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have a reparative effect on mice as antioxidant enzyme expression, liver function and liver 

architecture were found to improve upon AgNP treatment compared to non-treated tumour-

induced mice. Additionally, kidney and hematological parameters were comparable to 

those of healthy mice (Antony et al., 2013). Therefore, the in vivo work by Sriram et al. 

(2010) and Antony et al. (2013) supports AgNPs do not have similar systemic toxicities to 

that of traditional chemotherapeutics like doxorubicin and have a selective anticancer 

efficacy.  

 An earlier study by Kim et al. (2008) evaluated 30-1000 mg/kg treatment of AgNPs 

on healthy mice for 28 days. Both female and male Sprague-Dawley rats were used and 

orally exposed to AgNPs with an average size of 60 nm. Overall, no distinct effects were 

observed in the mice during the exposure period, which is consistent with the findings of 

the study by Sriram et al. (2010). No changes in organ-weights were observed, although 

the study did identify AgNP distribution within tissues that increased in a dose-dependent 

manner. Specifically, AgNPs were found to accumulate in the blood, stomach, brain, liver, 

kidneys, lungs, and testes. Although AgNPs were accumulating in various tissues, no 

serious toxic effects were identified except for minor liver toxicity and a coagulation effect 

on peripheral blood.  

Comparably, Korani et al. (2013) evaluated guinea pigs for 13 weeks post dermal 

exposure to AgNPs concentrations of 100, 1000, 10000 g/ml. Prior to animal sacrifice and 

histological analyses of tissues, all animals survived, maintained healthy body weight, and 

showed no clinical signs of toxicity. However, histologically AgNPs accumulated in a 

dose-dependent manner and were found to accumulate in healthy tissues as follows; 

kidney>muscle>bone>skin>liver>heart>spleen. Additional work is required to elucidate 
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any late-effects associated with the histopathological toxicities identified in these studies 

(Kim et al., 2008; Korani et al., 2013); however, overall systemic accumulation associated 

with chronic AgNP exposure has not resulted in mortalities, or decreases in weight.  

  The first study evaluating the effects of intravenously administered AgNPs in vivo 

by Jong et al. (2013) identified immunological effects of AgNPs as increases in IgM, IgE 

and changes in cytokine profiles were observed. Rats were intravenously exposed to either 

20 nm or 100 nm AgNPs for 28 days at concentrations of 0.0082, 0.025, 0.074, 0.22, 0.67, 

2, and 6 mg/kg. Similar to the studies previously discussed, most treatment groups did not 

have a significant decline in body weight even with daily administration of AgNPs, while 

the 6 mg/kg treatment group only achieved a body weight increase of 66% in comparison 

to the control. Additionally, at this concentration the spleen, thymus and liver were all 

found to be increased in weight. No major inflammatory responses were observed except 

for an increase in neutrophilic granulocytes in the blood and suppressing of NK cells in the 

spleen. Indicating AgNPs at these high intravenous doses impact the immune system. 

Further work will be required to profile in vivo AgNP immunological effects.  

  

1.9 Conclusions 

 HR NB retains one of the highest pediatric oncology mortality rates,  demonstrating 

survival rates <50%, despite implementation of intense multimodal treatments (Hansford 

et al., 2007; Keshelava, et al., 1998; Maris, 2010). If HR NB patients do enter remission, 

and subsequently relapse, survival rates become abysmal (~0%). The low survival rates of 

relapsed HR NB patients are hypothesized to be attributed to drug-resistant cells that persist 

after aggressive treatment and that subsequently induce death due to bone marrow and CNS 

metastatic disease. Additionally, surviving HR NB patients, often experience severe late 
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effects due to aggressive treatments, emphasizing the necessity to discover novel treatments 

not only for the improvement of survival rates but also to reduce these treatment related 

toxicities and late effects.  

 NB highly expresses a surface glycoprotein, GD2, which has been established as an 

effective tumour-associated antigen (Gray & Kohler, 2009). GD2 is currently targeted with 

chimeric anti-GD2 mAbs (ch14.18) as an approved HR immunotherapy, although its 

administration is associated with extensive peripheral pain. This therapy is consistently 

administered to HR NB patients as part of a post-consolidation/maintenance treatment, 

nevertheless survival rates remain low. Yet, GD2’s high expression and the existence of 

anti-GD2 mAbs approved for clinical use provide an ideal opportunity for the development 

of a NB-targeted ADC. Interestingly, no GD2 NB-targeted ADCs are currently in clinical 

trials, nor has substantial research developed or evaluated NB targeted ADCs.  

Current literature highlights the significant potential of AgNPs as a 

chemotherapeutic agent, as this cytotoxic agent preferentially accumulates in cancerous 

tissues, effectively induces apoptosis, and has demonstrated an ability to overcome MDR 

(Kovács et al., 2016; J. Liu et al., 2012), while demonstrating reduced toxicity towards 

normal cells (Azizi et al., 2017; Bastos et al., 2016; Han et al., 2017; Juarez-Moreno et al., 

2017; Lim et al., 2017; Simard et al., 2016). Additionally, AgNPs were shown to 

downregulate the expression of c-Myc in a cancerous cell line in vitro, and as MYCN 

amplification is a significant contributor to HR NB, AgNPs may be effective for this HR 

NB population. Although AgNPs have exhibited efficacy as a chemotherapeutic agent 

towards numerous cancer types, they have not been comprehensively evaluated as a 

cytotoxic agent for NB. However, they have been assessed as a potential differentiating 

agent for NB, and were shown to induce neuronal differentiation of the SH-SY5Y cell line 
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(Dayem et al., 2014). Therefore, existing evidence highlights the ideal characteristics of 

AgNPs as a chemotherapeutic agent, yet due to their wide variations in efficacy they must 

be evaluated against multiple NB cell lines in culture and in preclinical models. To enhance 

targeting of AgNPs to NB cells, ADCs comprised of AgNPs and anti-GD2 mAbs may be 

an ideal potential treatment.  

 

1.10 Objectives 

 The primary objective of this thesis was to evaluate the efficacy and toxicity of 

AgNPs against NB in vitro. Post AgNP evaluation, the secondary objective was to evaluate 

the toxicity of anti-GD2-AgNP ADCs against three NB cell lines and a GD2-negative cell 

line in vitro. The third objective was to evaluate AgNP toxicity mechanisms in vitro.  
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CHAPTER 2 

 Materials and Methods 

 

2.1 Cell Culture. All neuroblastoma (LAN-5, SH-EP, and SK-N-SH) and human 

embryonic kidney (HEK293) cell lines were a generous gift from Dr. David Kaplan, 

Hospital for Sick Children, Toronto, ON. LAN-5 cells were derived from a MYCN 

amplified NB tumour; SK-N-SH cells were derived from the bone marrow of a female 4 

year old NB patient; SHEP cells were derived from the SK-N-SH cell line; HEK293 cells 

were derived from healthy embryonic kidney cells and immortalized with adenovirus 

regions E1A and E1B to suppress normal p53 function. All cell lines were maintained in 

RPMI 1640 (Gibco, Life Technologies, Burlington, ON) supplemented with 10% fetal 

bovine-serum (FBS, Gibco, Life Technologies, Burlington, ON), 1% penicillin-

streptomycin and L-glutamine (Gibco, Life Technologies, Burlington, ON). Cells were 

maintained at 37C with 5% CO2.  

