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2. Abstract 

Nanoparticles are attractive candidates for drug development given their variable 

size, functionalisation, and reactivity with molecules. Gold nanoparticles possess the 

potential to elicit anticancer effects, though often these are determined in two-

dimensional cell models that fail to represent the in vivo environment appropriately. 

Three-dimensional cultures, such as multicellular spheroids, offer greater 

representation, particularly due to their heterogenous phenotype and complex 

molecular architecture. This study aimed to develop an A549 alveolar carcinoma 

spheroid model to use as a mechanistic cytotoxicity testing platform for 

functionalised gold nanoparticles. 

A549 multicellular spheroids were generated using an agarose micro-mould, with 

characterisation (morphology, acid phosphatase activity, protein content) over 21 

days of growth. Cytotoxicity of 14 nm carboxyl-polyethylene glycol- and 20 nm 

amine-coated gold nanoparticles in spheroids were assessed on the seventh day 

post-seeding by determining the effect on morphology, acid phosphatase activity, 

protein content, caspase-3/7 activity and cell cycle alterations. 

A549 spheroids were maintained over 21 days of growth, however they started to 

lose structural integrity on day 14. The 14 nm carboxyl-polyethylene glycol-liganded 

gold nanoparticles were not cytotoxic at a maximum concentration of 1.2 x 1012 

nanoparticles/mL. The 20 nm amine-coated gold nanoparticles yielded dose- and 

time-dependent cytotoxicity, where decreased spheroid compactness was observed 

over a three-day exposure period at 4.5 x 1012 nanoparticles/mL. Over the same 

exposure time, no effect on the protein content was observed. Increased debris 

formation and deoxyribonucleic acid (DNA) fragmentation was observed through flow 

cytometric analysis, as well as a 75.00% decrease (significant, p ≤ 0.001 in acid 

phosphatase activity, though no increase in caspase-3/7 activity occurred. 

Spheroids were successfully formed and remained stable over the experimental 

period. Furthermore, differentiation between cytotoxic and non-cytotoxic gold 

nanoparticles, and further elucidation of its potential cytotoxic mechanism, was 

accomplished. Successful implementation of this method has therefore afforded 

greater representation of in vitro findings to the in vivo environment. 
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1. Chapter 1: Literature review 

 

1.1. The drug development process 

New treatments for diseases are continuously being sought, however, these require 

a strict pipeline of development to ensure their safe and efficacious use. The drug 

development process for a single drug is lengthy and can last up to 15 years.1 

Although this process is expensive, resource-intensive and far from ideal, the drug 

development process has shown significant improvement over the past few 

decades.2-3 Hay et al. noted that the number of new compounds entering the 

development process increased by 62% between 2003 and 2013.4 However, the rate 

of novel drug approval in this timeframe (2003 – 2013) was 25% less in comparison 

to the 1990’s,5 indicating a lower rate of approval regardless of the increased amount 

of drug candidates.  

The amount of money invested in drug research and development (R&D) has 

significantly increased three-fold in cost between 1995 and 2014.6 In 2010, it was 

estimated that $85 billion was spent on the development of new drugs,7 which 

relates to a cost of $2.6 billion per individual drug.8 Comparing this expenditure to 

the small number of new drugs that are approved and enter the market, it is 

estimated that $60 billion is ‘lost’ per year.7  

There are two main reasons for drugs failing to complete the drug development 

process in modern R&D: a lack of efficacy or high toxicity.3,9-10 Compounds need to 

be clinically effective against the targeted disease, while being safe for the patient to 

use (i.e. not exceeding an acceptable level of toxicity).3 Kola reported that 60% of 

drug attrition was mainly due to either a lack of efficacy or excessive toxicity.3 

Cancer drug R&D has among the highest rates of drug attrition in therapeutic drug 

research.10 In oncopharmacology, only 5% of drugs that showed efficacy in pre-

clinical testing were marketed after phase III clinical trials.11-12  

A review of small molecule drug discovery projects by AstraZeneca between 2005 

and 2010 found that lack of safety of the molecule was the main reason for molecule 

attritions in the preclinical phase (82%).13 Even if a drug is successfully marketed, it 

may still be withdrawn due to adverse drug reactions (ADRs) that are reported.11 
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Safety and efficacy screening needs to be prioritised in the design of models for pre-

clinical studies.14 Furthermore, some molecules that successfully passed through the 

pre-clinical phase of development are discarded at later stages of drug 

development.1 Many compounds that showed activity in in vitro studies may fail to 

reproduce these effects in vivo.15 There are various reasons why this phenomenon is 

observed. 

One explanation for the disconnect between in vitro and in vivo results is the use of 

animal models. Animal models are a common preclinical in vivo tool used when 

progressing through the drug development pipeline from in vitro studies to in vivo 

human clinical trials.16 In research fields where drug attrition rates are highest, like 

cancer R&D, it has been noted that the chosen in vivo animal models possess low 

similarity to the involved human pathophysiology.10 An example of this is the 

widespread use of xenograft models in cancer drug R&D.17 It is often observed in the 

xenograft model that, not only does the altered immunology of the mouse not 

resemble the human immunology, but also that the tumour cell line has little 

relevance to the human in vivo tumour.10  

A better solution to the sub-optimal use of animal models is incorporating proof-of-

concept (POC) in the preclinical phases of drug R&D study design.10 The goal of 

POC is to determine at an early stage in the R&D pipeline what the probability of 

success of the drug might be in later clinical stages of testing.18 This is especially 

important when testing new drug molecules, because it enables earlier decision 

making on whether it would be feasible to continue down the R&D pipeline.10,19 The 

advantage of using POC is that it provides evidence that the molecule reaches its 

target in the body and indicates what the physiological response to the drug is.10 

Including POC could also reduce research costs - as more information is acquired in 

the earlier phases of R&D that determines how the rest of the phases will be 

designed or if development is halted.19 In order for POC to be successful, the in vitro 

model chosen needs to be representative of the pathophysiology observed in vivo.13 

The low resemblance of classic in vitro assays to the physiological tissue is another 

explanation for the phenomenon of disconnect between in vitro and clinical 

outcomes in R&D.15 A higher mimicry of the in vivo environment would allow for 

increased predictive power of in vitro cell-culture based studies, which could 
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subsequently reduce cost and other resources used at later stages of the drug 

development pipeline.19 

1.2. In vitro cell culturing as a drug development model  

Cell culture has been widely used as a modelling structure for studying the 

physiology and biochemistry of cells in drug development and screening.20 Cell 

culture serves as an initial modelling system to show possible effects of a potential 

new drug in a physiological setting.14 Various factors determine the most appropriate 

method for culturing, including the type of cell line and the new molecule/drug being 

screened.14 

1.2.1. Two-dimensional cell culture model 

The two-dimensional (2D) cell culture model is a well-established method used in 

pre-clinical screening, which consists of a monolayer of cells attached to a flat, 

artificial culture surface.14,20 The formation of a monolayer incurs a forced 

morphology which is not natural for all cell types, especially cancerous cells.20  

Although the 2D method is still widely used in cancer research, it has various 

limitations. The cells in 2D culture attach mainly to an artificial surface and interact 

with other cells at the periphery only, which is not consistent with the in vivo cancer 

phenotype.20 Even though cultured cancer cells were derived from human primary 

tumours, these cells differ vastly from in vivo tumours.12,14 There are various genes 

and receptors expressed in the in vivo tumour which are often not present in 

monolayer culture.14 A549 in vivo tumours have been shown to have basal 

expression of genes that encode proteins like laminin and fibronectin. Fibronectin 

has been observed to be significantly reduced in 2D culture.21 In monolayer cultures, 

the cells lack the cellular heterogeneity or mechanisms to enable drug resistance 

that is known to be a property of primary human tumours.12,22  

Cells in 2D culture do not experience gravity in the same way as in vivo tumours and 

don’t react to stimuli proportionately to the in vivo situation.23-24 The environment 

around the in vivo tumour is very important due to interactions that occur between 

the environment and the tumour leading to resistance to drugs.25 The 2D model 

cannot accurately simulate this natural in vivo environment of the cells, which often 

leads to poor outcomes in drug discovery.26 Although the 2D cell culture model 
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provides a wealth of knowledge on mechanisms related to cancer growth and 

survival,27 given their high drug failure rate, it reaffirms that this method cannot be 

solely relied upon in drug development.11 

1.2.2. The extracellular matrix 

The extracellular matrix (ECM) is defined as a network of molecules synthesised 

intracellularly and secreted extracellularly to support surrounding cells.28-29 The ECM 

is a collection of proteins, polysaccharides, proteoglycans and glycoproteins.29-30 

Functions of the ECM include; intracellular communication, cell signalling, cellular 

differentiation, adhesion and maintenance of homeostasis.31-32 A key feature of 

cancer is its ability to survive without adhesion to the ECM, which is why 2D culture 

was initially deemed useful. The role of the ECM in cancer is more complex than just 

adhesion to cells.33 The ECM also provides biochemical cues that mediate cellular 

development.34-35 These functions make the ECM a vital part of the in vivo tumour 

microenvironment that facilitate the progression of cancers.12  

The ECM structure comprises the interstitial matrix and extracellular basement 

membrane (Figure 1.1).29,36 The cells of the basement membrane are responsible 

for synthesis of ECM components that are secreted into the interstitial matrix, where 

they function as a tissue scaffold for cellular organisation.29 The extracellular 

basement membrane is a specialised form of ECM which consists of various types of 

collagen, laminins, fibronectin and various linker proteins.29,37 The basement 

membrane is a sheet-like ECM that provides anchorage for epithelial cells, allowing 

for support and maintenance of tissue polarity.30 The main constituent of the 

interstitial matrix is collagen type I, which provides mechanical strength to the 

tissue.37 
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Figure 1.1: Structure of the extracellular matrix. Reprinted with permission and minor modification to annotations 
from Accounts of Chemical Research, Volume 51, Issue 7, Ieva Goldberga, Rui Li, Melinda J. Duer, Collagen 
structure-function relationships from solid-state NMR spectroscopy, Pages No. 1621-1629, Copyright (2018), with 
permission from American Chemical Society (Link:  https://pubs.acs.org/doi/10.1021/acs.accounts.8b00092). 

Dynamic remodelling of the ECM is an important process that mediates tissue 

homeostasis and development; as such neoplasms may form when the process 

occurs uncontrolled.30,38 Dysregulation of the ECM can lead to cancer or accelerate 

the progression of existing cancer, and a distinctly remodelled ECM structure and 

composition is often observed in tumours (Figure 1.2).32 In a standard cellular 

environment (non-cancerous), the primary constituents of the basement membrane 

consist of collagens IV and VI, and some fibrillar collagens.32 In cancerous tissue, 

the basement membrane is more densely packed with fibrillar collagens (types I, III 

and V), which results in a rigid interstitial matrix.32  

https://pubs.acs.org/doi/10.1021/acs.accounts.8b00092
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Figure 1.2: Differences in the remodelling and dysregulation of the extracellular matrix in healthy tissue versus 
cancerous tissue. Reprinted without any changes from Cancers, Volume 13, Issue 3, Yordanos F.I. Setargew, 
Kaitlin Wylie, Rhiannon D. Grant, Jessica L. Chitty, Thomas R. Cox, Targeting Lysyl Oxidase family mediated 
matrix cross-linking as an anti-stromal therapy in solid tumours, Pages No. 491-516, Copyright (2021). Use of this 
figure is authorised under terms of the Creative Commons CC by License. 

1.2.3. Three-dimensional cell culture 

Given the importance of the ECM and cellular heterogeneity in cancer, it is 

necessary to have representative in vitro models that can more accurately replicate 

the in vivo state.20 In vivo tumours possess physical barriers and three-dimensional 

(3D) architecture which prevent drug penetration or confer biological heterogeneity 

through the solid tumour, leading to resistance.12,22,39 Within the in vivo environment, 

cancer cells attach to one another as opposed to an artificial surface observed in 2D 

culturing, resulting in a 3D unit; the tumour.15 Since tumours grow as 3D structures in 

vivo, a 2D in vitro cell culture model is less representative thereof.26 As such, 3D cell 

culturing methods have been developed in order to resemble the in vivo environment 

more closely and allow for more relevant biological assessments.15,40 By using more 

advanced techniques, such as 3D cultures, it is possible to close the gap between 
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traditional 2D cell culture models and in vivo models.26,41 A 3D culturing environment 

produces more ECM, allows for cellular interaction and heterogeneity, and ultimately 

greater representation of drug-induced efficacy and toxicity.42 As such, 3D cellular 

models tend to show greater chemoresistance than cells cultured in a 2D model.26,43-

44 

The 3D cell culture recreates an environment in which cell-cell and cell-ECM 

interactions occur, which is similar to what happens in vivo.45 As opposed to 2D cell 

culture,46 cells grown in a 3D culture can undergo self-assembly, where they attach 

to one another to form, among other types, multicellular spheroids (MCSs).40 

Formation of MCSs by self-assembly supports the differential adhesion hypothesis 

(DAH), where it is postulated that cellular rearrangement occurs during tumour 

development because the inherently motile cells constantly exchange weaker 

cellular adhesions for stronger versions.47 The final cellular arrangement is achieved 

once all of the cellular attachments are of the strongest type possible for the cells.47 

As MCSs grow, zonal differentiation occurs where a distribution of cell types are 

observed in the various regions of the spheroid, similar to what is found in solid 

tumours (Figure 1.3).48 This mimicry of the in vivo tumour microenvironment occurs 

due to the formation of molecular gradients, such as nutrient availability and cellular 

waste removal.49 Traditional 2D culture comprises mostly viable cells, since dead 

cells would detach from the artificial surface, while 3D culture contains cells in 

various growth stages, not just viable, proliferating cells.26,50-51 This cellular 

heterogeneity within the MCS is essential for the model to be an accurate 

representation of in vivo tumours,12,51 and thus different regions can be broadly 

described.  
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Figure 1.3: Micrographs highlighting the increased comparability of three-dimensional cultures of epithelial 
ovarian cancer cells to in vivo tumours when compared to two-dimensional cultures. Reprinted from Laboratory 
Investigation, Volume 93, Issue 5, Janet M. Lee, Paulette Mhawech-Fauceglia, Nathan Lee, Christina L 
Parsanian, Yvonne G. Lin, et al., A three-dimensional microenvironment alters protein expression and 
chemosensitivity of epithelial ovarian cancer cells in vitro, Pages No. 528-542, Copyright (2013), with permission 
from Springer Nature. 

The MCS is generally divided into three distinct zones (Figure 1.4).52 The necrotic 

core (Section 1.2.3.1), which is surrounded by the internal quiescent zone (Section 

1.2.3.2), where there is very limited oxygen and nutrients available, and the external 

proliferative zone (Section 1.2.3.3), representing the outermost layer.53 This zonal 

differentiation is most commonly observed in MCSs once they reach a diameter of 

around 500 µm.54-55 

 

Figure 1.4: Schematic representation of the zonal differentiation observed in multicellular spheroids. Reprinted 
without any changes from Drug Discovery Today: Technologies, Volume 23, Shilpa Sant, Paul A. Johnston, The 
production of 3D tumor spheroids for cancer drug discovery, Pages No. 27-36, Copyright (2017), with permission 

from Elsevier. 

1.2.3.1. Necrotic core 

Sub-populations of cells within the MCS core are classified as anoxic, hypoxic, and 

necrotic. The availability of nutrients and oxygen diminishes in the inner region of the 

MCS, while the accumulation of waste products increases as the distance from the 

outermost layer increases with growth of the MCS (Figure 1.4).27,51-52,55-56 The 
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innermost core is referred to as the necrotic zone.55 Cellular necrosis occurs due to 

the depletion of oxygen (leading to hypoxia) and the build-up of metabolic waste as 

MCS size increases.57 Cells in the core are more resistant to chemotherapy, in part 

due to the reduced drug penetration in the deeper layers, the high levels of necrosis, 

and the reduced proliferative capacity of cells.39,51-52,57  

1.2.3.2. Quiescent zone 

The MCS core is surrounded by cells that are still viable, but are proceeding through 

various stages of cell death, commonly referred to as the peri-necrotic zone.55 Many 

cells in this region are apoptotic.55 Oxygen is not completely diminished in this 

region, but the availability thereof is reduced (Figure 1.4), leading to a semi-hypoxic 

environment which triggers changes in cellular gene expression.52,55,57 This results in 

an altered metabolism with subsequent increased lactic acid by-product formation 

and reduced pH levels.55 The reduced access to nutrients and waste accumulation 

deters growth in this region.57 Cells in this environment are less likely to actively 

proliferate and grow, and thus are ideal targets for cancer drug development, given 

their representation of the in vivo environment that is more resistant to 

chemotherapy.51,58 Although drugs have reduced penetration in this area, it is not as 

low as within the core.39 Whilst these cells are viable, they do not all actively 

proliferate, which leads to this section being termed the quiescent zone.59 These 

cells possess reduced metabolic capacity, which confirms the heterogenous cellular 

phenotypes of such models.57  

1.2.3.3. Proliferative zone 

Cells in the outer region of the spheroid actively grow and proliferate due to 

abundant access to oxygen and nutrients.52 Since the majority of chemotherapeutic 

drugs target proliferating cells, the outermost layer is considered the most 

susceptible due to its proliferative state and ability to easily expel waste.51,55,58 Cells 

in this region are able to interact with the external environment; including other cells, 

the ECM and soluble factors.55,57 These interactions can lead to chemotherapeutic 

resistance within the outer layer of the spheroid, even though drugs have good 

penetration in this layer.52 These interactions with the external environment have 

been observed in vivo and are known to contribute to chemotherapeutic resistance.25 
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The role of the ECM in tumour progression has been discussed in Section 1.2.2, but 

it also contributes to drug resistance. 