 

2.2 Nanoparticle Preparation. Stock solutions of 40 nm non-coated AgNPs suspended in 

2 mM citrate (0.02 mg/ml) (Cytodiagnostics, Burlington, Canada) were centrifuged at 3500 

rpm for 35 minutes and re-suspended in an equal volume of sterile distilled water. AgNP 

and sterile distilled water suspensions were sonicated at 60V for 30 seconds to mediate 

aggregation. 

 

2.3 Immunofluorescence. Cell lines were grown in 6-well plates on glass coverslips. Cells 

were grown to 80% confluency and were washed with phosphate buffered saline (PBS) 
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(Gibco, Life Technologies, Burlington, ON) and fixed with 3.7% paraformaldehyde 

(Sigma-Aldrich, Oakville, ON) for 10 minutes at room temperature (RT). Cells were 

washed and blocked with 0.5% bovine serum albumin (BSA) (Sigma-Aldrich, Oakville, 

ON) in PBS for 2 hours. After blocking cells were washed and incubated with 100 L of 

anti-GD2 mAb 14.G2a (BD Biosciences, Mississauga, ON) (9 g/ml) for 1 hour at RT. 

Cells were washed and incubated with FITC labeled anti-mouse IgG (Jackson 

ImmunoResearch, West Grove, PA) (1:100) for 1 hour at RT. Finally, cells were mounted 

in VECTASHIELD mounting media with DAPI (Vector Laboratories, Burlington, ON). 

Slides were analyzed using an EPI fluorescent microscope Leica DM IRE2 (Leica, 

Concord, ON). Images were assembled using Adobe Photoshop CS4.  

 

2.4 Anti-GD2-AgNP Conjugation and Antibody Quantification. NHS-activated silver 

nanoparticle (40 nm) conjugation kits were purchased from Cytodiagnostics (Burlington, 

ON). As described in the protocol, reagents were warmed to RT. Anti-GD2 mAb 14.G2a 

(BD Biosciences, Mississauga, ON) was diluted with protein re-suspension buffer to a 

concentration of 0.5 mg/ml. Then 60 L of reaction buffer and 48 L of diluted antibody 

were combined, and 90 L of the new solution was transferred to the lyophilized NHS-

activated AgNPs and mixed well. The solution was incubated on a rotating plate at RT for 

2 hours. After the 2 hour reaction time, 10 L of quencher solution was added to stop the 

reaction. The solution was transferred to a 1.5 mL centrifuge tube (VWR, Eppendorf), as 

these tubes have minimal plasticizer, preventing nanoparticles from adhering to the side of 

the tube during centrifugation. The solution was centrifuged (Sorvall Legend Micro 17) for 

3000 x g for 30 minutes. Supernatant and unbound protein were removed and pelleted anti-
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GD2-AgNP ADCs were re-suspended in 100 L of PBS, 1% BSA and centrifuged at 3000 

x g for 30 minutes. The concentration of conjugated antibody was then determined using 

absorbance at 280 nm and compared to a standard curve and the concentration of AgNPs 

was measured using absorbance at 405-425 nm and compared to a standard curve (M3 Plate 

Reader, Molecular Devices, Sunnyvale, CA). Once concentrations were evaluated by 

absorbance, a 14.G2a:AgNP ratio was determined.  

 

2.5 ADC Preparation. Post conjugation anti-GD2-AgNP ADCs were diluted in full media 

to 14.G2a:AgNP (g/ml) ratios as follows: 0.06:1.0, 0.16:2.5, 0.33:5.0, 0.50:7.5, 0.66:10.0. 

Freshly prepared ADCs were immediately placed on cells.  

 

2.6 Cytomorphology Changes. Cells were exposed to 0, 1, 2, 4, 6, 8, 10 g/ml of AgNPs 

and 0.06:1.0, 0.165:2.5, 0.33:5.0, 0.50:7.5, 0.66:10.0 (14.G2a:AgNP) g/ml of 14.G2a-

AgNP ADCs for 96 hours. Cells were observed under an inverted light microscope (EVOS 

FL Cell Imaging System) to detect morphology changes and cell detachment at 0, 24, 48, 

72, and 96 hours. Cells were observed during all treatments and the morphology changes 

provided here are representative of the responses of the entire cellular population.  

 

2.7 Metabolic Activity Assay. Cellular metabolic activity was determined by the 

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

Vybrant  MTT cell proliferation assay (Life Technologies, Burlington, ON). Cells were 

seeded in 96-well plates at a density of 104/well and allowed to attach for 24 hours. Cells 

were exposed to 0, 1, 2, 4, 6, 8, 10 g/ml of AgNPs and 0.06:1.0, 0.16:2.5, 0.33:5.0, 
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0.50:7.5, 0.66:10.0 (14.G2a:AgNP) g/ml of 14.G2a-AgNP ADCs for 96 hours. At the end 

of the treatments, media was removed and 10 L of MTT reagent (12mM) and 100 L of 

fresh media (12mM) were added to each well and allowed to incubate at 37C for 4 hours. 

After 4 hours, 85 L of media was removed from each well and 50 L of DMSO (Sigma-

Aldrich, Oakville, ON) was added to each well, mixed thoroughly, and allowed to incubate 

at 37C for 10 minutes. Samples were then mixed well and absorbance was read on a 

microplate reader (M3 Plate Reader, Molecular Devices, Sunnyvale, CA) at 540 nm. All 

assays were performed 4 times with 3 repetitions of each concentration. 

 

2.8 Trypan Blue Exclusion Assay. Cellular viability was determined using trypan blue 

solution (0.4%). Cells were seeded in 6 well plates at a density of 105/well, allowed to 

attach for 24 hours and after 24 hours were exposed to 0, 1, 2, 4, 6, 8, 10 g/ml of AgNPs 

for 96 hours. Cells were collected at 0 and 96 hours. To ensure all adherent and detached 

cells were collected to obtain accurate cell counts and cell viability, the entire volume of 

old media of each well was collected. Subsequently, the cells were gently scraped off the 

well and media was used to wash the wells to collect any remaining cells. The cells and old 

media were suspended in the same volume of media and this was considered during the 

calculations. The cell suspension was mixed with trypan blue solution at a 1:1 ratio and 

placed on a hemocytometer, cells stained blue were considered dead. The cell viability of 

each cell line was calculated through comparing the number of dead cells to the total 

number of cells in that sample and finally treated cells were compared to the untreated 

control to calculate any changes in cell viability. The proportion of viable cells was 

determined using the following calculation V=1-D/A; V = proportion of viable cells; D = 
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number of dead cells; A = total number of cells in sample. To define the proportion of 

viable cells as a percentage of the untreated control the following calculation was used: 

(Vt/Vu)*100; Vt = viability of treated cells; Vu = viability of untreated cells. All assays 

were performed 4 times with 3 repetitions of each concentration.  

 

2.9 Statistical Analysis. All graphs were created using GraphPad Prism 6 (GraphPad 

Software Incorporated, La Jolla, CA, USA). These results were presented as mean ± 

standard error. MTT and cell viability data were analyzed using a two-way ANOVA to 

determine whether the interactions were significant and then Dunnett’s multiple 

comparison tests were performed to determine specific significant relationships between 

the NB cell lines and the control cell line. Differences were considered significant when 

p<0.05.  
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CHAPTER 3 

 

Results 

 

3.1 Effect of AgNPs on metabolic function and cellular morphology 

 

 To determine the effect of AgNPs on NB metabolic function, SK-N-SH, LAN-5, 

SH-EP and HEK293 (GD2 negative) cells were incubated with increasing nanoparticle 

concentrations and assessed via MTT (3-(4,5-dimethylthiazol-2-l)-2,5-diphenyltetrazolium 

bromide) assay after 96 hours. Additionally, morphological changes were analyzed to 

compliment MTT data and to more thoroughly ascertain cellular responses to AgNP 

treatment (Azizi et al., 2017; Lay et al., 2014; Morris et al., 1986). The GD2-negative 

HEK293 control cell line maintained metabolic function  80% of the untreated control at 

all concentrations (Fig. 1). At 10 g/ml of AgNPs, metabolic activity was reduced by 

approximately 25% compared to the control, indicating metabolic inhibitory effects of 

AgNPs at high concentrations, however, this reduction was not significant. Overall the data 

suggests AgNPs did not have an inhibitory effect on the metabolic function of the GD2-

negative HEK293 cells. In agreement with the MTT data, the microscopic data suggests 

AgNPs did not affect the HEK293 cells, except at 10 g/ml as cells underwent rounding 

and shrinking particularly after 72 and 96 hours of AgNP treatment (Fig. 2).  

 AgNPs inhibited the metabolic function of the NB SK-N-SH cells with reductions 

in metabolic function and the significance of the relationship increasing as concentrations 

of AgNPs increased (1 g/ml (p0.01) – 10 g/ml (p0.0001)) (Fig. 1). Cells treated with 

4 g/ml of AgNPs had a 70% reduction in metabolic function, which was significant 

(p0.0001). In agreement with the MTT data, morphological microscopy data supports 
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after 72 hours of treatment AgNP concentrations  1 g/ml led to cell rounding and 

shrinking, indicating a reduction in the health of the cellular population (Fig. 3).  

 The metabolic function of the LAN-5 NB cell line decreased as concentrations of 

AgNPs increased, demonstrating a dose-dependent relationship that became statistically 

significant at 1 g/ml (p  0.05) (Fig. 1). Metabolic activity was most significantly reduced 

at AgNP concentrations of 10 g/ml (p  0.0001) to approximately 10% of the untreated 

control. Morphological observations confirm a reduction in cell health after 72 hours of 

AgNP treatment at the highest concentrations tested,  8 g/ml, as cells underwent cell 

rounding and shrinking (Fig. 4). After 96 hours, cells treated with  6 g/ml were observed 

to round and shrink in a similar manner, supporting AgNPs have a time-dependent toxicity 

effect.  

 The SH-EP NB cell line had an extensive response to AgNP treatment as metabolic 

function of cells treated with 1 g/ml of AgNPs (p  0.0001) were reduced to 25% of the 

untreated control with similar reductions in function observed in cells treated with 2 g/ml 

of AgNPs (p  0.0001) (Fig. 1). However, cells treated with  6 g/ml of AgNPs had the 

most significant responses (p  0.0001) as metabolic function of all three treatment groups 

was reduced to approximately 15% of the untreated control. Morphology observations of 

the SH-EP cell line during AgNP treatment confirmed a reduction in the health of the 

cellular population as exhibited by cell rounding and shrinking at concentrations  4 g/ml, 

with prominence of these morphological alterations increasing as concentrations increased 

(Fig. 5).  
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3.2 AgNPs do not significantly reduce cell viability in LAN-5 and HEK293 cell lines   

 To establish the whether AgNPs were reducing cell viability, LAN-5 and HEK293 

cell lines were treated with increasing concentrations of AgNPs for 96 hours and cell 

viability was assessed using trypan blue exclusion tests (Fig. 6). This test identifies the 

number of viable cells through the exclusion of trypan blue dye whereas dead cells cannot 

exclude the dye. Overall, the results obtained through trypan blue exclusion tests indicated 

that AgNP treatment did not cause significant decreases in cell viability in either cell line. 

Although, LAN-5 cells treated with the highest concentration of AgNPs (10 g/ml) had a 

60% decline in viability, however, this reduction was not significant.  

 

3.3 GD2 expression variation between neuroblastoma cell lines 

 Having established AgNPs preferentially exert toxicity towards SK-N-SH, LAN-5, 

and SH-EP NB cells, with no inhibitory effects on the non-NB HEK293 cell line, except at 

10 g/ml, relative levels of GD2 expression were identified to explore the potential efficacy 

of an anti-GD2-AgNP ADC, which was predicted to preferentially enhance NB 

cytotoxicity. To determine the relative levels of GD2 expression, the three different NB 

cell lines (SK-N-SH, LAN-5, SH-EP) and the GD2-negative non-NB control (HEK293) 

were treated with anti-GD2 mAb, 14.G2a, and an anti-murine FITC secondary antibody 

were  observed with an epifluorescent microscope. Immunofluorescent results indicate that 

the GD2-negative non-NB control cell line, HEK293, does not express GD2 (Fig. 7). 