1.3. Chemotherapeutic resistance 

Cancer cells have been known to adapt in the presence of chemotherapeutic agents 

in order to evade destruction.60 Some chemotherapeutic agents target cancer cells 

by the induction of apoptosis or preventing proliferation.33 Furthermore, cells may 

alter their cell cycling and apoptotic processes to prevent degradation.61 Many 

chemotherapeutic agents target only actively proliferating cells.62 Changes to the 

microenvironment, such as cellular interactions, ECM components, protein 

expression and mutations may lead to reduced chemotherapeutic response.33,61 The 

ECM may alter cellular signalling,43,61 offer a protective role to solid tumours,33 and 

mediate cellular proliferation and differentiation, thus allowing certain cancers to 

evade chemotherapeutic effects.39 For example, ovarian cancer cells grown in a 2D 

model have been found to be more susceptible to paclitaxel-induced apoptosis due 

to reduced B-cell lymphoma (Bcl)-2 gene expression, compared to 3D models.43 In 

the MCS, the formation of the ECM and its associated structural and adhesive 

proteins and components allows these influences and interactions to occur in vitro, 

thereby creating an accurate model for the in vivo situation.39  

Chemoresistance is a major roadblock in cancer treatment,33,60 and acquired 

resistance has been observed in several types of cancer.63 Tumours also possess 

some level of innate resistance to chemotherapy,63 due to physical barriers which 

prevent drug penetration through the solid tumour.39 One way to overcome this 

physical barrier is to improve the delivery of chemotherapeutic agents into the 

tumour by using nanomedicine.64 

1.4. Nanoparticles 

1.4.1. Nanoparticles and nanomedicine 

Nanoparticles (NPs) are particles with at least one dimension smaller than 100 nm.65 

Nanotechnology has been applied to medicine in order to mimic or alter biological 

processes, leading to the formation of nanomedicine.66 In pharmaceutical science, 

NPs are an attractive field of study with regards to drug delivery and therapeutic 

treatment.67 In oncopharmacotherapy, for example, the non-specific nature of 
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chemotherapeutic drugs often leads to severe side effects. Functionalising NPs with 

specific groups would allow for a more targeted approach,68-69 whereby drugs are 

delivered to specific locations within the body, reducing non-specific effects, 

improving efficacy, and decreasing side effects.67  

One of the most appealing applications of NPs in medicine is the ability to target 

specific cells or tissues by functionalisation.66-67 Nanomedicine has played a central 

role in the fight against the COVID-19 pandemic. The vaccines developed by 

Moderna and Pfizer BioNTech against COVID-19 make use of NP technology. 

Nanoparticle vaccines have the potential to provide broader antibody-based 

responses to infection, which is paramount considering the current ongoing COVID-

19 pandemic being driven by the constant formation of new variants.70 Nanoparticle 

vaccines possess added advantages, which include the potential to modify NP 

properties as new variants emerge,  as well as the potential for targeted antigen 

delivery via various routes.71 In a docking study carried out in 2020, it was found that 

iron oxide NPs, which were approved by the United States Federal Drug 

Administration (FDA) for anaemia treatment,72 could be effective in treating COVID-

19 infection by interacting with the spike protein binding domains of the SARS-CoV-2 

virus.73  

Another application of NPs in the medical field is the design of specialised drug 

delivery systems (DDSs) that improve the solubility, in vivo stability and 

biodistribution of the drug.64 The DDSs can also create drug reservoirs which allow 

for sustained drug release over extended periods of time, thereby maintaining the 

drug at a therapeutically effective concentration for a longer period of time.64 Using 

specialised DDSs could be one way in overcoming the physical barriers of the solid 

tumour in cancer treatment. Delivery of particles into cells by NPs occurs by 

attaching the molecule (in this case a drug molecule) onto the surface of the NP. 

Once the system enters the cell, the drug molecules will detach from the NP 

surface.74  

Targeting of NPs may be an active process via conjugation of the particle to a tissue-

specific ligand, or a passive process whereby the NP enters the target tissue via 

leaky junctions.75 Nanoparticles can be targeted to the tissue of interest by 

conjugating the NP to a ligand that targets receptors on the particular tissue (Figure 
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1.5).76 In this way, NPs have the ability to increase the efficacy and reduce ADR of 

the therapeutic agent.69 Types of ligands used in conjugation are small molecules, 

protein domains, nucleic acids, polypeptides and antibodies.77 Each of these ligand 

types confers unique advantages and disadvantages and are chosen based on the 

specific targeting needs of the NP. Multiple ligands of the same type or different 

types have been used in combination.69 

 

Figure 1.5: Nanoparticle functionalised to target a specific receptor on a cell surface. Reprinted from Acta 
Pharmacologica Sinica, Volume 32, Issue 8, Zhao-zhin J. Lim, Jia-en J. Li, Cheng-teng Ng, Lin-yue L. Yung, 
Boon-huat Bay, Gold nanoparticles in cancer therapy, Pages No. 983-990, Copyright (2011), with permission 
from Springer Nature. 

In order for the functional groups to conjugate with a chosen ligand, the NP surface 

needs to be altered. Alteration occurs most often via covalent reactions, although 

non-covalent reactions may also be used.78 The covalent reactions include reactions 

with carbonyl, amine and sulfhydryl reactive groups, as well as click chemistry.78 

These processes can lead to toxicity via rapid kidney infiltration or accumulation in 

specific organs.79 This highlights the need for toxicity screening platforms when 

testing NPs for various biological applications. A commonly used strong non-

covalent reaction is the interaction between (strept)avidin and biotin which is a very 

strong reaction.78  

Liposomes are spherical vesicles that are made up of one or multiple phospholipid 

bilayers.80 Liposomes have also been used in the targeting of NPs and offers an 

advantage as the structure of the liposome is similar to the cell membrane of the 

targeted cells.66 As such, lipid-lipid exchanges are enhanced, allowing for enhanced 

delivery of the drug into the target cell membrane.81-82 Doxil® was the first FDA-
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approved nano-drug, which used polyethylene glycol (PEG)-liganded nano-

liposomes to encapsulate doxorubicin to target the drug specifically to only the 

cancer cells. This resulted in reduced side effects and prolonged drug circulation 

time, thereby increasing chemotherapeutic efficacy.83 

Additionally, NPs may function as theragnostics,84 which allows for both diagnosis 

and treatment of a disease in a sequential manner.85 Using a combined treatment 

strategy is beneficial, since results from diagnostic tests are used to design a 

treatment plan and also monitor the treatment response.86 Theragnostics is an 

attractive field in cancer treatment as it aims to reduce treatment delay and make 

patient care better and easier for healthcare professionals.85 

The focus of this study was on gold nanoparticles (AuNPs). Various AuNPs have 

been used to synthesise miniature sensors that are used to detect chemical and 

biological agents in the fields of biomedicine, forensics, environmental and anti-

bioterrorism.87 Since these sensors need to be very sensitive, AuNPs are excellent 

scaffolds for synthesising such sensors. This sensitivity is due to their unique 

physical and chemical properties, the variety of simple methods of synthesising 

AuNPs, their stability as well as their biocompatibility with stabilising ligands.88 

Gold nanoparticles have been a focus of study in the medical field for many years, 

as far back as the use of gold (Au) salts for arthritis in traditional Chinese 

medicine.89-90 The  diverse options for conjugating and stabilising AuNPs for medical 

applications has made them a promising vehicle for disease treatment, such as DDS 

in cancer treatment.90 They are known to have unique photo-optical properties, 

making them useful in the field of biomedical optical imaging.87,90 It has also been 

shown that AuNPs can increase the efficacy of radiation therapy in some cancers.91  

Two AuNPs were used in this study: i) 14 nm citrate-stabilised and carboxyl-

polyethylene glycol (PCOOH)-liganded AuNPs (PCOOH-AuNPs), and ii) 20 nm 

amine-liganded AuNPs (amine-AuNPs). The cell line chosen for this study was the 

A549 alveolar carcinoma cell line due to its relevance in previous research 

conducted by the research group in pulmonary cells,92 while showing evidence of 

successful 3D culturing.93-94  

Globally, lung cancer is still a big contributor to cancer-related mortality.95 It was  

estimated that 236 740 new cases of lung cancer would be diagnosed in the United 
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States in 2022.96 That is an increased incidence when compared to the 2019 

estimation of 228 150 new cases.97 Lung cancer is defined as either small cell lung 

cancer (SCLC) or non-small cell lung cancer (NSCLC), with the latter making up the 

majority of cases.96 61% of patients with stage III NSCLC are treated with 

chemotherapy and radiation, whereas earlier stages of disease are treated with 

surgery.96 Immunotherapy has been a large focus in the treatment of lung cancer 

since its approval as treatment by the FDA in 2015. 33% of newly diagnosed stage 

IV NSCLC cases were being treated with immunotherapy in 2018, compared to 12% 

in 2016.96  

Immunotherapy has many risks associated when it is used as a treatment for cancer. 

It was found that the risk of developing an adverse reaction after receiving 

immunotherapy for NSCLC was 52.5%.98 Suresh, et al. found that checkpoint 

inhibitor pneumonitis occurred in 19% of patients receiving immune checkpoint 

immunotherapy for NSCLC.99  

Inhalation toxicology is a risk faced by gold miners who are exposed to gold dust 

during the mining and refining process.100 The skin and lungs are in constant contact 

with the environment, which increases the exposure time to the gold dust and 

therefore also the potential toxicity. The skin is a good barrier, but the lungs are 

vulnerable.101 Various studies have shown increased incidence of lung cancers in 

gold mine workers, but the presence of other hazardous materials such as arsenic 

and lead in these mines have made it difficult to establish the level of risk associated 

with gold exposure.100  

Due to the global burden of lung cancer and heightened risk of occupational AuNP 

exposure in the South African mining sector, pulmonary cell lines need to be 

investigated.101  

1.4.2. Nanoparticle properties 

Various physical properties of NPs influence their biological activities, which may 

either be beneficial or detrimental. 

1.4.2.1. Size 

Nanoparticles vary in size and this affects how the body identifies and distributes 

them within the body.102 The surface-to-volume ratio of NPs is very important when 
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assessing drug delivery and toxicity. As the size of the NP decreases, the surface-to-

volume ratio increases. With regards to the latter, this results in more of the active 

drug being near the surface of the particle, allowing for faster drug release.103 It has 

been reported that NPs ≥200 nm are usually recognised as foreign by the immune 

system.104 Therefore to avoid immune destruction and to obtain effective drug 

release, smaller NPs are preferred, such as the 14 nm and 20 nm AuNPs used in 

this study. However, when the NP becomes very small, the high surface-to-volume 

ratio might lead to excessive reactivity, which is a concern for experimentation and 

safety.102 This, again, emphasises the need for toxicity screening platforms when 

investigating NPs to select appropriate candidates. 

Aggregation is a concern when evaluating small NPs, since it complicates the 

exploration of possible applications and reactivity of the synthesised NPs, and also 

affects how the NPs are transported.105-106 Nanoparticles tend to aggregate into 

clusters due to particle-particle attachment because of short-range thermodynamic 

interactions.106 There are two different types of aggregation: homoaggregation, 

where clustering of similar particles occurs, and heteroaggregation, where dissimilar 

particles aggregate.106 Strategies have been employed to prevent aggregation of 

NPs, including altering the surface charges of the particles.105 

1.4.2.2. Surface properties 

Surface characteristics of NPs can be chemically altered to create a function-

appropriate NP.107 Changing the surface properties can assist in avoiding immune 

destruction of the NP. Hydrophobic particles are more likely to be cleared from the 

body by the immune system; thus altering the surface of the NP and making it more 

hydrophilic, will make it less likely to be cleared by the immune system.108 Coating 

the NPs in polymers, surfactants or copolymers, like polyethylene glycol (PEG), has 

proven advantageous in this regard.109-110 The NPs used in this study were carboxyl-

PEG, and amine-liganded AuNPs, respectively. Polyethylene glycol is hydrophilic 

and hinders the binding of plasma proteins, thereby preventing immune 

clearance.111-112 Amine ligands have shown to be excellent stabilising agents in the 

synthesis of NPs from noble metals.113-114  
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1.4.2.3. Nanoparticle interference during analysis 

The physicochemical properties of NPs imbue them with various effects; 

unfortunately, these properties also allow for interference with various analytical 

assays.115 Importantly, the sample preparation of assays may render these 

interferences potentially greater or less depending on, for example, the inclusion and 

number of washing steps and potential low internalisation within cells.115-116  

Since NPs have the ability to interfere with biochemical assays, it is proposed to use 

label-free screening methods, where possible.116 This does not imply that 

fluorometric and colorimetric analyses cannot be performed when screening for 

toxicity of NPs. Chemiluminescence assays have been successfully used in 

cytotoxicity screening of NPs, and thus offer a potential route of experimentation.  

For all assays, interference should be determined and proven negligible.117 

1.4.3. Nanoparticle uptake 

Nanoparticle uptake into cells occurs via both active and passive processes,92 and is 

dependent on the cell type. All cell types do not possess the receptors and 

mechanisms that enable uptake or biological activity of NPs, and thus cell-type 

specific modalities need to be employed.118 It has been reported that passive uptake 

into red blood cells (RBCs) occurs due to their lack of endocytic mechanisms.119 

Active uptake into most cell types occurs via receptor-mediated endocytosis, either 

as pinocytosis or phagocytosis.92,120 Pinocytosis typically mediates the uptake of 

fluids and small particles, while phagocytosis takes place for larger particles.92,120 

Pinocytosis includes micropinocytosis, clathrin- and caveolin-mediated endocytosis, 

and clathrin-and caveolin-independent endocytosis (Figure 1.6).92,120-121 
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Figure 1.6: Illustration of the possible cellular uptake pathways. Reprinted without any changes from Journal of 
Pharmacy and Pharmacology, Volume 20, Seth-Frerich Fobian, Melissa Petzer, Melissa Vetten, Vanessa 
Steenkammp, Mary Gulumian, Werner Cordier, Mechanisms fascilitating the uptake of carboxyl-polyethylene 
glycol-functionalised gold nanoparticles into multicellular spheroids, Pages No. 1 -14, Copyright (2022). Use of 
this figure is authorised under terms of the Creative Commons CC by Licence.  

The properties of NPs also highly influence their uptake into cells. The uptake of NPs 

between 20 and 50 nm is faster than larger NPs.122 The functionalisation123 and 

surface charge also affect uptake,124 stressing the importance of full characterisation. 

Albanese and Chan described cell-type specific uptake of AuNP aggregates, where 

increased uptake was observed in the MDA-MB-435 human melanoma cell line, 

while it was decreased in HeLa adenocarcinoma and A549 human alveolar 

adenocarcinoma cell lines.125 Furthermore, uptake was decreased for 

monodispersed AuNPs.125 This could be due to differential mechanisms that cell 

types employ in order to facilitate AuNP uptake.125 Uptake will also differ in a 2D 

model, compared to a 3D model, particularly as the former comprises a single layer 

rather than heterogenous phenotypes and an ECM.20,26,45 

Studies to determine the uptake mechanism of AuNPs into cells have shown variable 

results due to different NPs, cell types and exposure parameters. Uptake may be via 

clathrin-mediated endocytosis,126-127 caveolin-mediated endocytosis128 or 

phagocytosis-mediated,129 which will invariably alter their downstream effects. A 

2019 study by Vetten and Gulumian (which formed the foundation for this study) 

found that the PCOOH-AuNPs were taken up by BEAS-2B human bronchial 
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epithelial cell monolayers via caveolae-independent endocytosis (CIE).92 In A549 

MSCs (used in the present study), Fobian et al. found the major pathway to be 

caveolae-mediated endocytosis (CME),121 suggesting alternative pathways 

dependent on the cell type and/or culture conditions. These findings support the 

theory of cell-type specific uptake,125 as well as the increased physiological 

relevance of 3D models, compared to 2D.15,26,40-41 

1.4.4. Nanoparticle toxicity 

There has been concern regarding the toxicity risks posed by NPs and this has 

resulted in their use being limited.123,130-131 A tiered approach has been suggested 

when testing NP toxicity.132 These tiers consist of in-depth NP characterisation, after 

which the compounds are subjected to in vitro tests. If these tests show promising 

results, a more robust in vitro study should be employed to establish the level of 

toxicity. This approach provides more reliable data before the costly in vivo testing 

process is started.133 Doing so with a MCS model, further increases the 

representability thereof, particularly as the uptake of NPs to inner regions would be 

greatly impacted by its heterogenous nature.12,52 

Without functionalisation, NPs have shown to be non-specific and not able to reach 

their desired target, resulting in excessive cytotoxicity.123 Oxidative stress has been 

noted by some NPs in keratinocytes,134 macrophages and monocytes.135 

Inflammation has been reported to occur as a result of NPs that are present in the 

cell while being chemically inactive.74 The aforementioned findings emphasise the 

need for toxicity screening when working with NPs.  

When synthesising NPs from noble metals, the most common ways they are 

stabilised is by functionalising them with polymers or ligands.114 Functionalisation of 

NPs can enhance them for the desired action, stabilise them, as well as reduce the 

risk of cytotoxicity.114,123 Polymer-linkage has been shown to increase the stability as 

well as reduce the toxicity of iron oxide NPs,136 and quantum dot NPs.137 Such 

PEGylated NPs show reduced cytotoxicity compared to non-functionalised 

counterparts.123  

Gold has traditionally been considered a chemically-inactive metal valued for its 

medicinal properties.138 The AuNPs display dissimilar and diverse characteristics 
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when compared to their bulk counterparts, and thus it is not possible to extrapolate 

and predict the behaviour of AuNPs without formal assessment. Although some 

AuNPs have been described to lack toxicity,64,139-140 biocompatibility still needs to be 

considered during drug development, and these compounds cannot be assumed to 

be safe until tested.74 Cells might be exposed to the AuNPs for extended periods of 

time due to particle internalisation.139,141 The propensity to incur cytotoxicity may be 

different depending on the non-specific or specific effects of AuNPs. Furthermore, 

AuNPs have caused cellular damage via the induction of oxidative stress and 

subsequent up-regulation of inflammatory genes.142  

1.5. The cell cycle 

1.5.1. Phases of the cell cycle 

Cells pass through the cell cycle as they grow and proliferate, which involves 

complex and controlled processes mediated by proteins and control points.143-144 By 

completing the cell cycle, the cell is able to duplicate itself. The time to achieve this is 

referred to as the doubling time.59 The eukaryotic cell cycle is divided into the 

interphase and mitotic (M) phase.59 Interphase is the initial phase of the cell cycle, 

the process of growth and deoxyribonucleic acid (DNA) replication, which is followed 

by mitosis; the formation of two cells from one.59 In cancer research, the cell cycle is 

studied in order to find targets for new drugs.145 Interphase is sub-divided into more 

phases (Figure 1.7): G1, S, G2, M and sometimes, G0.59,144,146 

The first phase is the G1-phase, also referred to as the first gap.146 The cell is 

biochemically active during this phase and very subtle microscopic changes can be 

observed.59 DNA repair and cell growth occurs in the G1-phase. The S-phase follows 

the G1-phase and constitutes DNA synthesis.144,146 After the S-phase, the G2-phase 

is reached, where the proteins necessary for further replication are synthesised, and 

the cell replenishes its energy stores.59 The G2-phase is also a gap phase where,146 

as in the G1-phase, cell growth and DNA damage repair mechanisms are active.147  
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Figure 1.7: The phases of the cell cycle. Reprinted from Fundamentals of Cell Biology, Shoshana Katzman, 
Jennifer Hurst-Kennedy, Alessandra Barrera, Jennell Talley and Rebecca Higgins, Chapter 13: The Cell Cycle 
and its Regulation, Copyright (2020). Use of this figure is authorised under terms of the Creative Commons CC 

by License. 

After the G2-phase, cells are usually advanced to the M-phase, where mitosis takes 

place by progressing through prophase, metaphase, anaphase, and telophase.59 

Mitosis is the phase where the replicated chromosomes segregate into separate 

nuclei.144 After completing mitosis, cytokinesis takes place as the so-called final step 

in mitotic division, where the cytoplasm physically separates and two individual cells 

are formed.144  

The G0-phase, which constitutes quiescent cells, is not present in all cells.146,148 

These cells aren’t actively dividing, nor preparing to divide, so technically they have 

exited the cell cycle.59 This is a temporary exit and cellular signals can trigger the cell 

back into the G1-phase to continue with cellular cycling.59 The outer layers of the 

MCS have a higher constituent of actively proliferating cells,149 while cells closer to 

the spheroid core have less actively proliferating cells, and higher numbers of 

quiescent cells (cells in the G0-phase).42 Immediately surrounding the MCS core are 

high numbers of cells in the G1-phase.149 The ability of a cell to progress through the 

cell cycle depends on its location within the MCS.42,150 This also influences the 

expression of cell cycle-related proteins.42 It has also been reported that smaller 

MCSs container higher numbers of actively proliferating cells than larger MCSs.42  
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1.5.2. Cell cycle control 

The tight internal control of the cell cycle is what makes it such an attractive target in 

cancer research, since most therapies are targeted to actively proliferating cells.62 

Two groups of proteins are essential for cell cycle control; cyclins and cyclin-

dependent kinases (CDKs).59,144,146-147 These proteins’ expression levels fluctuate 

throughout the various steps of the cell cycle, and this expression is influenced by 

internal and external triggers.59 There are three main checkpoints in the cell cycle 

which maintain ordered progression of cells through the cell cycle.147  

The G1-S checkpoint occurs at the end of the G1-phase and establishes the integrity 

of the DNA synthesised in the G1-phase.59 This step ensures that the newly 

synthesised DNA is not damaged and can be replicated in the S-phase.146 If 

damaged DNA is found, the cell will attempt to repair this damage.147 This 

checkpoint is often referred to as the restriction point, from where the cell is 

committed to the cell cycle.59 If there is damage that has occurred that can’t be 

repaired, the cell cycle will arrest at this checkpoint.147 

The G2-M checkpoint occurs at the end of the second gap and establishes whether 

all the chromosomes have been duplicated, and the DNA is not damaged.59,147 

Should the DNA be damaged,  repair will be attempted.59 Should either of  these 

requirements not be met, the cell cycle will arrest, and the cell will not enter into 

mitosis.147 

The M-checkpoint happens near the end of metaphase.59 It is often referred to as the 

spindle checkpoint,147 since it checks that the newly formed sister chromatids are 

attached to spindle microtubules.59 If this checkpoint is failed the cell will be 

eliminated by apoptosis.147  

Deregulation of the cell cycle results in unchecked growth and DNA replication.62 

Cell cycle deregulation is commonly observed in human cancer.151 Other than the 

internal checkpoints, the cell cycle is also regulated by phosphorylation of cyclins 

and CDKs that serve as signals to drive the cell through the phases.152 These 

checkpoints create various potential treatment opportunities through the cell cycle of 

cancerous cells. 
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1.6. Apoptotic cell death 

Apoptosis and necrosis are two of the most widely-described mechanisms of cell 

death.153 Other modes of cell death are known, and include necroptosis and 

autophagy.154  

Apoptosis, also termed “programmed cell death”, is associated with maintenance of 

physiological homeostasis, and also disease progression.155 Since apoptosis is a 

well-organised cellular death mechanism, it requires energy (in the form of 

adenosine triphosphate [ATP]) to activate the different pathways.153 There are key 

morphological features that characterise apoptosis, including shrinkage of the cell, 

membrane blebbing, and fragmentation of nuclear DNA.156 Membrane blebbing is 

followed by “budding” where cell fragments are separated into apoptotic bodies.157 

Cysteine-aspartic proteases (or caspases) are proteolytic enzymes that are known to 

be involved in many cellular processes, most notably apoptosis and inflammation.158 

Several caspases have been identified since their discovery, and they have been 

given unique numbers to differentiate them from one another. It is known that 

mammalian caspases-2, -3, -7, -8, -9 and -10 are involved in apoptosis.158 The 

specifics of their role in apoptosis has been split into initiators (caspases-2, -9, -8 

and -18) and executioners (caspases-3, -6 and -7).159 

Apoptosis can be classified as intrinsic or extrinsic (Figure 1.8). Extrinsic apoptosis 

is caused by external stress factors which are recognised by transmembrane 

receptors and is a caspase-dependent apoptosis (CDA) process.160 Intrinsic 

apoptosis is caused by intracellular stress, such as DNA damage or oxidative 

stress.157 Factors that activate apoptosis can be cell-type specific, e.g. corticosteroid 

medications which results in apoptosis in thymocytes, but not other cells.157 

Intrinsic apoptosis can either be CDA, or caspase-independent apoptosis (CIA).160 

As the names suggest, these pathways differ based on the need of caspase 

enzymes in the induction of cell death. The binding of ligands are the initial stimuli for 

activation of the process.157 Apoptosis is regulated by various external and internal 

ligands that result in the activation of the suitable pathway (Figure 1.8).161  
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Figure 1.8: Summary of the different apoptosis pathways activated when the cell is placed under stress. Original 
image. CDA: caspase-dependent apoptosis; CIA: caspase-independent apoptosis. 

The activation of caspases results in the induction of pro-apoptotic pathways that 

promote cell death (Figure 1.8).162 The caspase-dependent pathway can be initiated 

by various factors, like pathogens, DNA, ribonucleic acid (RNA) or chemotherapeutic 

agents. The type of receptor and the ligand involved will influence the cell death 

pathway that is used by the cell.161  

The ligand-binding that initiates apoptosis will determine whether the intrinsic or 

extrinsic apoptotic pathway is followed. The intrinsic or mitochondrial pathway relies 

on the permeabilisation of the mitochondrial membrane.163 This occurs by pro-

apoptotic factors congregating on the mitochondria and inducing permeabilisation of 

the membrane. This process is regulated by proteins from the Bcl-2 protein family 

and mitochondrial lipids.156  

Many cancer therapies are cell cycle-specific and target actively proliferating 

cells.62,145,157 Proteins fluctuate during the cell cycle, and thus chemotherapies can 

enable cell cycle arrest at specific points by targeting these proteins.59,62 This 

strengthens the need for a 3D model to test whether NPs can induce apoptosis in 

A549 cells since the expression of proteins in 3D cultures is more representative of 

the in vivo situation than in 2D cultures.12,14,45-46,164 An in vitro study by Ahamed et al. 

found that apoptosis was induced in A549 human epithelial lung cells by nickel ferrite 

NPs via increased reactive oxygen species (ROS) and activation of caspases.165 
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Titanium dioxide NPs have been reported to display pro-apoptotic activity in normal 

human lung fibroblasts and epithelial breast cells, though only at less than 100 nm 

sizes.166  

1.7. Aim and objectives 

The study aimed to establish a 3D model using A549 human alveolar 

adenocarcinoma cells as a platform for cytotoxicity evaluation of 14 nm citrate-

stabilised carboxyl-polyethylene glycol-liganded AuNPs and 20 nm amine-liganded 

AuNPs. 

The objectives of this study were to: 

1 Establish A549 spheroids using low adherence culturing methods; 

2 Assess the growth, viability and protein content of spheroids using phase 

contrast microscopy, the acid phosphatase assay and the bicinchoninic acid 

assay, respectively; 

3 Determine whether the AuNPs interfere with any of the biological fluorescent and 

chemiluminescent assays; and  

4 Elucidate nanoparticle cytotoxicity using morphological changes (phase contrast 

microscopy), biochemical parameters (acid phosphatase assay and 

bicinchoninic acid assay), cell cycle analysis and caspase-3/7 activity analysis. 
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2. Chapter 2: Materials and methods 

 

Ethical clearance 

This project, and the entirety of the experimentation referred to herein, was approved 

by the Research Ethics Committee of the University of Pretoria, Faculty of Health 

Sciences (REC 690/2019; Appendix I). 

Reagents 

Reagents were procured, prepared and stored as per Appendix II. Sterility data and 

certificates of analysis (CoA) for the AuNPs are provided in Appendix III. 

2.1. Synthesis and characterisation of gold nanoparticles 

2.1.1. Carboxyl-polyethylene-glycol liganded gold nanoparticles 

The 14 nm citrate-stabilised carboxyl-polyethylene glycol-liganded AuNPs (PCOOH-

AuNPs) were synthesised as described by Vetten and Gulumian,92 using established 

methods.167-168 The AuNPs were synthesised by Mintek and functionalised at the 

National Institute for Occupational Health (NIOH) under sterile conditions. The 

AuNPs were prepared using sodium citrate as the reducing agent. A trisodium citrate 

aqueous solution was added to a boiling aqueous solution of tetrachloroaurate and 

the mixture was boiled under reflux for 15 minutes (15 min). The suspension was 

then left to cool to room temperature and stirred overnight, after which it was filtered 

with a 0.25 µm sterile syringe filter. The PEG-liganded AuNPs were prepared using 

ligand-exchange where citrate is replaced, resulting in a generic formula: 

Au-S-(CH2)11-(C2H6O2)n-Functional group 

For the synthesis of PEG-COOH, the AuNPs were saturated with the relevant PEG-

ligands possessing carboxyl functional groups leading to: 

Au-S-(CH2)11-(C2H6O2)n-COOH 

The characterisation of the AuNPs was carried out by Mintek. The size and shape of 

the AuNPs was determined using a FEI Tecnai T12 transmission electron 

microscope (TEM), which operates at 120 kV. The AuNPs were placed on formvar-
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coated copper grids and dried, then measured using ImageJ in order to obtain the 

average particle diameter.  

The absorbance spectra of the AuNPs were determined using a CECIL CE3021 

spectrophotometer using wavelengths between 400 nm and 800 nm. The zeta-

potential of the AuNPs was determined using Zetasizer Nano ZS at 25°C. The pH 

was measured at 37°C. 

2.1.2. Amine-liganded gold nanoparticles 

The 20 nm amine-liganded AuNPs were synthesised from gold NPs with a core size 

>10 nm (Au-20; NSNP204-206) via the reduction of Au3+
 to Au0

 with sodium citrate.169 

The citrate reduction process involved hot gold chloride and sodium citrate as 

reactants. In this reaction, the citrate molecules acted as both reducing and 

stabilising agents, allowing for the formation of the colloidal gold. The bifunctional 

ligands of the type XRSH (X = COOH, N(CH3)3, and CH3) were used in order to 

replace the citrate ligands on the nanoparticles surface.169 

Au-20-ammonium (NSNP205): N,N,N-trimethyl(11-mercaptoundecyl)ammonium 

bromide was used to exchange citrate ligands from citrate AuNPs. The dark red 

NSNP205 was stable in water suspension containing 0.5 M potassium chloride 

(KCl). If the KCl concentration was too low, the colour of the suspension became 

blue with aggregation of NSNP205. Surface ligands (chemical composition): 

HS(CH2)11N(CH3)3Br.169 

2.2. Maintenance of cell cultures 

2.2.1. A549 alveolar carcinoma cell line 

A549 cells (ATCC® CCL-185™) were cultured in 75 cm2 cell culture flasks in 

Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with penicillin-

streptomycin solution (1%), glutamine (1%), and foetal calf serum (FCS; 10%) in a 

humidified atmosphere at 37°C and 5% CO2. The DMEM was replaced as needed 

until ±80% confluence was reached.  

The cell culture was washed with sterile phosphate-buffered saline (PBS), and the 

cells were chemically detached with TrypLE™ Express for approximately 5 min at 

37°C. Cells were decanted into 15 mL centrifugation tubes and 10% FCS-



 

27 
 

supplemented DMEM added to deactivate the TrypLE™ Express. The cells were 

harvested by centrifugation at 200 g for 5 min, and the pellet was resuspended in 1 

mL 10% FCS-supplemented DMEM. Cells were counted using the trypan blue (0.1% 

w/v in PBS) exclusion assay with a haemocytometer and diluted to the required 

cellular concentration (7.5 x 105 cells/mL) for MCS generation in 10% FCS-

supplemented DMEM. 

2.2.2. Multicellular spheroid generation 

Various methods exist for generating 3D cell cultures. Traditionally, these methods 

rely on the use of pre-designed scaffolds, which are often disadvantageous due to 

their lack of essential biological signalling.170 Self-assembly methods are preferred 

since these processes are relatable to what is seen in vivo,171 and comprise various 

molecular role players, such as cadherins, which further determine the way in which 

attachment occurs, and MCSs can form without additional matrix material.170-171 Self-

assembly does not face the limitations that scaffold-based methodology does, in that 

it has the inherent ability for ECM recapitulation and interactions between cells and 

the ECM, as well as compatibility with a wide variety of high-throughput biological 

assays.172-173 Two methods of MCS generation were assessed: a standard liquid 

overlay and a bulk generation liquid overlay method. Multicellular spheroids were 

originally formed using the liquid overlay technique as described by Friedrich et 

al.,174 and modified for use by Fobian et al.121  

An agarose solution (4%) was diluted to a 1.6% solution by adding of FCS-free 

DMEM (150 mL). Agarose (50 µL, 1.6%) was used to coat the bottoms of 96-well 

plate wells. The plates were swirled after the agarose was added to assure level 

coverage of the bottom of the well and a concave plug. The agarose was left to cool 

and solidify for a few min to create a low-attachment surface. The outermost wells of 

the plate were filled with sterile PBS (200 µL) to prevent edging effects. After 

optimisation, the ideal density of the MCSs was found to be 7.5 x 104 cells/MCS. 