Relative visual GD2 expression levels of neuroblastoma cell lines were as follows: LAN-

5 > SH-EP > SK-N-SH. Notably, within all three of the NB cell lines, individual cells that 

did express GD2 had a high level of expression. 
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3.4 Effect of 14.G2a-AgNP ADCs on metabolic function and cellular morphology 

To assess the cytotoxicity effects of 14.G2a-AgNP ADCs against NB SK-N-SH, 

LAN-5, SH-EP and GD2-negative non-NB HEK293 cell lines, cells were incubated with 

increasing ADC concentrations and assessed for changes in cellular metabolic function 

using MTT assays after 96 hours. Concentrations of AgNP-conjugated anti-GD2 mAb, 

14.G2a, were determined as previously discussed in section 2.8. On average, for every 15 

g/ml of AgNPs, 1 g/ml of 14.G2a was conjugated, producing a 14.G2a:AgNP 

conjugation ratio of 1:15. All cell lines were treated with reduced conjugation ratios of 

0.06:1.0, 0.16:2.5, 0.33:5.0, 0.50:7.5, 0.66:10.0 (14.G2a:AgNP) g/ml for 96 hours. To 

indirectly elucidate the toxicity effect on the cells, cytomorphological changes of the LAN-

5 NB cell line were observed using an inverted microscope and photos were taken every 

24 hours for 96 hours. 

Metabolic assays and morphology examinations indicated, the treated GD2-

negative non-NB HEK293 cells maintained metabolic function at levels  80% of the 

untreated control (0 g/ml) at all test concentrations and were not significantly affected by 

the ADC (Fig. 8). Particularly, cells treated with the highest ADC concentration of 

0.66:10.0 g/ml (14.G2a:AgNP) had increased metabolic function to levels greater than 

the untreated control. Therefore, lack of HEK293 metabolic decline is indicative of a 

resistance to the ADC.  

Metabolic activity of the SK-N-SH cell line was reduced to <50% of the untreated 

control (0 g/ml) at all tested ADC concentrations (Fig.8). The 14.G2a-AgNP ADC had a 

significant inhibitory effect on the metabolic activity of this NB cell line at the lowest 
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concentration tested, 0.06:1.0 g/ml (14.G2a:AgNP) (p0.05). With the inhibitory effect 

of the ADC on cellular metabolic activity increasing with increasing ADC concentrations 

such that cells treated with 0.66:10.0 g/ml (14.G2a-AgNP) had a more significant 

metabolic response (p0.01) as cells were functioning at approximately 40% of the SK-N-

SH untreated control.  

The ADC inhibited the metabolic activity of the LAN-5 NB cell line to <50% at all 

tested concentrations and the relationship became significant (p0.05) at the second lowest 

14.G2a:AgNP conjugation ratio, 0.16:2.5 g/ml (Fig. 8). Cells treated with AgNP 

concentrations  0.165:2.5 g/ml (14.G2a:AgNP) resulted in more significant reductions 

in metabolic activity (p0.01) in comparison to the untreated control. No dose response 

was observed as all ADC concentrations reduced cellular metabolic function to similar 

levels between 25-35%. The complementary morphological microscopy data supports the 

reductions in metabolic function, as cells treated with 0.16:2.5 g/ml (14.G2a:AgNP) had 

undergone cell shrinking and rounding (Fig. 9). The severity of these observed effects 

increased as concentrations increased, resulting in 100% detached, shrunk, and rounded 

cells at all higher concentrations.       

 The ADC reduced the metabolic activity of the SH-EP NB cell line to <45% of the 

untreated control at all tested concentrations and the relationship became significant 

(p0.05) at a concentration 0.06:1.0 g/ml (14.G2a:AgNP) (Fig. 8). Metabolic levels were 

most significantly (p0.01) reduced at the three highest concentrations  0.33:5.0 g/ml to 

approximately 20-25% of the untreated control.  
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Figure 1. Metabolic activity investigation of AgNPs in neuroblastoma and GD2 

negative cells. Cells were treated with 0-10 g/ml of AgNPs for 96 hours. Values represent 

± SEM, expressed as percent of control; n=3-4. Neuroblastoma metabolic activity was 

compared to the untreated controls by two-way ANOVA and post-hoc Dunnett’s multiple 

comparison test. All values are the metabolic function of treated cells compared to non-

treated negative controls, which were normalized to represent 100% metabolic function. 

*p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001. 
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Figure 6. Cell viability analysis of AgNP treatment. LAN-5 and HEK293 cells were 

exposed to concentrations of 1-10 g/ml AgNPs for 96 hours and cell viability was assessed 

using trypan blue. Values represent ± SEM expressed as percent of control; n=3-4. All 

values represent the cellular viability of treated cells compared to non-treated negative 

controls, which were normalized to represent 100% cell viability. 
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Figure 7. GD2 expression in neuroblastoma and control cell lines. GD2 expression in 

(A) LAN-5, (B) SH-EP, (C) SK-N-SH, (D) HEK293 cell lines were analyzed by 

immunofluorescence after staining with 14.G2a anti-human mouse primary mAb (7 µg/ml) 

and an anti-murine FITC secondary antibody (1:100). Fluorescence was evaluated with an 

epifluorescence microscope (blue fluorescence DAPI, green fluorescence 14.G2a), 40x oil. 

Images are representative of entire cellular population.   
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Figure 8. Metabolic activity investigation of 14.G2a-AgNP ADCs in neuroblastoma 

and GD2 negative cells. Cells were treated with increasing concentrations of 14.G2a-

AgNP ADCs for 96 hours. Metabolic activity ± SEM, expressed as percent of control; n=2. 

Neuroblastoma metabolic activity was compared to the untreated control by two-way 

ANOVA and post-hoc Dunnett’s multiple comparison test. All values are the metabolic 

function of treated cells compared to non-treated negative controls, which were normalized 

to represent 100% metabolic function. *p≤0.05; **p≤0.01. Ratio’s represent concentrations 

of 14.G2a:AgNP (g/ml).  
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CHAPTER 4 

Discussion and Conclusions 

4.1 Efficacy of AgNPs against neuroblastoma 

 This study was the first to comprehensively investigate the anti-NB effects of 

AgNPs in vitro. Here the results indicate AgNPs had a significant cytotoxic effect towards 

NB cells (SK-N-SH, LAN-5, SH-EP) yet did not have a significant cytotoxic effect on the 

GD2-negative non-NB cell line (HEK293) (Fig. 1). Cytotoxicity was observed in the NB 

cell lines treated with AgNPs through a reduction in cell health as evidenced by inhibition 

in metabolic function (Fig. 1) and indicative morphological alterations (Fig. 2-5), although 

no significant loss of viability was found as evidenced by trypan blue staining (Fig. 6). This 

study supports previous work that has established the ability of AgNPs to induce 

cytotoxicity in cancerous cells (AshaRani et al., 2009; Azizi et al., 2017; Bastos et al., 2016; 

Blanco et al., 2017; Coccini et al., 2014; Foldbjerg et al., 2011; Juarez-Moreno et al., 2017; 

Kovács, Szoke, et al., 2016; Lim et al., 2017; Liu et al., 2012; Reshi et al., 2016; Simard et 

al., 2016).  