Cells (100 µL, 7.5 x 105 cells/mL) were seeded onto the agarose plug to achieve 7.5 

x 104 cells/well. Plates were incubated at 37°C and 5% CO2 for 72 h to allow the 

cells to form MCSs. After MCSs had established, 50% of the DMEM (50 µL) was 

replaced every two to three days. The MCSs were grown for up to 21 days.  
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A bulk generation platform was used to further refine the 3D model initially co-

established by Fobian et al.121 A non-adherent microwell system was used to 

generate MCSs,170,175-176 and used for subsequent experimentation. The 9x9 array 

negative polydimethylsiloxane moulds were autoclaved prior to each generation of 

microwells to ensure sterility. To create the microwell system, a sterile liquid agarose 

solution (1.6%, 500 µL) was pipetted into the mould to create an agarose platform 

with 81 microwells (Figure 2.1). Special care was taken to avoid any air bubbles 

when pipetting the molten agarose. Once the agarose had gelled, the microwell was 

carefully separated from the mould and placed in a 12-well plate. Each microwell 

was calibrated by filling it with DMEM (160 µL) and letting it equilibrate for at least 1 

h. The DMEM was replaced with 160 µL cell suspension (3.8 x 106 cells/mL). Plates 

were incubated at 37°C and 5% CO2 for 24 h, keeping the plates as still as possible. 

After 24 h, DMEM (1 mL) was pipetted alongside the mould to ensure nutrient 

transfer. Medium was replenished every 4 to 7 days after the MCSs had formed. The 

MCSs were grown for up to 21 days, with formation, growth, and viability assessed 

as described in Section 2.5 at regular intervals (4, 7, 11, 14, 18 and 21 days). 

 

Figure 2.1: Graphic of the creation of the agarose microwell system. Reprinted from The European Research 
Journal, Volume 4, Issue 3, Ozan Karaman, Ziysan B. Yarah, Determination of the minimum serum concentration 

to develop scaffold-free micro-tissue, Pages 145-151, Copyright (2017), with permission from ProQuest Central. 

2.3. Determination of spheroid formation, growth, and viability 

2.3.1. Characterisation of multicellular spheroid formation 

After MCS seeding and establishment, a Carl Zeiss Axiovert 200 M inverted 

microscope (Carl Zeiss Inc, Oberkochen, Germany) and a 5x magnification was 

used to visualise the A549 MCSs on days 4, 7, 11, 14, 18 and 21. 

Phase-contrast (PC) microscopy is a contrast-enhancing technique that is used to 

visualise clear, high-quality, detailed images of specimens, with the added benefit of 

being able to visualise live cells as it does not require the specimen to be killed, fixed 

or stained for visualisation.177 Phase shifts of light passing through a transparent 
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sample are converted into differences in intensity of the image, enabling the 

visualisation of transparent objects.178 Micrographs were taken at selected intervals 

to determine the volume and diameter of the MCSs using ImageJ. The volume of the 

MCSs was calculated using the following equation as a measure of growth:179 

𝑆𝑝ℎ𝑒𝑟𝑜𝑖𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑉)=0.5 𝑥 (𝑙𝑒𝑛𝑔𝑡ℎ) 𝑥 (𝑤𝑖𝑑𝑡ℎ)2 

The percentage change in the volume of MCSs over different days was calculated. 

For example, the change in the percentage in MCS volume between Day 4 and Day 

7 was calculated using the formula: 

% 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑠𝑝ℎ𝑒𝑟𝑜𝑖𝑑 𝑣𝑜𝑙𝑢𝑚𝑒= 
𝑉 𝑜𝑛 𝑑𝑎𝑦 7−𝑉 𝑜𝑛 𝑑𝑎𝑦 4

𝑉 𝑜𝑛 𝑑𝑎𝑦 4
 ×100 

The circularity index of the MCSs was measured. A circularity index of 1.0 is a 

perfect circle and 0.0 is an elongated polygon shape.180 ImageJ was used to 

measure the circularity index using the following formula: 

𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟𝑖𝑡𝑦=4𝜋 (
𝑎𝑟𝑒𝑎

𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟2
) 

2.3.2. Multicellular spheroid viability via acid phosphatase assay 

The acid phosphatase (APH) assay is a cellular viability assay that measures 

cytosolic APH activity.181 In viable cells, p-nitrophenyl phosphate is hydrolysed to p-

nitrophenol by APH.181 The assay was modified by pooling three MCSs and using a 

concentrated assay buffer. 

Washed, pooled MCSs were re-suspended in 100 µL PBS and 100 µL assay buffer 

(containing para-nitrophenylphosphate [4 mg/mL] and Triton X-100 [0.2% v/v] in 

citrate buffer [0.1 M]) at 37°C for 90 min. After incubation, 10 µL sodium hydroxide (1 

M, NaOH) was added to each well and the absorbance was read at 405 nm 

(reference: 630 nm) with an ELX800 UV microplate reader (BioTek Instruments Inc, 

Highland Park, USA) within 10 min of adding NaOH. All the absorbance values were 

blank-subtracted and the APH activity was calculated as a percentage using the 

following formula: 

𝐴𝑃𝐻 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (% 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑜 𝐷𝑎𝑦 4)=
𝑂𝐷𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑂𝐷4
×100 
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Where ‘ODsample’ refers to the corrected optical density of the sample and ‘OD4’ is 

the corrected optical density of Day 4 MCSs. 

2.3.3. Protein content via bicinchoninic acid assay 

The bicinchoninic acid (BCA) assay was used to quantify the amount of protein 

present in the MCSs. The stable BCA reagent forms a purple complex with cuprous 

ions (Cu+) in an alkaline environment. The Cu+ are produced when proteins react 

with copper ions (Cu2+). The intensity of the colour produced by this reaction 

increases proportionately to protein concentration.182  

Eight MCSs were pooled and washed twice with PBS (100 µL) with centrifugation at 

200 g for 5 min in a 1.5 mL tube. The MCSs were lysed using 100 µL 

radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-hydrochloride [pH 7.4], 

150 mM sodium chloride, 1% Triton X-100, 1% sodium deoxycholate, 0.1% w/v 

sodium dodecyl sulphate, 1 mM ethylenediamine tetraacetic acid [EDTA] and 0.02% 

w/v Roche cOmpleteTM protease inhibitor cocktail). The MCSs were vortex-mixed, 

sonicated on ice for 5 min, and centrifuged at 16,000 g for 10 min. The lysate (as 

supernatant) was collected and stored at -80°C until use.  

A clear 96-well flat-bottom plate was used to conduct the assay. An aliquot (5 µL) of 

the standard (bovine serum albumin [BSA]; 0.1, 0.2, 0.25, 0.5, 1.0, 1.5 and 2 mg/mL 

in PBS) or MCS lysate was added to the wells together with 195 μL BCA working 

solution (Appendix II). The plate was shaken for 10 min at room temperature, and 

incubated at 60°C for 30 min. The plate was cooled to room temperature, and the 

absorbance measured with an ELX800UV microplate reader using a 570 nm filter. 

Lysate protein content (mg/mL) was interpolated from the BSA standard curve, and 

dilutions considered to determine individual spheroid content (µg/MCS).  

The percentage change in the protein content was calculated by dividing the 

difference in the average protein content between different days by the protein 

content on an earlier day. For example, the change in the percentage protein content 

between Day 4 and Day 7 was calculated using the formula: 

% 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡= 
𝑃𝑟𝑜𝑡𝑒𝑖𝑛 (𝐷𝑎𝑦 7)−𝑃𝑟𝑜𝑡𝑒𝑖𝑛 (𝐷𝑎𝑦 4)

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 (𝐷𝑎𝑦 4)
 𝑥 100 
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2.4. Assessment of nanoparticle interference 

As NPs may interact with various assay substrates, thereby affecting the 

experimental results,92,183-184 it is important to assess whether interference occurs.  

The AuNPs were provided at stock concentrations of 2.5 x 1012 NP/mL (14 nm 

PCOOH-AuNP) and 1.8 x 1014 NP/mL (20 nm amine-AuNP) from the supplier as a 

red-coloured liquid suspension. As AuNPs may react with various substrates and 

diluted in unique spectral properties, interference studies were conducted to ensure 

validity of experimentation. This was done by diluting the AuNPs to in-reaction 

concentrations and assessing whether shifts in absorbance or fluorescence at the 

relevant wavelengths in a cell-free environment occurred. Before initialising any 

fluorometric assay, interference between the AuNPs and assay substrates or any 

possible fluorophore quenching was established.  

2.4.1. Acid phosphatase assay 

2.4.1.1. Inherent effect on optical density 

The AuNPs were diluted to the desired concentrations (6 x 1011 NP/mL PCOOH-

AuNP, 1.2 x 1012 NP/mL PCOOH-AuNP and 4.5 x 1012 NP/mL amine-AuNP) in both 

distilled water and FCS-free DMEM (to a final volume of 100 µL) in a clear, flat-

bottom 96-well plate. The inherent behaviour of the AuNPs was assessed by 

measuring the absorbance at 405 nm (reference: 630 nm), which is the wavelength 

where the assay substrate conversion occurs, with an ELX800 UV microplate reader. 

Controls included distilled water and FCS-free DMEM. 

Given the experimental setting of interference assessment, less wash steps were 

performed during the interference testing than during cellular assessment. As such, 

AuNP loss prior to conducting the cellular assays was not considered. The 

consequence of this would be that less AuNPs would be available during the assay 

than what is present during interference testing, further decreasing the likelihood of 

interference with the spectroscopic method or substrate/product. 

2.4.1.2. Effect in the presence of assay substrates 

The AuNPs were diluted to the desired concentrations (6 x 1011 NP/mL PCOOH-

AuNP, 1.2 x 1012 NP/mL PCOOH-AuNP and 4.5 x 1012 NP/mL amine-AuNP) in PBS 
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to a final volume of 100 µL to simulate the APH assay protocol. The APH assay 

buffer (Appendix II, 100 µL) was added to the PBS-diluted AuNPs (100 µL). The 

AuNPs were then incubated at 37°C for 90 min, after which 10 µL NaOH (1 M) was 

added. Absorbance was read at 405 nm (reference: 630 nm) within 10 min of adding 

NaOH. An APH assay buffer control was included. 

2.4.2. Bicinchoninic acid assay 

2.4.2.1. Inherent effect on optical density 

The AuNPs were diluted to the desired concentrations (6 x 1011 NP/mL PCOOH-

AuNP, 1.2 x 1012 NP/mL PCOOH-AuNP and 4.5 x 1012 NP/mL amine-AuNP) in both 

distilled water and FCS-free DMEM (to a final volume of 100 µL) in a clear, flat-

bottom 96-well plate. The inherent behaviour of the AuNPs was assessed by 

measuring the absorbance using a 570 nm filter, which is the wavelength where the 

assay substrate conversion occurs. Controls included distilled water and FCS-free 

DMEM blanks. 

Given the experimental setting, less wash steps were performed during the 

interference testing than during cellular assessment. As such, AuNP loss prior to 

conducting the cellular assays was not considered. The consequence of this would 

be that less AuNPs would be available during the assay than what is present during 

interference testing, further decreasing the likelihood of interference with the 

spectroscopic method or substrate/product. 

2.4.2.2. Effect in the presence of assay substrates  

The AuNPs were diluted to the desired concentrations (6 x 1011 NP/mL PCOOH-

AuNP, 1.2 x 1012 NP/mL PCOOH-AuNP and 4.5 x 1012 NP/mL amine-AuNP) in PBS 

to a final volume of 5 µL to simulate the BCA assay protocol. The BCA working 

solution (Appendix II, 195 µL) was added to the PBS-diluted AuNPs (5 µL). The plate 

was shaken for 10 min at room temperature, and incubated at 60°C for 30 min. The 

plate was cooled to room temperature, and the absorbance measured using a 570 

nm filter, which is the wavelength where the assay substrate conversion occurs. The 

BCA assay working solution control was included. 
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2.4.3. Propidium iodide  

Possible interference of the AuNPs with PI was determined, as PI may quench due 

to the presence of AuNPs.185 Furthermore, it was imperative to ascertain whether the 

AuNPs would register as debris during flow cytometric analysis. 

2.4.3.1. Autofluorescence of nanoparticles 

The AuNPs were diluted to the desired concentrations (6 x 1011 NP/mL PCOOH-

AuNP, 1.2 x 1012 NP/mL PCOOH-AuNP and 4.5 x 1012 NP/mL amine-AuNP) in both 

distilled water and FCS-free DMEM (to a final volume of 100 µL) in black, clear-

bottom 96-well plates. The inherent fluorescence of the AuNPs was assessed by 

reading the fluorescent intensity (FI) using the excitation wavelength of 385 nm and 

emission wavelength of 590 nm. Controls included distilled water and FCS-free 

DMEM. 

Given the experimental setting, less wash steps were performed during the 

interference testing than during cellular assessment. As such, AuNP loss prior to 

conducting the cellular assays was not considered. The consequence of this would 

be that less AuNPs would be available during the assay than what is present during 

interference testing, further decreasing the likelihood of interference with the 

spectroscopic method or substrate/product. 

2.4.3.2. Possibility of propidium iodide fluorescent quenching by 

nanoparticles 

The AuNPs were diluted to the desired concentrations (6 x 1011 NP/mL PCOOH-

AuNP, 1.2 x 1012 NP/mL PCOOH-AuNP and 4.5 x 1012 NP/mL amine-AuNP) in PBS 

to a final volume of 100 µL to simulate the PI staining protocol.  

Two concentrations of PI were tested at higher concentrations than would be used in 

the experimental procedure. A stock solution of PI was diluted in PBS (2 mg/mL and 

5 mg/mL in-reaction) and added to the PBS-diluted AuNPs. The plate was incubated 

for 40 min at 37°C, and the FI was measured using the excitation wavelength of 385 

nm and emission wavelength of 590 nm. A PBS blank was included. 
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2.4.3.3. Possibility of nanoparticle identification as debris during flow 

cytometry 

Upon standardisation of the AuNP concentration across the PCOOH and amine-

types, two more amine-AuNP concentrations were added: 2.3 x 1012 NP/mL amine-

AuNP and 1.1 x 1012 NP/mL amine-AuNP. The possibility of the AuNPs being picked 

up as debris during flow cytometry was also assessed. 

The AuNPs were diluted to the desired concentrations (6 x 1011 NP/mL PCOOH-

AuNP, 1.2 x 1012 NP/mL PCOOH-AuNP, 4.5 x 1012 NP/mL amine-AuNP, 2.3 x 1012 

NP/mL amine-AuNP and 1.1 x 1012 NP/mL amine-AuNP) in FCS-supplemented PBS 

(1%, final volume 600 µL) in a 1.5 mL centrifuge tube. The AuNPs were centrifuged 

at 200 g for 5 min. While vortex-mixing, ice-cold absolute ethanol (1.4 mL) was 

added to the tube in a drop-wise fashion. The AuNPs were incubated overnight in a 

refrigerator. The AuNPs were washed and resuspended in 500 µL staining solution 

(80 µg/mL PI, 0.1% Triton X-100 and 100 µg/mL DNA-free RNase in PBS) for 40 min 

at 37°C. The samples were analysed using a Beckman CytoFLEX flow cytometer 

(Beckman Coulter, South Africa) and the appropriate band pass filter.  

2.4.4. Caspase-3/7 assay 

The interference study aimed to establish whether the presence of AuNPs would 

interfere with the assay substrate in a cell-free environment. The AuNPs were diluted 

to the desired concentrations (6 x 1011 NP/mL PCOOH-AuNP, 1.2 x 1012 NP/mL 

PCOOH-AuNP, 4.5 x 1012 NP/mL amine-AuNP, 2.3 x 1012 NP/mL amine-AuNP and 

1.1 x 1012 NP/mL amine-AuNP) in distilled water and FCS-free DMEM (up to a final 

volume of 25 µL per well) in a black, clear-bottom 96-well plate. The plate was 

incubated on ice for 30 min. Substrate buffer (Appendix II, 100 µL) was added to 

each well and the plate was further incubated at 37°C for 4 h after which the FI was 

measured at excitation wavelength of 340 nm and emission wavelength of 450 nm, 

as this is where the fluorescent substrate would be excited and emitted under test 

conditions. An assay buffer blank was included.  
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2.5. Cytotoxicity assessment of gold nanoparticles 

2.5.1. Gold nanoparticle exposure 

The MCSs were deemed appropriate to use at Day 7 as they were compact and 

maintained their morphological features, and this corresponded with the age of 

MCSs used in the uptake studies by Fobian et al.121 Mature MCSs were carefully 

removed from the mould into a standard liquid-overlay 96-well plate. The MCSs were 

exposed to 100 µL of either FCS-free DMEM (negative control), saponin (1%, 

positive control) or AuNPs (6 x 1011 NP/mL PCOOH-AuNP, 1.2 x 1012 NP/mL 

PCOOH-AuNP, 4.5 x 1012 NP/mL amine-AuNP, 2.3 x 1012 NP/mL amine-AuNP and 

1.1 x 1012 NP/mL amine-AuNP) for 24, 48 and 72 h at 37°C and 5% CO2. After 

incubation, MCSs were washed three times with sterile PBS (100 µL) and the 

cytotoxicity of the AuNPs were assessed using the assays described in Sections 

2.7.2. to 2.7.4. 

2.5.2. Nanoparticle effect on growth and viability of spheroids 

The effect on MCS growth, protein content and viability after exposure to the AuNPs 

was determined as per Section 2.5, using the controls mentioned in Section 2.7.1. 

2.5.3. Cell cycle analysis 

Flow cytometry-mediated cell cycle analysis enables the quantification of cellular 

distribution through different phases of the cell cycle based on differential propidium 

iodide staining.186 Given the difference in DNA content between cells in the G0/G1, 

S, and G2/M-phase, potential effects on proliferation can be determined,186 although 

it does require cells to be in a single-cell suspension to pass through the flow 

cytometer and allow for accurate analysis. As such, MCSs required dissociation prior 

to staining and analysis.  

In order to use CytoExploreR to analyse flow cytometry data, gates needed to be 

established for the datasets. To establish these gates, MCSs were treated in order to 

arrest cells in specific phases of the cell cycle. On Day 7 post-MCS formation, MCSs 

were treated as follows: FCS-depletion for 24 h to simulate G1-phase block, by 

removing all culture medium from the well and replacing with 100 µL FCS-free 

medium.187 40 μM methotrexate (100 µL, in PBS) for 24 h to simulate S-phase block 

and 80 μM curcumin (100 µL, in PBS) for 24 h to simulate G2/M-block.188 These 
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controls were known to cause cell-cycle arrest at the relevant phases and the 

experimental procedure was optimised for use on MCSs. Controls for cell cycle 

analysis included untreated MCSs (negative control), 1% DMSO (100 µL, in PBS as 

vehicle control) and 100 µM cisplatin (100 µL, in PBS as positive control). 

2.5.3.1. Multicellular spheroid dissociation 

The MCSs were dissociated according to the methods described by Grasser et al.189 

with minor modifications as per optimisation results. Thirty MCSs were pooled in a 

1.5 mL tube and suspended in PBS (1 mL). The tube was centrifuged at 200 g for 5 

min and the PBS removed. This washing process was repeated twice. The MCSs 

were dissociated by adding 900 µL Accutase® and gentle pipetting to facilitate mixing 

and initial dissociation. The tube was placed in a 37°C heated plate shaker for 10 

min, after which the mixture was gently aspirated ten times to facilitate dissociation.  

In the event that the MCSs do not completely dissociate after one dissociation cycle, 

Grasser et al. determined that up to four cycles could be repeated without sustaining 

cellular damage.189 After optimisation, it was established that two dissociation rounds 

were sufficient to obtain a uniform single cell suspension from the pooled MCSs. The 

solution was transferred to a 15 mL centrifugation tube and the Accutase® solution 

was deactivated with FCS-supplemented PBS (10%, 2 mL). The cell suspension was 

centrifuged at 200 g for 5 min. The supernatant was discarded, and the cell pellet 

resuspended in FCS-supplemented PBS (1%, 1 mL). 

2.5.3.2. Fixation and propidium iodide staining for analysis 

The dissociated cellular suspension was centrifuged at 200 g for 5 min, after which 

the supernatant was decanted, and the pellet re-suspended in FCS-supplemented 

PBS (1%, 600 µL). While vortex-mixing, ice-cold absolute ethanol (1.4 mL) was 

added to the tube in a drop-wise fashion to fix the cells. The solution was incubated 

overnight in a refrigerator. Fixed cells were washed and re-suspended in 500 µL 

staining solution (80 µg/mL PI, 0.1% Triton X-100 and 100 µg/mL DNA-free RNase 

in PBS) for 40 min at 37°C. The samples were analysed using a Beckman CytoFLEX 

flow cytometer (Beckman Coulter, South Africa) using the appropriate band pass 

filter. The CytoFlex flow cytometer was on loan from the Institute of Cellular and 

Molecular Medicine (University of Pretoria) to carry out the analysis using an 
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optimised protocol set up by Dr Chrisna Durant. Deconvolution software (Kaluza, 

version 2.1) was used to measure DNA distribution, and CytoExploreR (R-script) 

was used to analyse data. 

2.5.4. Apoptotic analysis via caspase-3/7 activity 

As a surrogate for potential induction of apoptosis, caspase-3/7 activity was 

measured using the acetyl-Asp-Glu-Val-Asp-7-amido-4-methylcoumarin (Ac-DEVD-

AMC) conversion assay. Ac-DEVD-AMC is a synthetic tetrapeptide substrate that is 

cleaved by activated caspases-3/7 to free the bound fluorogenic 7-amido-4-coumarin 

(AMC).190 As caspase-3/7 is only activated via pro-apoptotic pathways, fluorescence 

indicates an induction of programmed cell death.190 Cisplatin (10 and 100 µM) 

served as a positive control.  

Four pooled MCSs were placed in a 1.5 mL tube and washed with PBS (1 mL) twice 

at 200 g for 5 min. Cold lysis buffer (Appendix II, 100 µL) was added to the MCSs 

and incubated on ice with gentle aspiration every 10 min until lysis was observed. 

After optimisation, it was found that MCS lysis occurred after approximately 30 min. 

The cell lysate (25 µL per well) was pipetted from the tube into the well of a black-

walled, clear-bottom 96-well plate, and substrate buffer added (Appendix II, 100 µL). 

The plate was incubated at 37°C for 4 h and the FI was measured at an excitation 

wavelength of 340 nm and an emission wavelength of 450 nm. The caspase-3/7 

activity was measured as follows: 

Caspase-3/7 activity (fold -change) = 
𝐹𝐼 𝑠𝑎𝑚𝑝𝑙𝑒

𝐹𝐼 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑎𝑣𝑒𝑟𝑎𝑔𝑒
 

2.6. Substantiating methods designed for 2D in 3D culture 

2.6.1. Acid phosphatase assay optimisation 

At first the protocol for monolayer was repeated using single MCSs (data not shown). 

The assay buffer was at the same concentration than in monolayer (containing para-

nitrophenylphosphate [2 mg/mL] and Triton X-100 [0.1% v/v] in citrate buffer [0.1 M]) 

Due to the nature of MCSs and the distribution of cells within the MCS, the ELX800 

UV microplate reader (BioTek Instruments Inc, Highland Park, USA) could not 

differentiate MCSs treated with saponin from control MCSs. 
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After various rounds of optimisation, the best method was found to be pooling three 

spheroids together per well, as well as using a stronger assay buffer. Spheroids 

were resuspended in 100 µL PBS and 100 µL assay buffer (containing para-

nitrophenylphosphate [4 mg/mL] and Triton X-100 [0.2% v/v] in citrate buffer [0.1 M]) 

at 37°C for 90 min. After incubation, 10 µL sodium hydroxide (1 M; NaOH) was 

added to each well and the absorbance was read at 405 nm (reference: 630 nm) 

with an ELX800 UV microplate reader (BioTek Instruments Inc, Highland Park, USA) 

within 10 min of adding NaOH. 

2.6.2. Bicinchoninic acid assay optimisation 

It has been discussed that the nature of MCSs would mean there is less viable cells 

in the MCSs than would be in monolayer culture. Therefore, there is less protein 

expression in the inner layer of the MCS. The BCA assay is one of the most 

sensitive assays for protein quantification, but it still has a minimum threshold of 0.5 

µg/mL.191 Since the MCSs in this study were relatively small, the individual protein 

content of each MCS was below the minimum threshold of the BCA assay and 

pooling MCSs was used as a method to optimise the assay for use in 3D culture. 

2.6.3. Optimisation of MCS dissociation and flow cytometry 

It has been discussed that the nature of MCSs would mean there is less viable cells 

in the MCSs than would be in monolayer culture. Since flow cytometry requires a 

large number of single cells for accurate analyses, pooling MCSs was necessary to 

have a large enough sample. Additionally, dissociation was needed to ensure that 

single cell suspension was available. 

2.6.4. Ac-DEVD-AMC conversation assay optimisation 

It has been discussed that the nature of MCSs would mean there is less viable cells 

in the MCSs than would be in monolayer culture. Pooling of MCSs made it possible 

for enough viable cells to be present that could undergo conversion of Ac-DEVD-

AMC to AMC and be picked up by the reader. 
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2.7. Statistical analysis 

Data from the results of all assays was captured using Microsoft® Excel® and 

analysed statistically using GraphPad Prism® 5. Statistical analyses for all assays, 

apart from the cell cycle distribution, was done by performing a Kruskall-Wallis with 

post-hoc Dunn’s test. Cell cycle results obtained from flow cytometry was analysed 

using two-way analysis of variance facilitated by R with the use of CytoExploreR, an 

R script developed by Dillon Hammill. Significance was defined as p < 0.05. 

Each experiment was carried out using a minimum of three biological and technical 

replicates, allowing for at least nine data points to be generated per sample. Data on 

the diameter and volume of the spheroids obtained from microscopy results was 

processed using ImageJ. Results were reported as the mean ± the standard error of 

the mean (SEM).  
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3. Chapter 3: Results 

 

3.1. Characterisation of gold nanoparticles 

The PCOOH-AuNPs and amine-AuNPs were characterised by Mintek to determine 

their size, concentration, ultraviolet absorbance, and surface charge in distilled water 

(Table 3.1).  

Table 3.1: Nanoparticle characteristics. 

Property PCOOH-AuNP Amine-AuNP 

Size (nm) 14 ± 2  20  

Concentration (NP/mL) 2.5 x 1012  1.8 x 1014  

UV absorbance maximum (nm) 523  530  

Surface charge in distilled water 
(mV) 

-58.2  +42.8 ± 10  

3.2. Establishing a 3D model for A549 multicellular tumour spheroids 

The standard liquid overlay and bulk-generation methods described in Section 2.4.2 

were compared and it was evident that the MCSs generated by the micro-moulds 

were more reproducible and possessed less heterogeneity in shape and size 

(Figure 3.1). Morphologically, MCSs underwent less change between Day 7 and 

Day 10 in the micro-mould group (Figure 3.1 B) than the traditional group (Figure 

3.1 A) and were more consistent in shape and size. As such, the MCSs generated 

by the micro-mould method were taken forward for experimentation.  
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Figure 3.1: Comparison between traditional (A) and micro-mould (B) methods of generating A549 multicellular 
spheroids. Scale bar = 100 µm. Triplicate images at 4x magnification are shown for the respective day. These 
images show the micro-mould method produced more reproducible MCSs and was therefore chosen as the 
method of MCS formation for establishment of the model. 
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The A549 MSCs successfully formed by Day 4 when using the micro-mould liquid 

overlay method and were maintained for 21 days. Phase contrast images of multiple 

passages/batches of spheroid generation is included for reference in Appendix IV.  

From Day 4 to Day 7 there was a significant (p < 0.0001) increase in circularity from 

0.6 ± 0.02 to 0.9 ± 0.01 (Figure 3.2), after which it remained stable till Day 14. From 

Day 14 to 18 there was a steady decrease to 0.8 ± 0.03, where the circularity 

stabilised again until Day 21. Microscopy confirmed the spheroid structure with 

clearly defined edges alongside circularity, as well as a high opacity, indicating 

compaction (Figure 3.2). 

 

Figure 3.2: Changes in multicellular spheroid circularity over the 21-day measurement period, with phase-
contrast microscopy images included for visualisation. The Day 7 spheroid is outlined to indicate this as the 
chosen day for nanoparticle exposure. Scale bar = 100 µm. Significance indicated as ***p ≤ 0.001; ****p ≤ 
0.0001. 

The spheroid volume initially decreased non-significantly (p > 0.05)  from 2.64 x 108 

µm3 ± 0.49 µm3 on Day 4 to 2.41 x 108 µm3 ± 0.37 µm3 on Day 7 (Figure 3.3). 

Thereafter, the volume decreased from Day 11 to Day 18, reaching 1.86 x 108 µm3 ± 

0.10 µm3, before marginally increasing to 2.00 x 108 µm3 ± 0.06 µm3 on Day 21 

(Figure 3.3). 



 

43 
 

 

Figure 3.3: Changes in multicellular spheroid volume over the 21-day measurement period, with phase-contrast 
microscopy images included for visualisation. The Day 7 spheroid is outlined to indicate this as the chosen day 
for nanoparticle exposure. Scale bar = 100 µm. Significance indicated as *p ≤ 0.05. 

Spheroid diameter increased over the 21-day measurement. The diameter remained 

relatively unchanged from Day 4 to Day 7, after which a significant increase (p < 

0.001) was observed until Day 11, where the diameter reached 643.92 µm ± 16.67 

µm. After this time point, the increase became less pronounced, but continued until 

Day 21, with a final diameter of 759.61 µm ± 29.61 µm (Figure 3.4).  
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Figure 3.4: Changes in multicellular spheroid diameter over the 21-day measurement period, with phase-contrast 
microscopy images included for visualisation. The Day 7 spheroid is outlined to indicate this as the chosen day 
for nanoparticle exposure. Scale bar = 100 µm. Significance indicated as ***p ≤ 0.001; ****p ≤ 0.0001. 

Day 7 was identified as the optimum day for AuNP exposure since the MCSs were 

fully formed, and displayed the least variable diameter, volume, and circularity for the 

three-day maximum exposure period. Additionally, spheroids maintained structural 

integrity and viability for long enough to permit exposure to AuNPs for three days.  

3.3. Multicellular spheroid viability 

The APH activity initially increased (p > 0.05, non-significant) from Day 4 to 7, after 

which it plateaued until Day 14 (Figure 3.5). A sharp increase in activity was 

observed at Day 18, which then reduced back to an activity showing a similar trend 

to that seen for Day 11. Protein content initially increased by 30.00% from 2.5 µg ± 

0.02 µg on Day 4 to 3.2 µg ± 0.03 µg on Day 7. Protein content continued to 

increase thereafter until Day 18, where it started to decrease and reached 0.6 µg ± 

0.07 µg at Day 21 (Figure 3.5).  
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Figure 3.5: Growth and viability measurements of A549 multicellular spheroids over 21 days, including 
microscopy images for visualisation, showing continuously increasing protein content, along with initially 
increasing acid phosphatase (APH) activity, followed by a reducing trend, with the exception of Day 18. The Day 
7 spheroid is outlined to indicate this was the chosen day of nanoparticle exposure supported by the viability 

results. Scale bar = 100 µm. Significance indicated as *p ≤ 0.05; **p ≤ 0.01; ****p ≤ 0.0001. 

 

Taking into consideration the stability of the model at Day 7, particularly pertaining to 

its structural integrity and viability, it was selected as the most appropriate time of 

exposure to facilitate a long enough experimental window. 

3.4. Nanoparticle interference studies with assay substrates 

To determine whether the AuNPs would affect any of the experimental procedures, 

interference studies were conducted. Apart from the optical properties of the AuNPs, 

the potential to alter substrate conversion or fluorescence intensity of fluorophores 

was also assessed. 

3.4.1. Acid phosphatase assay 

3.4.1.1. Inherent effect on optical density 

The AuNPs displayed an increased absorbance when diluted in water (72.78% with 

6 x 1011 NP/mL PCOOH-AuNP, 143.54% with 1.2 x 1012 NP/mL PCOOH-AuNP and 

150.43% with 4.5 x 1012 NP/mL amine-AuNP), compared to only water (Figure 3.6 
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A). These increases in absorbance were non-significant (p > 0.05), for all but the 4.5 

x 1012 NP/mL amine-AuNP group (p = 0.01), however the latter was considered 

negligible since the assay protocol does not include water.  

A marginal increase in absorbance was observed when AuNPs were diluted in 

DMEM (7.80% for 6 x 1011 NP/mL PCOOH-AuNP, 21.32% with 1.2 x 1012 NP/mL 

PCOOH-AuNP and 41.17% with 4.5 x 1012 NP/mL amine-AuNP), compared to only 

DMEM (Figure 3.6 A). These increases in absorbance were non-significant (p > 

0.05), for all but the 4.5 x 1012 NP/mL amine-AuNP group (p = 0.01). Although an 

increase was noted, it should be considered that in the cellular system, excess NPs 

that were not taken up by the cells are washed out of the external environment, thus 

decreasing their presence. 