MTT assays are a colorimetric assay that is widely used to assess drug toxicity 

through assessing changes in cellular metabolic function (Berridge & Tan, 1993; Datki et 

al., 2003; Liu et al., 1997). The assay is able to provide a preliminary understanding of drug 

toxicity through applying the MTT compound, which subsequently enters cells via 

endocytosis and is reduced to formazan by NADH-dependent and NADPH-dependent 

mechanisms along the electron transport chain intramitochondrially, although MTT 

reduction has been found to occur predominantly extramitochondrially (Berridge & Tan, 

1993). Therefore, MTT assays assess cellular metabolic function and can be used as an 

indirect indicator of toxicity as reductions in metabolic activity can be suggestive of a loss 
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of viable cells, a shift into cell cycle arrest or that cells have undergone differentiation, with 

the exception of neurons which maintain high metabolic function once differentiated 

(Agostini et al., 2016; Datki et al., 2003). If cellular metabolism is unaffected a high MTT 

reduction and formazan production is expected, indicating cells are healthy and if cells are 

unhealthy or lack metabolic function, MTT will be less effectively reduced and less 

formazan will be produced. MTT assays are limited by the inability to distinguish the exact 

mechanism reducing metabolism and can only provide a preliminary assessment before 

specific evaluations must be elicited, hence, MTT assays were used in this study to 

preliminarily assess the toxicity of AgNPs against NB and GD2-negative non-NB cell lines. 

Variations in metabolic reductions were observed between cell lines as HEK293 

cells did not have a significant reduction at any AgNP concentrations and rounded and 

shrunken cells were only observed at the highest concentration, 10 g/ml (Fig.1). HEK293 

cells were derived from a healthy cell type yet demonstrate malignant and tumorigenic 

properties as the cell line was immortalized with adenovirus regions E1A and E1B that 

suppress normal p53 and retinoblastoma protein (pRB) functioning, allowing the cells to 

evade senescence and proliferate continuously unlike normal or healthy cells that would 

have a limited number of passages (Hickman, Moroni, & Helin, 2002; Stepanenko & 

Dmitrenko, 2015). Since these cells evade normal p53 and pRB functions, which are 

essential pathways in normal cell proliferation and apoptosis functioning, HEK293 cells 

have tendencies to develop tumorigenic properties as they have been found to form colonies 

in soft agar and develop tumours in mice (Hickman et al., 2002; Sakakura et al., 2014; 

Stepanenko & Dmitrenko, 2015). Interestingly, inactivation of p53 or a loss of function 

mutation of this nuclear receptor has been found to display chemo-resistant phenotypes, 
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which could explain the cell line’s resistance to AgNPs (Ozaki & Nakagawara, 2011). 

However, AgNPs have shown the ability to overcome various drug-resistant cell lines in 

vitro making the HEK293 cell line’s resistance to AgNPs interesting and something that 

must be further explored to fully understand the mechanism driving the lack of metabolic 

inhibition observed upon AgNP treatment (Kovács et al., 2016; Liu et al., 2012).  

These variations in toxicity allude to a cell proliferation dependent cytotoxicity 

mechanism, particularly as recent work by Azizi et al. (2017) identified AgNP toxicity 

differences between cell types based on whether the cell was cancerous or normal, and 

within cancerous cells identified toxicity differences based on proliferation rates and the 

aggressiveness of the cell line. They identified an aggressive breast cancer cell line (MDA-

MB-231) to have an LD50 value of 7 M of AgNPs, whereas a less aggressive breast cancer 

cell line (MCF-7) had a LD50 of 21 M and normal breast (MCF-10A) and white blood 

cells (WBC) had a LD50 of 74 M and 76 M, respectively (Azizi et al., 2017). 

Consequently, this may provide an explanation as to why the three NB cell lines had a 

significant response to AgNP treatment and were more susceptible to the treatment than 

the HEK293 cell line.   

Yet, of the three NB cell lines assessed the LAN-5 cell line is considered to be the 

most aggressive as it contains MYCN amplification, an attribute associated with poor 

prognostic outcomes and HR NB (Raffaghello et al., 2005), whereas SK-N-SH and SH-EP 

are less aggressive as they are MYCN single copy cell lines, which is an attribute normally 

associated with LR NB (Craig et al., 2016; Li & Kretzner, 2003). This does not explain 

why the SH-EP cell line was more susceptible to AgNP treatment than the other NB cell 

lines. However, the SH-EP cell line exhibited a greater proliferation rate than both the 
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LAN-5 and SK-N-SH cell lines (data not shown), which could explain the increased 

sensitivity of the cell line as demonstrated by Azizi et al. (2017). Therefore, it will be 

imperative for future work evaluating AgNP cytotoxicity to assess the proliferative rate of 

the cell lines to understand AgNP treatment responses and identify cell proliferation 

dependent cytotoxicity.  

Investigation into the effects of AgNPs on cellular metabolic function indicated 

AgNPs were causing cytotoxicity and reducing metabolic function however, this analysis 

did not determine the mechanism responsible for the decline in metabolism. Therefore, cell 

viability was assessed through trypan blue dye (Fig. 6) and morphology changes were 

observed (Fig. 2-5). Cell viability assessments of the HEK293 and LAN-5 cell lines 

determined that AgNP treatment was not successful in reducing the viability of either cell 

line, indicating that the reductions in metabolic activity were not associated with cell death. 

In support of the microscopic evidence collected, observations indicated cells were not 

undergoing necrosis or apoptosis however, prominent rounded and shrunken cells in all 

three NB cell lines at AgNP concentrations  6 g/ml revealed AgNPs were reducing 

cellular health and potentially inducing cell cycle arrest. Notably, cells undergoing 

apoptosis can appear rounded or shrunk as can cells with reduced health (Elmore, 2007); 

therefore, without definitive identification of the mechanism inducing these morphology 

changes, assumption regarding the induction of apoptosis cannot be established. These 

results are similar to recent work that has investigated the effects of AgNPs on the cell 

cycle and have identified AgNP treatment causes cells to enter cell cycle arrest (phase G0) 

before undergoing apoptosis (Kovács et al., 2016; Simard et al., 2016). Therefore, future 

investigations into the effects of AgNPs against NB are encouraged to utilize flow-
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cytometry techniques, such as propidium iodine staining, to determine if the decline in 

metabolic function was the result of AgNP induced cell cycle arrest.  

 

4.2 Efficacy of 14.G2a-AgNP ADCs against neuroblastoma 

This is the first study to evaluate GD2-targeted AgNPs as an ADC for the treatment 

of NB. The initial investigations into AgNP treatment against NB performed here supports 

that AgNPs successfully reduced NB metabolic function and health, and led the cells to 

enter cell cycle arrest, prompting their use as a cytotoxic agent in a GD2 targeted ADC. 