To indicate how marginal of an increase this was, the negative control in a cellular 

environment, where the assay is conducted in a medium-free environment, had an 

average absorbance value of 0.157, which is correlated to an increase of 220.41%, 

compared to water alone, and 15.44% compared to DMEM alone. 

3.4.1.2. Effect in the presence of assay substrates 

When comparing the observed absorbance of the AuNPs with the assay reagents 

(Figure 3.6 B), no significant spontaneous conversion of the substrate was observed 

(p > 0.05), except for the 1.2 x 1012 NP/mL PCOOH-AuNP, which showed an 

increased absorbance of 127.27%, compared to only the assay buffer. Although this 

result was significant (p < 0.05), it should be noted that in the experimental setting, 

wash steps will decrease the concentrations of the AuNPs, particularly as a low 

uptake into cells can be expected based on prior experimentation. 
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Figure 3.6: Absorbance values of gold nanoparticles in water and medium free from foetal calf serum (A) and 
interference of gold nanoparticles with the acid phosphatase assay substrate in a cell-free environment (B). Blank 
absorbance values were included for scale. The measurement was carried out at a wavelength of 405 nm. 
Significance indicated as *p ≤ 0.05; **p ≤ 0.01. 

 

3.4.2. Bicinchoninic acid assay 

3.4.2.1. Inherent effect on optical density 

The AuNPs displayed an increased absorbance when diluted in water (71.30% with 

6 x 1011 NP/mL PCOOH-AuNP, 155.65% with 1.2 x 1012 NP/mL PCOOH-AuNP and 

193.91% with 4.5 x 1012 NP/mL amine-AuNP), compared to that of water only 

(Figure 3.7 A). These increases in absorbance were non-significant (p > 0.05), for all 

but the 4.5 x 1012 NP/mL amine-AuNP group (p = 0.01), but was considered 

negligible since the assay protocol does not include water only. Although the assay 

protocol involves a number of wash steps, these were not included in the 

interference study due to the high probability that the AuNPs would be washed away. 

The change in absorbance was marginal in the presence of AuNPs with DMEM. An 

absorbance increase of 0.53% with 6 x 1011 NP/mL PCOOH-AuNP, 12.82% 

decrease with 1.2 x 1012 NP/mL PCOOH-AuNP and  22.72% increase with 4.5 x 1012 

NP/mL amine-AuNP was noted when compared to DMEM only (Figure 3.7 A). 

Changes in absorbance were non-significant (p > 0.05) for all three AuNPs and 

considered negligible due to the extensive washing involved in the assay protocol, 
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which was not possible with the interference study due to the high probability of 

AuNPs being washed away, if not taken up by the cells. 

3.4.2.2. Effect in the presence of assay substrates 

When comparing the observed absorbance of the AuNPs with the assay reagents 

(Figure 3.7 B), no statistically significant (p > 0.05) spontaneous conversion of the 

substrate was observed, except for a 16.67% increase caused by the 4.5 x 1012 

NP/mL amine-AuNPs when diluted in the buffer (p = 0.01). Although the assay 

protocol involves a number of wash steps, these were not included in the 

interference study due to the high probability that the AuNPs would be washed away 

and thus, this increase was considered non-relevant. 

 

Figure 3.7: Absorbance values of gold nanoparticles in water and medium without foetal calf serum (A) and 
interference of gold nanoparticles with the acid phosphatase assay substrate in a cell-free environment (B). Blank 
absorbance values were included for scale. The measurement was carried out at a wavelength of 405 nm. 
Significance indicated as *p ≤ 0.05; **p ≤ 0.01. 

 

3.4.3. Propidium iodide 

3.4.3.1. Autofluorescence of nanoparticles 

The AuNPs displayed a decrease in fluorescence when diluted in water (with 10.58% 

for 6 x 1011 NP/mL PCOOH-AuNP, 14.81% with 1.2 x 1012 NP/mL PCOOH-AuNP 

and 14.81% with 4.5 x 1012 NP/mL amine-AuNP), compared to water only (Figure 

3.8 A). All decreases were non-significant (p > 0.05) and considered negligible 
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except for the 4.5 x 1012 NP/mL amine-AuNPs, where there was a significant (p = 

0.02) decrease in fluorescence, which was considered negligible due to the 

extensive washing that occurs during cellular assays. 

When AuNPs were present in DMEM, fluorescence was decreased (with 20.35% for 

6 x 1011 NP/mL PCOOH-AuNP, 39.63% with 1.2 x 1012 NP/mL PCOOH-AuNP and 

12.94% with 4.5 x 1012 NP/mL amine-AuNP), compared to DMEM only (Figure 3.8 

A). Although the fluorescent decrease observed with 1.2 x 1012 NP/mL PCOOH-

AuNP was significant (p < 0.05), it was considered negligible due to the extensive 

washing that occurs during cellular assays. 

3.4.3.2. Possibility of propidium iodide fluorescent quenching by 

nanoparticles 

The AuNPs did not cause relevant quenching of PI, at either the low (2 mg/mL) or 

high (5 mg/mL) concentrations of PI (Figure 3.8 B). The marginal quenching effects 

observed were non-significant (p > 0.05), except for the quenching by 4.5 x 1012 

NP/mL amine-AuNPs at 2 mg/mL PI (p < 0.05) and 1.2 x 1012 NP/mL PCOOH-AuNP 

at 5 mg/mL PI (p < 0.05).  The effect was considered low enough for the analysis to 

continue, since the in-reaction concentration of PI in the protocol was much lower 

than the concentrations tested, as well as the extensive washing prior to taking the 

readings. 
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Figure 3.8: Fluorescent intensity of the gold nanoparticles in water and medium devoid of foetal calf serum (A) 
and quenching of propidium iodide (PI) at high concentration by gold nanoparticles (AuNP) (B). Blank values 
were included for reference. The 385±40, 590±35 filter set (nm; excitation, emission wavelengths ± bandpass 
filter ranges) was used. Significance indicated as *p ≤ 0.05. 

 

3.4.3.3. Possibility of nanoparticle identification during flow cytometry 

Interference studies were undertaken using the CytoFlex flow cytometer to 

determine whether the AuNPs would be picked up as fluorescent debris during flow 

cytometry (Figures 3.9 and 3.10) or interfere with PI fluorescence. The analysis was 

performed with AuNPs were at maximum concentrations; 1.2 x 1012 NP/mL PCOOH-

AuNP (Figure 3.9) and 4.5 x 1012 NP/mL amine-AuNP (Figure 3.10) for 24 h. It was 

found that in the absence of cells (green and red graphs on Figures 3.9 and 3.10), 

the AuNPs were not picked up as being part of the cell cycle. Cell cycle activity was 

only observed in groups that contained cells (yellow and blue on Figures 3.9 and 

3.10). Propidium iodide concentrations were comparable to the experimental 

protocol. 
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Figure 3.9: Percentage of material picked up by CytoFlex flow cytometer to determine whether PCOOH-AuNPs 
would interfere with propidium iodide (PI) during experimental analysis.  
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Figure 3.10: Percentage of material picked up by CytoFlex flow cytometer to determine whether amine-AuNPs 
would interfere with propidium iodide (PI) during experimental analysis. 

 

3.4.4. Caspase-3/7 assay 

There was a non-significant decrease in fluorescence  (p > 0.05), of 40.00% for 6 x 

1011 NP/mL PCOOH-AuNP, 35.15% with 2.3 x 1012 NP/mL amine-AuNP and 49.99% 

with 4.5 x 1012 NP/mL amine-AuNP when diluted in water, compared to water only 

(Figure 3.11). There was a significant (p < 0.01) decrease in fluorescence by 

56.56% with 1.2 x 1012 NP/mL PCOOH-AuNP (Figure 3.11). Although it might have 

been of concern since the assay was performed in a water-based solution, it was 

considered negligible due to the extensive washing involved in the assay protocol, 

which was not possible with the interference study due to the high probability of 

AuNPs being washed away, if not taken up by the cells. 



 

53 
 

A non-significant (p > 0.05) decrease in fluorescence was noted for both AuNPs (low 

concentrations) when diluted in DMEM, compared to DMEM only (Figure 3.11). 

There were significant decreases in fluorescence (p < 0.05) for both groups (Figure 

3.11) at high concentrations. The latter was considered negligible especially 

considering the number of wash-steps involved, implying that there would essentially 

be no DMEM present at the time at which the fluorescence was read. There was 

extensive washing involved in the assay protocol, which was not possible with the 

interference study due to the high probability of AuNPs being washed away, if not 

taken up by the cells. 

 

Figure 3.11: Fluorescent intensity of the caspase-3/7 assay substrate in the presence of gold nanoparticles 
(AuNP) in water and medium free from foetal calf serum.  Blank values were included for reference. The 340±11, 
450±50 filter set (nm; excitation, emission wavelengths ± bandpass filter ranges) was used. Significance 
indicated as *p ≤ 0.05; **p ≤ 0.01. 

. 

3.5. Cytotoxicity measurement of gold nanoparticles 

3.5.1. Morphological effect of gold nanoparticles on A549 spheroids 

Phase contrast (PC) microscopy images of the effects of the different AuNPs on the 

MCSs at Day 7 are provided in Appendix IV. The PCOOH-AuNPs, for the most part, 

did not alter the morphology of the MCSs at any concentration, while the amine-
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AuNPs yielded morphological changes after 24 h. Amine-AuNP-treated MCSs were 

less compact, displayed an increase in debris formation, and lost structural integrity.  

3.5.1.1. Circularity 

The positive control significantly (p < 0.01) decreased the circularity of the MCSs by 

15.13% after 24 h, after which it plateaued at 72 h (Figure 3.12), most likely as a 

result of loss of structural integrity. The PCOOH-AuNPs non-significantly (p > 0.05) 

decreased circularity (Figure 3.12), suggesting little alterations at the concentrations 

tested. The effect was not dependent on time of exposure. The amine-AuNPs 

significantly (p < 0.001) decreased circularity by 38.84% after 24 h (Figure 3.12), 

and then plateaued, suggesting a loss of shape and structural integrity.  

 

Figure 3.12: Effect of gold nanoparticles on the circularity index of multicellular spheroids over a 72 h exposure 
period. The positive control (1% saponin [indicated as a solid green line]) and the negative control (untreated 
multicellular spheroids [indicated as a solid red line]) were included for interpretation. Significance indicated as *p 
≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. 
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3.5.1.2. Volume 

The positive control increased MCS volume by 18.35% after 48 h, compared to the 

negative control, however, this was non-significant (p > 0.05) (Figure 3.13), 

suggesting reduced compaction of the spheroid and possible release of cellular 

connections. The PCOOH-AuNPs at the lowest concentrations (6 x 1011 NP/mL) 

caused a slight increase in volume after 48 h of 11.34% (non-significant, p > 0.05), 

which may indicate release of cellular connections and loss of structural integrity. 

This effect, however, was not seen at the higher concentration PCOOH-AuNP (1.2 x 

1012 NP/mL), indicating that there is indeed loss of cellular connections due to the 

PCOOH-AuNPs. The amine-AuNPs caused a 10.24% increase in volume after 24 h. 

The effect was similar to that of the positive control (Figure 3.13), except that the 

effect occurred after a shorter exposure period. 
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Figure 3.13: Effect of gold nanoparticles on the volume of multicellular spheroids over a 72 h exposure period. 
The positive control (1% saponin [indicated as a solid green line]) and the negative control (untreated 
multicellular spheroids [indicated as a solid red line]) were included for interpretation. 

 

3.5.2. Effect of gold nanoparticles on A549 multicellular spheroid 

viability 

The positive control significantly decreased (p < 0.001) APH activity by 78.49% at 24 

h and plateaued thereafter (Figure 3.14). This indicates that the positive control 

reached its maximum activity by 24 h. The 6 x 1011 NP/mL PCOOH-AuNPs showed a 

non-significant (p > 0.05) decrease of 20.57% in APH activity between 24 h and 48 h 

(Figure 3.14). The APH activity returned to baseline at 72 h (Figure 3.14).  

The 1.2 x 1012 NP/mL PCOOH-AuNPs initially showed a non-significant (p > 0.05) 

increase of 16.14% in APH activity, which returned to the original activity observed at 

24 h, after 72 h (Figure 3.14). This might indicate an initial protective response by 

the cells, which then dissipates as the cytotoxic effect is diminished. These results 
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indicate that the PCOOH-AuNPs did not affect the APH activity in the MCSs, 

therefore suggesting a lack of cytotoxicity.  

The APH activity of the 4.5 x 1012 NP/mL amine-AuNP-exposed MCSs after 24 h 

was similar to the negative control (Figure 3.14). A non-significant (p > 0.05) 

decrease of 28.34% in APH activity was observed after 48 h, which continued till 72 

h (83.99%; p < 0.001) (Figure 3.14). It appears that the amine-AuNPs display time-

dependent cytotoxicity. 

 

Figure 3.14: Multicellular spheroid acid phosphatase activity due to gold nanoparticle exposure over a 72 h 
exposure period. The positive control (1% saponin [indicated as a solid green line]) and the negative control 
(untreated multicellular spheroids [indicated as a solid red line]) were included for interpretation. Significance 

indicated as ***p ≤ 0.001. 
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3.5.3. Effect of gold nanoparticles on protein content of A549 

multicellular spheroids 

The positive control significantly decreased (p < 0.001) the protein content by 

95.48% after 24 h (Figure 3.15). After 48 h, the decrease was 50.81% (significant, p 

< 0.001), and an even more pronounced reduction of 80.56%  (significant, p < 0.001) 

was observed after 72 h (Figure 3.15).  

The lower concentration (6 x 1011 NP/mL) PCOOH-AuNPs caused a significant 

decrease of 34.40% (p < 0.05) after 24 h, and this effect plateaued till 48 h, after 

which protein content returned to baseline (Figure 3.15). This indicates that the 

effect of the PCOOH-AuNPs only lasted until the 48 h time point, after which the 

MCSs were able to synthesise protein again. This could indicate an active window 

for the PCOOH-AuNPs to elicit their response. 

The higher concentration (1.2 x 1012 NP/mL) of PCOOH-AuNPs resulted in a 

significant decrease (p < 0.01) in protein content of 35.45% (Figure 3.15). This effect 

diminished over time and was comparable to the negative control at 72 h (Figure 

3.15). This indicates that the higher concentration could not extend or increase the 

cytotoxicity of the PCOOH-AuNPs on the MCSs. The effect is not concentration-

dependent, but rather time-dependent, since the lower concentration showed a 

similar effect that could be maintained for a longer time period.  

The amine-AuNPs had a similar protein content to the negative control (non-

significant, p > 0.05) after 48 h (Figure 3.15). By 72 h the protein content decreased 

non-significantly (p > 0.05) by 34.63%, suggesting that the effect might be dependent 

on the exposure time. 
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Figure 3.15: Effect of gold nanoparticles on the protein content of multicellular spheroids over a 72 h exposure 
period. The positive control (1% saponin [indicated as a solid green line]) and the negative control (untreated 
multicellular spheroids [indicated as a solid red line]) were included for interpretation. Significance indicated as *p 
≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001. 

 

3.5.4. Effect of gold nanoparticles on cell cycle distribution within A549 

multicellular spheroids 

3.5.4.1. Baseline cell cycle distribution in A549 multicellular spheroids 

Multicellular spheroids displayed a normal cellular distribution, with few cells (1.14%) 

in the sub-G1 phase, the majority (84.61%) of cells in the G0/G1-phase, and a lower 

proportion (4.01%) of cells in the S-phase. The low number of cells in the sub-G1 

phase indicates that a low level of DNA degradation occurred. Over time, a greater 

proportion of cells transitioned into the G0/G1 phase, and less in S and G2/M phase 
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(Figure 3.16 and Table 3.2) with the progression of time. This could indicate more 

cells exiting the cell cycle and becoming quiescent.  

Table 3.2: Summary of baseline cell cycle distribution of Day 7 A549 multicellular spheroids. 

 Incubation time (h) 

Cell cycle phase 24  48  72  

Sub-G1 (%) 1.14 ± 0.35 0.57 ± 0.22 0.53 ± 0.14 

G0/G1 (%) 84.61 ± 0.60 86.80 ± 0.26 87.89 ± 0.59 

S (%) 4.01 ± 1.69 1.74 ± 0.40 1.81 ± 0.46 

G2/M (%) 10.23 ± 1.15 10.89 ± 0.36 9.77 ± 0.67 

 

Figure 3.16: Baseline cell cycle distribution of Day 7 A549 multicellular spheroids after 24 h (red), 48 h (blue) and 
72 h (yellow). 
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3.5.4.2. Carboxyl-polyethylene glycol-liganded gold nanoparticles 

In comparison to the negative control (Figures 3.17 and 3.18; Table 3.3 and 3.4), no 

statistically significant (p > 0.05) differences in cell cycle distribution were observed 

for either the 6 x 1011 NP/mL or 1.2 x 1012 NP/mL PCOOH-AuNPs. The majority of 

cells (83.37%) were in the G0/G1-phase, with a low percentage cycling from S to 

G2/M-phase over the 72 h exposure period (Figures 3.17 and 3.18, Tables 3.3 and 

3.4). 

 

Table 3.3: Summary of cell cycle distribution of Day 7 A549 multicellular spheroids post-exposure to 6 x 1011 
NP/mL carboxyl-polyethylene glycol-liganded gold nanoparticles. 

 Incubation time (h) 

Cell cycle phase 24  48  72  

Sub-G1 (%) 1.27% ± 0.30 1.15% ± 0.50 0.44% ± 0.05 

G0/G1 (%) 83.37% ± 0.12 84.43% ± 1.99 87.11% ± 0.61 

S (%) 3.60% ± 1.02 2.52% ± 0.70 2.23% ± 0.67 

G2/M (%) 11.75% ± 1.14 11.91% ± 0.89 10.23% ± 0.44 

 

Table 3.4: Summary of cell cycle distribution of Day 7 A549 multicellular spheroids post-exposure to 1.2 x 1012 

NP/mL carboxyl-polyethylene glycol-liganded gold nanoparticles. 

 Incubation time (h) 

Cell cycle phase 24  48  72  

Sub-G1 (%) 0.68% ± 0.13 0.89% ± 0.10 0.46% ± 0.06 

G0/G1 (%) 83.87% ± 0.98 84.72% ± 0.98 87.70% ± 0.85 

S (%) 3.86% ± 0.80 2.33% ± 0.61 1.56% ± 0.36 

G2/M (%) 11.59% ± 1.06 12.07% ± 0.50 10.29% ± 1.13 
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Figure 3.17: Cell cycle distribution of Day 7 A549 multicellular spheroids post-exposure to carboxyl-polyethylene 
glycol-liganded gold nanoparticles at 6 x 1011 NP/mL after 24 h (red), 48 h (blue) and 72 h (yellow). 
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Figure 3.18: Cell cycle distribution of Day 7 A549 multicellular spheroids post-exposure to carboxyl-polyethylene 
glycol-liganded gold nanoparticles at 1.2 x 1012 NP/mL after 24 h (red), 48 h (blue) and 72 h (yellow). 

 

3.5.4.3. Amine-liganded gold nanoparticles 

In comparison to the negative control (Figure 3.16 and Table 3.2), no statistically 

significant (p > 0.05) differences in the distribution of the cell cycle were observed 

after incubation with 2.3 x 1012 NP/L or 1.2 x 1012 NP/mL amine-AuNPs. The majority 

of cells (84.68%) were in the G0/G1-phase, with a low percentage cycling from G2/M 

to S-phase over the 72 h exposure period (Figure 3.19 and Table 3.5). 
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Table 3.5: Summary of cell cycle distribution of Day 7 A549 multicellular spheroids post-exposure to 2.3 x 1012 
NP/mL amine-liganded gold nanoparticles. 

 Incubation time (h) 

Cell cycle phase 24  48  72  

Sub-G1 (%) 1.67% ± 0.38 3.39% ± 0.45 2.71% ± 1.09 

G0/G1 (%) 84.68% ± 1.03 84.0% ±  1.77 83.76% ± 2.02 

S (%) 3.43% ± 1.55 2.53% ± 1.00 4.64% ± 2.73 

G2/M (%) 10.22% ± 1.40 10.08% ± 1.44 8.90% ± 0.78 

 

 

Figure 3.19: Cell cycle distribution of A549 multicellular spheroids post-exposure to amine-liganded gold 
nanoparticles at 2.3 x 1012 NP/mL after 24 h (red), 48 h (blue) and 72 h (yellow). 

 



 

65 
 

The 4.5 x 1012 NP/mL concentration of the amine-coated-AuNPs resulted in a time-

dependent and significant increase (p < 0.001) of cells in the sub-G1-phase, with a 

steady reduction in cells in the G0/G1 (significant; p < 0.01), S (non-significant, p > 

0.05) and G2/M-phases (only significant at the 72 h time point; p < 0.01) from 24 h 

onwards. As the amine-coated AuNPs did not exert this effect at a lower 

concentration, it appears that the effect may be dose-dependent (Figure 3.20 and 

Table 3.6).  

 

 

Table 3.6: Summary of cell cycle distribution of Day 7 A549 multicellular spheroids post-exposure to 4.5 x 1012 

NP/mL amine-liganded gold nanoparticles. 

 Incubation time (h) 

Cell cycle phase 24  48  72  

Sub-G1 (%) 12.68% ± 2.98 42.07% ± 8.69 78.0% ± 5.49 

G0/G1 (%) 77.72% ± 2.42 52.66% ± 8.47 20.43% ± 5.10 

S (%) 2.89% ± 0.54 2.28% ± 0.22 0.59% ± 0.34 

G2/M (%) 7.23% ± 1.28 2.99% ± 0.30 0.98% ± 0.52 
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Figure 3.20: Cell cycle distribution of A549 multicellular spheroids post-exposure to amine-liganded gold 
nanoparticles at 4.5 x 1012 NP/mL after 24 h (red), 48 h (blue) and 72 h (yellow). 
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A summary of the effect of the AuNPs on the MCSs is provided in Figure 3.21. 

Overall, a significant effect was caused by the 4.5 x 1012 NP/mL amine-AuNPs on 

the proportion of cells in both the sub-G1 and G0/G1-phases. At 24 h, the 4.5 x 1012 

NP/mL amine-AuNPs caused a significant increase in sub-G1 (p < 0.001) and 

decrease in G0/G1-phases (p < 0.01). At 48 h, the 4.5 x 1012 NP/mL amine-AuNPs 

caused a significant increase in sub-G1 (p < 0.001) and decrease in G0/G1-phases (p 

< 0.001). Ratiometrically, the percentage of cells relative to the G0/G1 phase of each 

respective time point suggests that cells are not cycling into the S and G2/M-phase, 

and thus the ratio of cells had increased in the G0/G1-phase, except at the 72 h time-

point where the 4.5 x 1012 NP/mL amine-AuNPs produced the same effect with a 

significant increase in sub-G1 phase (p < 0.001) and decrease in G0/G1-phase (p < 

0.001), while at the same time causing a significant decrease in G2/M-phase (p < 

0.01). 
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Figure 3.21: Effect of respective gold nanoparticle treatment groups on the distribution of cells within the cell cycle of Day 7 A549 multicellular spheroids after 24 h (A), 48 h (B) and 72 h (C). 

Significance indicated as **p ≤ 0.01; ***p ≤ 0.001. 
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3.5.5. Effect of gold nanoparticles on caspase-3/7 activation in A549 

multicellular spheroids 

The positive control resulted in a 0.14-fold increase (p > 0.05) in caspase-3/7 activity 

after 48 h (Figures 3.22 and 3.23). This may be indicative of the reduced 

susceptibility of the MCS to the control drug (100 µM cisplatin) since the chosen 

control is a known inducer of apoptosis in 2D cell cultures and an established control 

in the Departmental laboratory for the assay.  

3.5.5.1. Carboxyl-polyethylene glycol-liganded gold nanoparticles 

After 24 h, the caspase-3/7 activity was reduced, albeit non-significantly (p > 0.05) 

for both concentrations of PCOOH-AuNPs (Figure 3.22). From 48 h onwards, the 

caspase-3/7 activity returned to baseline for both concentrations of PCOOH-AuNPs 

(Figure 3.22). These results indicated that the PCOOH-AuNPs did not activate 

caspase-3/7 in A549 MCSs. 

 

 

Figure 3.22: Fold-change in activation of caspase-3/7 in A549 multicellular spheroids, due to exposure to 
carboxyl-polyethylene glycol-liganded gold nanoparticles on Day 7 for 72-hours. The positive control (100 µM 
Cisplatin [indicated as a solid green line]) and the negative control (untreated multicellular spheroids [indicated as 

a solid red line]) were included for interpretation.  
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3.5.5.2. Amine-liganded gold nanoparticles 

The lowest concentration (1.1 x 1012 NP/mL) of amine-AuNPs caused a non-

significant (p > 0.05) decrease in caspase-3/7 activity over the first 48 h (Figure 

3.23). The caspase-3/7 activity continued reducing over the exposure period with a 

significant reduction (p < 0.05) of 0.37-fold observed after 72 h (Figure 3.23).  

The higher concentrations (2.3 x 1012 NP/mL and 4.5 x 1012 NP/mL) of amine-AuNPs 

caused a significant decrease (p < 0.001) in caspase-3/7 activity over the first 48 h 

(Figure 32). A further significant decrease (p < 0.001) of 0.82-fold in caspase-3/7 

activity was observed with the 2.3 x 1012 NP/mL amine-AuNP treatment after 72 h 

(Figure 32). The 4.5 x 1012 NP/mL amine-AuNPs caused a significant increase (p < 

0.001) of 0.13-fold in caspase-3/7 activity between 48 and 72 h (Figure 3.23).  

The amine-AuNPs appeared to reduce the activity of caspase-3/7 at all 

concentrations over the 72 h period (Figure 3.23), suggesting that caspase-3/7 was 

not activated when the MCSs were exposed to the amine-AuNPs. The reduction in 

caspase-3/7 activity was more pronounced with an increase in the amine-AuNP 

concentration as well as with time of exposure, until approximately 48 h, suggesting 

a possible peak activation time or a dose- and time-dependent mechanism of action. 
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Figure 3.23: Fold-change in activation of caspase-3/7 in A549 multicellular spheroids, due to exposure to amine-
liganded gold nanoparticles on Day 7 for 72 h. The positive control (100 µM cisplatin [indicated as a solid green 
line]) and the negative control (untreated multicellular spheroids [indicated as a solid red line]) were included for 
interpretation. Significance indicated as *p ≤ 0.05; ***p ≤ 0.001. 
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4. Chapter 4: Discussion 

 

4.1. Establishing the optimal spheroid model 

The cell line chosen for this study was the A549 alveolar carcinoma cell line due to 

its relevance in previous research conducted by the research group in pulmonary 

cells,92 while showing evidence of successful 3D culturing.93-94 Due to the global 

burden of lung cancer and heightened risk of occupational AuNP exposure in the 

South African mining sector, pulmonary cell lines need to be investigated.101 

Initially, an established liquid overlay method, as described by Friedrich et al., was 

used to generate MCSs.174 This method was successfully adapted for the uptake 

study of Fobian et al.121 Liquid overlay is a scaffold-free MCS generation method 

where MCSs form by self-assembly. This method is more compatible with biological 

assays.172 Although the classic liquid overlay method is scaffold-free and simple to 

use, the spheroids formed were often heterogenous in shape and size. In order to 

create a robust and reproducible model, homogenous MCSs are required for 

biological assays.40 The classic method also proved to be time-consuming and not 

suitable for high-throughput MCS generation. A modified bulk generation liquid 

overlay method using polydimethylsiloxane moulds was employed to generate 

MCSs, whereby self-assembly occurs due to gravity in a low attachment 

environment.172,192-193 This method proved more time-efficient and up to 81 

homogenous MCSs could be formed per single agarose micro-mould. The latter 

enabled the establishment of a robust 3D model. The MCSs in the micro-moulds 

also endured less handling during the initial 24 h post-seeding, since the medium 

was added to the space surrounding the mould, rather than the space directly 

surrounding the MCS, as with the traditional method. The larger size of the wells 

containing the micro-moulds allowed more medium to be added per 

supplementation, thereby leading to the medium needing to be supplemented less 

often. This is known as a static cell culture system, where medium replenishment 

occurs in a batch-wise manner.194  In the traditional method where the wells 

containing each individual MCS limits the amount of medium that can be 

replenished, more frequent medium supplementation is needed, introducing 

disturbances that could impact MCS growth and formation. Furthermore, the pores of 
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the agarose micro-mould are uniform in size and concavity, leading to the formation 

of less heterogenous MCSs. Contrary, when using agarose to coat each individual 

well of a 96-well plate (as was done in the classic method) more opportunity for 

variation in concavity of the plug existed, resulting in heterogenous MCSs. 

Compact, robust MCSs were formed using the agarose micro-mould method, and 

growth was maintained for up to 21 days. The time-frames observed in this study are 

not uncommon for scaffold-free MCS generation. Prolonging the culture time that 

MCSs can be maintained for, would require the addition of specific growth factors,195 

or the use of complex microfluidic systems, specific to the chosen cell line,196-197 or 

access to expensive equipment, including bioreactors, to maintain the MCSs.198-199 

The cells self-assembled into stable MCSs, capable of being transferred after the 

fourth day of seeding. According to literature, the doubling time of the A549 cell line 

is 22 hours.200 It would be expected that this time would increase for 3D cultures as 

the doubling time approximation is based on 2D cellular growth. It has been shown 

that the doubling time for cells in MCS are longer than that of cells in monolayer, and 

also that doubling time of cells in in vivo tumours is longer than in cultured cells.201-

202 Assembly of the MCS seems to take priority over cellular proliferation, especially 

in the initial stages of MCS formation.202 The cells that make up MCSs are constantly 

migrating, attaching and detaching until the strongest bonds have been formed to 

strengthen the spheroid, which decreases the amount of energy (ATP) available in 

the cell for other functions, such as proliferation.47 The Differential Adhesion 

Hypothesis (DAH) explains the phenomenon of adhesion exchange between cells to 

create the strongest bonds.47,171 These inherent capabilities of 3D cell cultures 

require energy to be shifted away from unrestricted proliferation observed in 2D 

cultures, thus resulting in a decreased growth rate.54 

In MCSs, the individual cells have more opportunity for cellular interaction and the 

formation of an ECM.54 Formation of an ECM can act as a protective barrier by 

creating a micro-environment for the MCS that supports cellular survival.203 The 

ECM is formed by varying expression of different cell-cell adhesion molecules, such 

as cadherins and integrins.204  Cadherins are the main cellular adhesions believed to 

be involved in cellular binding. There are various types of cadherins, each type leads 

to cellular adhesion of different strengths. Cells exchange cadherins until the 
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strongest adhesions have been established.47,171 Thus the increased doubling time 

observed could indicate that these cellular interactions and exchanges are taking 

precedent of cellular turnover, at least during the initial stages of MCS formation 

(Days 0 through 4).   

The MCSs formed on the fourth day post-seeding had an average diameter of 

538.71 µm, and an average volume of 2.18 x 108 µm3. A MCS with a diameter > 500 

µm generally shows a zonal differentiation that mimics that observed in in vivo 

tumours,51 including the formation of gradients for nutrient absorption and waste 

expulsion.54-55 The latter better reflects diffusion kinetics of tumours, leading to 

greater representation of in vivo tumours.205 The rate of diffusion is highly influenced 

by spheroid circularity.205 Circularity is a measure of how symmetric a MCS is. A 

value of 1 implies ideal symmetry, where the distance from the centre of the MCS to 

any point on the surface stays relatively constant.205 Although circularity increased 

between Day 4 to Day 7, it remained the same until Day 14, and thereafter 

systematically decreased. Reduced circularity after Day 14 is suggestive of a gradual 

loss of integrity due to the inherent nature of scaffold-free formation.54  

Fobian et al. reported that A549 MCSs grown using the classic liquid overlay method 

had an average diameter of 702 µm on Day 7,121 while the diameter of MCS 

generated using the micro-mould method was 556.32 µm at the same time point. 

Theoretically, the size of MCSs would be expected to increase during formation due 

to growth kinetics,206 however, the volume of Day 7 MCSs decreased. At the point 

when the necrotic core forms, the MCS will stop increasing in size, since the amount 

of actively proliferating cells start to decrease while the amount of quiescent cells 

start to increase, due to differential availability of oxygen, nutrients as well as waste 

expulsion capabilities.206 Acid phosphatase activity increased by 31.93%, over this 

same time period which suggests that cells were growing and undergoing zonal 

differentiation.54,206 A 30.00% increase in protein content was observed by Day 7, 

indicative thereof that the MCSs were growing. Given the reduced size, in 

conjunction with an increase in protein content, it appears that the MCSs were 

compacting over time. Cellular shrinkage is linked to MCS compaction.207 

Compaction in MCSs is facilitated by cell-cell adhesion molecules, namely cadherins 

and integrins, which are known to be involved in ECM formation as discussed 
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above.54,204 Compaction is an important phase of MCS formation as it correlates to 

tissue integrity.208 Compaction in MCSs is a protective mechanism that can alter the 

level of exposure to extracellular elements, such as chemotherapeutic drugs.203 It 

would appear as if the A549 MCSs were employing more than one protective action 

to evade chemotherapeutic destruction, namely compaction and ECM formation. 