Prior to ADC treatment, GD2 expression was evaluated to confirm levels were in line with 

those previously reported (Fig. 7). These results are comparable to previously reported GD2 

expression levels as LAN-5 cells were reported to have high expression (Kailayangiri et 

al., 2012), SH-EPs had moderate expression (Brown et al., 2014), and SK-N-SH had low 

expression (Esser et al., 2012), while HEK293 cells were reported to have minimal to no 

GD2 expression (Tivnan et al., 2012). GD2 expression was confirmed prior to ADC 

treatment to account for any differences in toxicity responses that may be associated with 

differences in GD2 expression levels as the anti-GD2 mAb, 14.G2a, has previously 

demonstrated facilitated ADC uptake (Tivnan et al., 2012) and activated ADCC (Barker et 

al., 1991).  

Initial metabolic assessments indicate that 14.G2a-AgNP ADCs had a significant 

inhibitory effect on all NB cell lines as function was reduced to  45% of untreated controls 

at all ADC concentrations (Fig. 8) with microscopic evidence for the LAN-5 cell line 

indicating a reduction in cell health and potential cell cycle arrest as cells treated with 

higher ADC concentrations were 100% rounded and shrunk (Fig. 9). Although ADC 
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treatment resulted in a significant (p0.01) reduction in metabolic function of all three NB 

cell lines, the ADC failed to reduce metabolic function as effectively as AgNPs alone 

(p0001). Therefore, indicating AgNPs alone were more effective against NB in vitro than 

the 14.G2a-AgNP ADC.  

The severity of the LAN-5 cytomorphology changes may be associated with the 

interaction of anti-GD2 mAbs and Fak expression, which has been demonstrated as 

previously discussed in section 1.6.1 (Aixinjueluo et al., 2005; Kowalczyk et al., 2009). 

Anti-GD2 mAbs have been found to interact with Fak, which can lead to cell rounding and 

detachment as Fak is a protein fundamentally associated with attachment of cells to the 

extracellular matrix (Aixinjueluo et al., 2005; Kowalczyk et al., 2009). Therefore, 

interruption in function of Fak can cause the cells to change morphology as observed (Fig. 

9) and may be associated with the discrepancies observed between the LAN-5 

cytomorphology changes and the metabolic changes.    

The human embryonic kidney (HEK293) cell line was used as a GD2-negative 

control to understand the cytotoxicity role of anti-GD2 mAbs in 14.G2a-AgNP ADCs 

against GD2-positive NB cell lines. No significant reductions in the HEK293 cells treated 

with the ADC were observed (Fig. 8), similarly to HEK293 cells treated with AgNPs (Fig. 

1). However, HEK293 cells treated with the ADC did have metabolic reductions to <100% 

at some of the test concentrations, although no significance was associated with these 

reductions they do not follow the trends observed during AgNP treatment. Plausibly these 

reductions in metabolic function during ADC treatment could have been associated with 

the conjugated 14.G2a mAb as the anti-GD2 mAbs were assessed for toxicity alone against 

all cell lines and were found to decrease metabolic function of the negative GD2 control 
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cell line, HEK293 (data not shown). This may indicate that the HEK293 cell line expressed 

low levels of GD2 not observable through the immunofluorescent results found here (Fig. 

7), particularly as nominal but present amounts of GD2 expression have been reported in a 

study by Tivnan et al., (2012). As these results were contradictory to the current literature 

and time constraints prevented further work towards optimizing the control, toxicity 

assessment of the mAb was not continued. Although, toxicity evaluations of 14.G2a are 

not shown here, this work supports the ADC toxicity observed against the NB cell lines is 

due to AgNP toxicity and not 14.G2a related toxicity. Primarily as, the toxicity profiles 

between AgNPs and the ADC are highly similar, in addition to the extremely low 

conjugation efficiency of the 14.G2a mAb, which are at concentrations that have never 

been found to induce toxicity in NB cells according to the literature where the mAb has 

been highly evaluated and profiled (Doronin et al., 2014; Kowalczyk et al., 2009; Tivnan 

et al., 2012). Furthermore, significant variations in efficacy of anti-GD2 mAbs against NB 

in vitro have been found as anti-GD2 mAbs induce NB cell lysis through activation of 

immune cells and since cells in culture lack immune cells toxicity of the anti-GD2 mAbs 

can go unreported (Doronin et al., 2014; Kowalczyk et al., 2009; Tivnan et al., 2012), even 

though they are consistently found to be highly effective in vivo (Cheung et al., 2017; 

Cheung et al., 1987; Navid et al., 2014). Therefore, without the proper controls in place it 

cannot be fully supported that the ADC toxicity observed here is due to AgNPs alone and 

it is imperative future research fully evaluate the toxicity profile of 14.G2a against all cell 

lines, particularly the GD2-negative control cell line.  

Both the linker-functionalized AgNPs and low conjugation efficiency of the ADC 

may have been involved in the reduced efficacy compared to AgNPs alone as the 

conjugates resulted in a 1:15 14.G2a:AgNP ratio. However, even with the low conjugation 
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efficiency small increases in toxicity were expected to be observed due to synergistic toxic 

effects between the anti-GD2 mAbs and AgNPs. Regardless, a 1:15 ratio is highly 

inefficient as an ideal ratio is 1:2, as previously described in section 1.7.2 (Hamblett et al., 

2004; Junutula et al., 2008). A homogenous ratio of 1:2 (IgG:drug) is ideal as it has shown 

to have superior pharmacokinetics in vivo. Additionally, the ADCs were created using 

Cytodiagnostic NHS-activated 40nm AgNP conjugation kits through reactive NHS ester 

groups on the AgNPs and primary amines on the 14.G2a mAb, which reacted to form stable 

amide bonds (Gordon et al., 2015; Yang et al., 2012). This is a random conjugation 

technique notorious for non-specific binding that results in a low antibody:drug ratio and 

frequently modifies large proportions of antibody structures when they undergo 

conjugation (Gordon et al., 2015). Meaning the Fab regions can frequently be modified, 

ultimately compromising the reactivity of the conjugated mAb.  

Furthermore, since the Cytodiagnostic linker-functionalized AgNPs resulted in a 

low conjugation efficiency the cells were treated with a high concentration of linker-

functionalized AgNPs without a conjugated mAb, which may have impeded the uptake of 

the AgNPs resulting in the less significant reductions in metabolic function compared to 

NB cells treated with non-functionalized AgNPs. Functionalization of AgNPs has been 

found to either facilitate or impede the uptake of the nanoparticles (Bonventre et al., 2014; 

Gordon et al., 2015; Sperling & Parak, 2010) and in this instance the linker-functionalized 

AgNPs were likely preventing the uptake of the AgNPs due to physiochemical properties 

such as the size and N-hydroxysuccinimide functional group at the free end of the linker. 

Therefore, the use of Cytodiagnostic conjugation kits that utilize random conjugation 

techniques may have resulted in a low conjugation efficiency and compromised antigen 

reactivity that inhibited improvement in toxicity of the 14.G2a-AgNP ADCs in comparison 
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to the AgNPs. If future work is to continue towards improving the efficacy of 14.G2a-

AgNP ADCs, production of anti-GD2 engineered ThioMAbs should be evaluated to 

generate a stable conjugate, homogenous ratios, and to prevent any IgG structural 

compromises (Sukumaran et al., 2015). 

 If conjugation had been successful, the ADC was expected to have a greater 

reduction than AgNPs as an improved antibody:drug ratio would enhance targeting and 

uptake modalities of the ADC and anti-GD2 mAbs mediate ADCC (Barker et al., 1991). 

Notably, aggregation of the ADC is prominent in the LAN-5 microscopy evidence and 

aggregation is associated with a lack of cellular uptake and subsequent toxicity, which may 

have had an impact on the toxicity profile obtained through the MTT and microscopy 

results (Gordon et al., 2015). However, without proper controls in place such as evaluating 

14.G2a toxicity alone, pre-blocking GD2 antigens with free anti-GD2 mAbs and testing 

non-GD2 targeted IgG-AgNP ADCs or evaluating the reactivity of conjugated mAbs 

through assays such as ELISAs, no factual conclusions can be made regarding the role of 

anti-GD2 mAbs in the inhibition of NB metabolic activity seen here (Fig. 8).  

Although considerable work remains to improve mAb conjugation efficiency and 

to ascertain the role of anti-GD2 mAb, 14.G2a, in 14.G2a-AgNP ADCs, the MTT and 

microscopy work performed here indicates AgNPs effectively and preferentially inhibit 

metabolic function of NB cells through reducing cell health, yet do not have the same 

toxicity effects on the HEK293 cells used as a non-NB control. Additionally, in vitro and 

in vivo work within the current literature reports similar effects, albeit more substantial 

abilities to induce apoptosis in cancerous cells treated with AgNPs (AshaRani et al., 2009; 

Azizi et al., 2017; Bastos et al., 2016; Lim et al., 2017; Reshi et al., 2016; Simard et al., 

2016). Consequently, continued work towards creating an anti-GD2-AgNP ADC may be 
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inappropriate as AgNPs have already demonstrated high efficacy as a chemotherapeutic 

agent alone.  

Moreover, work towards anti-GD2-AgNP ADCs may be unsuitable as growing 

concern is associated with the use of anti-GD2 therapies as they are suggested to be 

involved in increasing incidences of CNS metastasis and relapse (Swaiman et al., 2017). 

Additionally, these therapies currently administered as post consolidation/maintenance 

treatments for HR NB patients are associated with acute side effects such as grade 3 pain, 

fever, hypertension, capillary leak syndrome, and hematologic, renal, hepatic or metabolic 

abnormalities (Ladenstein et al., 2013). Importantly, NB cells have high variability in GD2 

expression, which is an important factor limiting the efficacy of anti-GD2 therapies that 

has necessitated their administration as part of a multidisciplinary treatment approach 

versus alone (Suzuki & Cheung, 2015). However, the use of anti-GD2 therapies such as 

anti-GD2 ADCs may be an ideal approach for NB cell types that do have a high-moderate 

GD2 expression as these cells will most likely have a positive   Anti-GD2 mAbs have 

played a substantial role in improving survival rates of HR NB patients, with up to 50% of 

HR NB patients now achieving complete remission, however, 50% HR NB patients still 

succumb to the disease due to relapse (Zhu et al., 2015). Due to the limitations associated 

with this NB immunotherapy, the conjugation of anti-GD2 mAbs may hinder the efficacy 

of AgNPs by increasing toxicity towards healthy tissues, reducing efficacy due to 

variability in GD2 expression, and their potential for increasing incidences of CNS 

metastases, which would be untreatable by AgNPs or ADCs due to the inability of these 

compounds to cross the blood-brain barrier. Therefore, based on the current literature future 

work towards creating an anti-GD2-AgNP ADC is not recommended due to the lack of 

evidence to support the addition of these mAbs will improve the anti-cancer efficacy of 



 70 

AgNPs (AshaRani et al., 2009; Azizi et al., 2017; Bastos et al., 2016; Ladenstein et al., 

2013; Lim et al., 2017; Reshi et al., 2016; Simard et al., 2016; Suzuki & Cheung, 2015; 

Swaiman et al., 2017).  

  As an additional next step, it is also recommended that surface functionalization be 

evaluated. Specifically, it is recommended AgNPs are functionalized with albumin, which 

has been proven by Azizi et al. (2017) to substantially decrease LD50 values in cancerous 

cells 2-fold, while increasing LD50 values for normal cells 2-fold in comparison to non-

functionalized AgNPs. The study suggested the main mechanism facilitating these LD50 

changes were through albumin specific receptors that are involved in albumin transcytosis 

in endothelial cancer cells. Therefore, changes in toxicity of albumin-functionalized AgNPs 

against NB should be evaluated to potentially enhance AgNPs targeted-cancer capabilities, 

while further mediating any toxicity towards healthy tissues. 

 Importantly, it is recommended future work utilize more direct assays and 

biochemical analyses to obtain a comprehensive understanding of the preliminary results 

provided here. MTT assays, trypan blue assays and morphological observations were 

utilized as preliminary toxicological assessments to understand the effects of AgNPs and 

14.G2a-AgNP ADCs on NB cells. These assays were effective in identifying that AgNP 

treatment did not reduce cell viability as indicated by trypan blue staining (Fig. 6), but 

induced a significant reduction in metabolic function in all NB cell lines. With 

morphological observation supporting that metabolic reductions were associated with a 

reduction in cell health and potentially cell cycle arrest. Therefore, these preliminary 

insights provided here can now direct future work to assess cell proliferation and cell cycle 

arrest through flow cytometry, which can determine the number of cells in cell cycle phases 

using fluorescent dyes. Utilizing flow cytometry will provide imperative insight into the 
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exact toxicological mechanisms of AgNPs in NB cells to determine the future applicability 

of using AgNPs as a chemotherapeutic agent for the treatment of NB.  

 Current literature that has evaluated the efficacy of AgNPs against other cancer 

types and supports the ability of this anti-cancer agent to reduce cell viability and induce 

apoptosis in most cancer types, including a NB cell line SH-SY5Y (AshaRani et al., 2009; 

Azizi et al., 2017; Bastos et al., 2016; Blanco et al., 2017; Coccini et al., 2014; Foldbjerg 

et al., 2011; Juarez-Moreno et al., 2017; Kovács, Szoke, et al., 2016; Lim et al., 2017; Liu 

et al., 2012; Reshi et al., 2016; Simard et al., 2016). As this work has failed to identify the 

ability of 10 g/ml to reduce viability of the LAN-5 NB cell line, future work should aim 

to identify AgNP concentrations capable of inducing apoptosis in multiple NB cell lines 

and LC50 values. However, it is plausible NB cells have a greater resistance to AgNP 

treatment than other cancer types as the literature supports that LC50 variations exist 

between cell lines (AshaRani et al., 2009; Azizi et al., 2017; Bastos et al., 2016; Blanco et 

al., 2017; Coccini et al., 2014; Foldbjerg et al., 2011; Juarez-Moreno et al., 2017; Kovács, 

Szoke, et al., 2016; Lim et al., 2017; Liu et al., 2012; Reshi et al., 2016; Simard et al., 

2016). Particularly as, Coccini et al. (2014) found that 10 g/ml did not reduce the 

metabolic function of the NB SH-SY5Y cell line to <90% of the control after 48 hours, 

highlighting the necessity for future work to clearly identify LC50 values for NB cell lines 

to properly elucidate the efficacy of AgNPs in reducing cell viability in NB.  

In summary, the novel anti-GD2 14.G2a-AgNP ADC prepared using 40 nm NHS- 

activated AgNP conjugation kits (Cytodiagnostics, Burlington, ON) resulted in extremely 

low anti-GD2 14.G2a conjugation efficiency, and failed to exert greater toxicity effects 

than the AgNPs alone. As anti-GD2 treatments have failed to improve survival rates to 
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greater than 50%, are associated with severe systemic toxicities, and have increasing 

evidence to support their role in the occurrence of CNS metastases further work towards 

the anti-GD2 14.G2a-AgNP ADC is not recommended. If work is to continue towards the 

anti-GD2-AgNP ADC it is strongly suggested that novel linkers and conjugation methods 

be evaluated as the Cytodiagnostic conjugation kits resulted in inefficient conjugations. 

Specifically, it is recommended for long-term effective results anti-GD2 engineered 

ThioMAbs be evaluated to ensure homogenous ratios, stability, and prevent any IgG 

affinity and structural compromises associated with random conjugation techniques.  

This current study has briefly evaluated the potential for AgNPs as a 

chemotherapeutic agent for the treatment of NB, particularly HR NB. This work has shown 

that AgNPs were able to effectively inhibit metabolic function of three NB cell lines with 

microscopic evidence suggesting these reductions are associated with a decline in cell 

health and plausibly cells entering cell cycle arrest. The findings here suggest intracellular 

variations in toxicity responses to AgNP treatment, which will need to be comprehensively 

evaluated in future work. Overall, the data provided here supports AgNP treatment reduced 

the health of NB cells, while HEK293 cells did not respond to the tested concentrations. 

The findings of this study are in line with previous works (AshaRani et al., 2009; Azizi et 

al., 2017; Bastos et al., 2016; Blanco et al., 2017; Coccini et al., 2014; Foldbjerg et al., 

2011; Juarez-Moreno et al., 2017; Kovács, Szoke, et al., 2016; Lim et al., 2017; Liu et al., 

2012; Reshi et al., 2016; Simard et al., 2016), with the exception that this work is the first 

to comprehensively evaluate the efficacy of AgNPs against NB in vitro.  

AgNPs hold significant merit for the treatment of HR NB based on the preliminary 

data obtained here and other work that has identified their ability to penetrate bone marrow 

(Jong et al., 2013; Korani et al., 2013), downregulate proto-oncogene c-Myc expression 
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(Lim et al., 2017), and overcome drug-resistant cells (Juarez-Moreno et al., 2017; Kovács 

et al., 2016; Liu et al., 2012), which are thought to be significant drivers in NB relapse rates 

(Burchill et al., 2017; Hansford et al., 2007; Keshelava et al., 1998). Therefore, biochemical 

and in vivo studies are recommended to elucidate AgNPs effects on drug-resistant NB cells 

and MYCN HR NB drivers, evaluate the induction of apoptosis, determine potential 

systemic toxicities in normal tissues, and to clarify the contradictory results described here. 

This study has found AgNPs are cytotoxic to NB cell lines in vitro at low concentrations 

and provides support to work by Azizi et al. (2017) indicating AgNPs exert toxicity through 

a cell proliferation dependent mechanism. HR NB patients are faced with low survival rates 

and compromised quality of life due to multimodal treatments with dose-limiting toxicities 

and late-effects. AgNPs offer ideal characteristics to help mediate the limitations of current 

treatment regimens for HR NB and continued work into fully elucidating their potential is 

strongly encouraged.  
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6. APPENDIX 

 

 

Table S1. OD values of AgNP MTT assay results at 540 nm.  
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Table S2. OD values of 14.G2a-AgNP ADC MTT results at 540 nm.  
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Table S3. Trypan blue cell viability results of HEK293 cells treated with AgNPs.  

 Replicate 1 Replicate 2 Replicate 3 Replicate 4 

Conc. 

AgNP 

Dead 

Cells 

Live 

Cells 

Dead 

Cells 

Live 

Cells 

Dead 

Cells 

Live 

Cells 

Dead 

Cells 

Live 

Cells 

0 g/ml 8 58 3 96 2 71 6 77 

1 g/ml 25 78 24 88 28 79 21 71 

2 g/ml 57 106 57 106 44 89 38 99 

4 g/ml 3 92 6 63 0 57 6 90 

6 g/ml 3 94 0 56 3 55 0 62 

8 g/ml 0 103 0 44 0 47 0 41 

10 g/ml 0 97 2 17 4 17 2 15 
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Table S4. Trypan blue cell viability results LAN-5 cells treated with AgNPs.  

 Replicate 1 Replicate 2 Replicate 3 Replicate 4 

Conc. 

AgNP 

Dead 

Cells 

Live 

Cells 

Dead 

Cells 

Live 

Cells 

Dead 

Cells 

Live 

Cells 

Dead 

Cells 

Live 

Cells 

0 g/ml 18 42 14 36 16 34 12 47 

1 g/ml 23 42 8 32 27 59 28 47 

2 g/ml 21 43 16 49 12 42 19 55 

4 g/ml 11 35 8 24 11 31 15 45 

6 g/ml 7 25 10 29 3 22 2 19 

8 g/ml 2 30 6 29 10 2 5 34 

10 g/ml 5 16 8 20 13 25   
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