Cadherin expression has been linked to MCS compaction and cellular aggregation in 

cancerous cells.203 It has been shown that MCS formation initially occurs due to the 

aggregation of cells, followed by compaction thereof. The time it takes for a MCS to 

reach the compaction phase varies between cell lines, as well as the compaction 

mechanism employed.203,208  For example, in breast cancer cell lines, increased E-

cadherin expression has been linked to MCS compaction,209 while the levels of N-

cadherin expression has been linked to compaction of MCSs from fibroblasts.210 A 

study by Smyrek, et al. compared the phases of MCS formation over time of three 

cell lines.208 It was found that HC11 cells reached the compaction phase at 18.5 h 

post-seeding, while 4T1 MCSs started compacting after 12 h post-seeding and T47D 

cells reached the compaction phase only after 29.5 h post-seeding.208 The 

expression of the different adhesion molecules (e.g. cadherins and integrins) varies 

over the stages of MCS formation and specific molecules drive different phases of 

MCS formation.208 Therefore, identifying which molecule is present at the highest 

level at a specific time point, might indicate what phase of formation the MCS is in.208  

As this project was carried out in parallel to Fobian et al.121 who assessed possible 

uptake mechanisms of AuNPs into A549 spheroids, it was important that the day of 

exposure was concurrent. Since the chosen exposure window lasted for 72 h, it was 

important to choose a time frame (in days) where the MCSs would remain relatively 

constant in terms of size and shape, while being the most representative of in vivo 

tumours as possible. Day 7 was chosen as the optimum day to start the exposure for 

biological assays as it still allowed for exposure within a timeframe where MCS 

remained stable in terms of the selected markers of assessment. Viability and growth 

assessment of the MCSs showed a decreased growth rate and reduced viability from 

Day 14 to Day 21. This is a common observation in 3D cell cultures, since the 

formation of the necrotic core reduces the overall amount of viable and actively 

proliferating cells.54  
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Although the micro-mould method enables less handling of the cultures  compared to 

the classic liquid overlay, the method of medium replenishment still creates 

opportunity for contamination due to some handling still required.194 To enable MCSs 

to be cultured for longer periods of time (beyond 21 days), perfusion methods are 

advantageous, since they continuously supply medium to ensure a stable culture 

environment and require no mechanical handling, reducing the possibility of 

contamination.211-212 

4.2. Nanoparticle interference with assay substrates 

The possibility of NPs interfering with biological assays is one of the major concerns 

when screening new NPs. Causes of interference can vary greatly and some 

examples include interference with light absorption, chemical reactions between the 

NPs and assay substrates, as well as dye adsorption to the NP surface.213 Due to 

the high surface energy of NPs, it has been found that they are able to adsorb dyes 

to their surface, thereby distorting readings.214 It has been found that the stability of 

some NPs are lower in culture medium than in water.213 The DMEM used in this 

study contained the dye phenol red, which could be a possible explanation for some 

of the more significant changes in absorbance and fluorescence seen when the 

AuNPs were diluted in this medium. Culture medium contains various 

macromolecules that have also been observed to bind to NPs and create protein 

coronas around the NP, which affects the outcomes of biological assays.213 

Serum may lower the interaction between cells and NPs as well as the NP uptake 

into cells, which can affect biological assays results.215-216 Serum proteins adsorb 

onto the NP surface, which affects uptake into cells.215 The DMEM used in the 

interference studies was not supplemented with FCS, Fobian et al. reported low 

penetration of PCOOH-AuNPs into the MCSs (4.5 µm), indicating the possibility of 

serum interference with AuNP uptake.121 Although some significant interaction was 

observed for the APH assay, BCA assay, caspase-3/7 activation assay as well as 

some PI autofluorescence, these were measured with the assumption of full 

presence of AuNPs, which have been shown to be unlikely by Fobian et al.121 

Furthermore, washing of samples prior to assessment reduces the risk of 

interference by removal of AuNPs that have not been taken up by the spheroids. 

Although these will reduce the risk of interference, results will benefit from 
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comparative studies being assessed by label-free means, thus negating the effects 

of substrate or spectrometric influences.116 

4.3. Cytotoxicity of gold nanoparticles 

4.3.1. Morphological effects 

The circularity index of MCSs was reduced significantly by amine-AuNPs. The 

amine-liganded AuNPs reduction thereof is indicative of cytotoxicity and a loss of 

integrity, which may be attributed to cell death processes such as apoptosis.217 

Although, cellular proliferation in the periphery may also reduce circularity due to 

newly formed cells’ lacking dense compaction,217 visual comparison clearly indicates 

loss of structural integrity, indicating cytotoxicity.  

The PCOOH-AuNPs did not have a significant effect on MCS circularity, making 

them potentially attractive drug delivery vehicles, since circularity values closely 

correlate to diffusion within the MCS.205 However, since Fobian et al.121 found low 

penetration of these AuNPs in A549 MCSs, meaning they did not enter deeper 

cellular layers of the MCS, further analysis would be needed to ascertain the uptake 

potential in drug-delivery systems. The uptake mechanism of the amine-AuNPs are 

unknown, and this could explain the difference in cytotoxicity between the two types 

of AuNPs. The surface charge of NPs influences their behaviour and effects. It has 

been shown that surface charge influences opsonisation which affects plasma 

protein adsorption.218 The PCOOH-AuNPs carried a slightly negative charge, while 

the amine-AuNPs carried a slightly positive charge. Cationic liposomes are known to 

have higher activation than neutral counterparts.219 Harush-Frenkel et al. found 

positively charged NPs to internalise more rapidly.124 The slightly cationic nature of 

the amine-AuNPs might explain the increased cytotoxicity observed, due to possible 

increased uptake compared to the PCOOH-AuNPs. 

Volume is a reliable measurement for MCS viability, especially when used in 

conjunction with biological assays.220 Increases in MCS volume were observed in all 

three treatment groups after 24 h. This may be indicative of a reduction in 

compaction of the spheroid and possible release of cellular connections, as well as 

expulsion of non-viable cells. An increase in the MCSs’ volume has been linked to a 

surge in dead cells due to excessive amounts of debris being included in the 
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microscopic volume measurement,220 which may be apparent here given the visual 

characteristics of the treated spheroids. 

Microscopically, this excess debris expulsion and loss of cellular adhesion was 

evident for the amine-AuNP treatment group (Appendix IV), but not for the PCOOH-

AuNPs. From the PC images the effect of amine-AuNPs was found to be more 

similar to that of the cytotoxic (positive) control than the untreated (negative) control. 

The PCOOH-AuNPs did not cause significant debris formation, which is supported 

by Fobian et al. noted poor uptake of PCOOH-AuNPs after 24 h and penetration only 

into superficial layers of the MCS.121  

The effect of the amine-AuNPs on MCS morphology increased after 48 h, suggesting 

further cell death, which may be a function of cell death mechanisms, such as 

apoptosis.220 When apoptosis is initiated, cell shrinkage occurs and thus the overall 

volume of the MCS decreases.220 Brϋningk et al. found that reduced spheroid 

volume coincided with reduced viability in HCT116 cells.221 In this study an increase 

in volume was observed. Due to the nature of the measurements conducted, using a 

macro for ImageJ, expelled debris were included as part of the overall volume 

measurement, which made the volume larger, especially for the amine-AuNP group. 

As seen in Appendix IV (positive control), when the MCS started to dissociate, they 

appeared larger and flatter. If debris and dead cells could be fully removed from the 

well before PC images were captured, the number of cells that aggregated would be 

very small. Since PC images were taken at 24 h intervals , this level of debris 

removal was not possible. Although washing may clear spheroids of debris, it was 

noted that too much washing disrupted the spheroid in its entirety, perturbing further 

analyses.  

4.3.2. Viability 

The interactions between cells and NPs have been shown to lead to denaturation of 

proteins.222-223 Acid phosphatases are lysosomal enzymes that hydrolyse organic 

phosphates in acidic environments, are required for various cellular processes and 

are abundant in human cells.224-226 Reduced acid phosphatase activity has been 

linked to cytotoxicity.224-226 Both concentrations of the PCOOH-AuNPs did not cause 

significant changes in APH activity in the MCSs, indicating a lack of cytotoxicity. The 

viability results are supported by the lack of morphological changes, as well as by 
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the findings of Fobian et al. using the lactate dehydrogenase (LDH) assay, where it 

was observed that the PCOOH-AuNPs did not cause significant increases in the 

release of LDH over a 24 h exposure time at identical concentrations.121 The poor 

penetration observed by Fobian et al. is the likely cause of the low cytotoxicity.121 

Vetten et al. also noted an absence of cytotoxicity with similar AuNPs in monolayer 

cultures of the BEAS-2B bronchial epithelial cell line.92 

Apart from uptake considerations, the lack of cytotoxicity in the MCS could be due to 

the reduced chemo susceptibility of MCSs in relation to monolayer cultures.25,43 In 

vivo tumours are often resistant to chemotherapy due to physical barriers preventing 

drug penetration into the tumour, which are mimicked in the MCS.39 It has also been 

shown that PEGylated NPs show reduced cytotoxicity compared to non-PEGylated 

counterparts.123 Since the PCOOH-AuNPs did not show innate cytotoxicity, they 

might have been an attractive target for chemotherapeutic drug delivery into the 

tumour. However, Fobian et al. found that since these AuNPs were taken up by the 

A549 MCSs primarily by clathrin-mediated endocytosis in the peripheral layer of the 

spheroid, they would likely be trafficked for lysosomal degradation.121
  

The amine-AuNPs caused a significant (p ≤ 0.001) decrease in APH activity after 72 

h exposure, suggesting time-dependent cytotoxicity. Studies on various types of 

NPs, e.g. comparing silver NPs to carbon nanotubules, as well as amine-coated 

polystyrene NPs, have found cytotoxicity to be time-dependent,227-232 due to the 

uptake mechanism employed by the cell type, NP design and penetration, and 

activation of cytotoxic mechanisms.227-228,231 It has been shown that amine-coating 

can assist in creating monodisperse NP solutions.113 When using amines in the 

stabilisation of AuNPs, it has been found that the amines don’t bind as strongly to 

gold as, e.g. thiols (which are also commonly used). This may be an advantage 

since the AuNP can then more easily detach from the amine molecule to perform its 

function.113 As the amine-liganded AuNPs were considered cytotoxic at 4.5 x 1012 

NP/mL, further mechanistic assessments as per Sections 4.3.4 and 4.3.5 assessed 

lower concentrations to establish potential dose-dependency.  
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4.3.3. Protein content 

The lower concentration PCOOH-AuNPs had a more prominent effect on protein 

content than the higher concentrations during the first 48 h. A decrease in total 

protein content could indicate protein degradation. Gold NPs have been known to 

interact with DNA, lipids and proteins in the cell, leading to various forms of 

cytotoxicity, including protein degradation.233-234 The trend observed for PCOOH-

AuNPs could indicate a possible dose-dependent effect. The size and viability were 

not reduced during the assay period, but the protein content decreased, indicating 

that the mechanism involved in reducing the amount of protein did not translate into 

visible reductions in viability. After 72 h, the protein content returned to baseline, this 

implies that if the reduction in protein content was due to the PCOOH-AuNPs, it 

would be reasonable to assume that the effect would not be sustained up to 72 h.  

Aggregation is a known point of concern when working with small NPs, such as 

those in this study.105-106 Since the PCOOH-AuNPs have been shown to be taken up 

in this model via clathrin-mediated endocytosis, albeit only within the peripheral layer 

of cells,121 the higher concentration could possibly elicit the lysosomal degradation 

pathway faster due to more AuNPs being present in the cellular environment, or 

enable NP aggregation. Aggregates of AuNPs that were taken up by clathrin-

mediated endocytosis were observed on lung fibroblasts, as well as agglomerates in 

lysosomes 72 h post-exposure.127  

The amine-AuNPs did not have a significant effect on the protein content. Since the 

amine-AuNPs had a visible effect on morphology and viability, this finding was 

unexpected. Protein coronas have been known to form around NPs when they are 

exposed to biological fluids.235 The synthetic medium used in cell culture closely 

resembles biological fluids due to the various additives. The proteins and other 

constituents in culture medium, interact with the NPs and form protein coronas.235 

Protein coronas can influence cellular uptake, targeting efficiency and distribution of 

NPs.236-238 Covering the NP surface in PEG has been known to reduce protein 

deposition,223,239 which could explain why there was a more significant initial 

decrease observed in protein content for the PCOOH-AuNPs, compared to the 

amine-AuNPs (which were not coated in PEG).  The effect on protein content might 

also be explained by the cell cycle distribution discussed in Section 4.3.4, where an 
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increase in the number of cells in the sub-G1 phase was observed. Gold NPs have 

been associated with increased expression of cleaved caspase proteins and 

concurrent accumulations of cells in the sub-G1 phase.240 Although no increase in 

caspase-3/7 expression was observed as discussed in Section 4.3.5, not all 

caspases were investigated. 

4.3.4. Cell cycle distribution 

The inherent cell cycle distribution of the MCSs confirmed the proposed zonal 

differentiation due to the high proportion of cells in the G0/G1 phase, indicating 

possible quiescent cells. Propidium iodide binds to DNA and staining with PI does 

not differentiate between the G0 and G1 phases.241 The gating of the cells is only 

possible to differentiate based on the ploidy of the cells, with cells that have similar 

ploidy being undifferentiable.241 Cells in both the G1 and G0-phases are diploid, while 

cells in G2 and M-phases have 4n ploidy, meaning that these cells would essentially 

be twice as fluorescently intense than cells in G0/G1.241   

G0 is considered an exit point of the cell cycle, and thus relates to quiescence, while 

G1 is the start of the cell cycle.59 The PCOOH-AuNPs did not have any significant 

effect on the cell cycle distribution within the MCSs, confirming their lack of 

cytotoxicity observed in other biological assays. This again relates to the poor uptake 

and penetration of these PCOOH-AuNPs noted by Fobian et al.121 The absence of 

an effect on the cell cycle distribution seems to support the notion that the changes 

in protein content due to the PCOOH-AuNPs are not indicative of cytotoxic effects.   

The amine-AuNPs displayed dose-dependency on the cell cycle of the MCSs, where 

only the highest concentration tested yielded a perturbation of the cycle. This effect 

was also observed to increase as exposure time increased, leading to a possible 

time-dependent response. This may be related to the gradual inhibition of cell cycle 

checkpoint-factors.147 Interestingly, the proportion of cells in sub-G1 phase increased 

after exposure to the amine-AuNPs at high concentration, which indicates possible 

DNA fragmentation. DNA fragmentation has been reported as the mechanism of 

cytotoxicity of other AuNPs, either supporting apoptosis,242 or as a hallmark of 

necrosis.243 An increased proportion of cells in the sub-G1 phase has been linked to 

DNA damage, protein degradation and cytotoxicity caused by AuNPs.240 The effect 

on the cell cycle strengthens the outcomes from the viability and morphological 
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studies, where the amine-AuNPs, at high concentration, have a cytotoxic effect, 

although the exact mechanism is unknown. 

4.3.5. Caspase-3/7 activity 

Caspases are proteolytic enzymes involved in many cellular processes, most notably 

apoptosis and inflammation.158 Apoptosis is a complex cell death mechanism and 

can be activated via various processes. Several caspases have been identified since 

their discovery, and they have been given unique numbers in order to differentiate 

them from one another. Mammalian caspases-2, -3, -7, -8, -9 and -10 are involved in 

apoptosis.158 The caspase-dependent pathway is the classic apoptotic pathway in 

both extrinsic and intrinsic apoptosis and involves a cascade of caspase activation 

involving various caspase enzymes, including caspases-3, 7, 8, 9, and 12.161 Initially, 

caspases are inactive pro-forms, but upon activation, caspases activate each other 

in a sequential approach by cleaving at the same sequences.156 The different 

caspases act as either initiator caspases, or executioner caspases. Initiator 

caspases can initiate other caspases that then execute apoptosis, with caspase-3 

being considered the most important. Any of the initiator caspases can activate 

caspase-3, eventually leading to apoptosis.244 Caspase-3/7 expression is used as 

one possible indicator that apoptosis is being induced in a cell (however, it is not the 

only pathway apoptosis can follow).161  

Although apoptotic cell death has been described for AuNPs,245-247 the PCOOH-

AuNPs did not significantly alter caspase-3/7 activity, which suggests a lack of pro-

apoptotic effects. This is further corroborated by the lack of cytotoxicity described 

earlier, as well as the poor uptake and cellular penetration and absence of 

cytotoxicity described by Fobian et al.121  

The amine-AuNPs caused significant  (p ≤ 0.001) decreases in caspase-3/7 

activation at the two higher concentrations (2.3 x 1012 and 4.5 x 1012 NP/mL), 

suggesting an inhibition of caspase-dependent pathways, and thus ultimately a 

different cytotoxic mechanism. One possibility might be that cell death is being 

induced via a caspase-independent pathway.159-160 The caspase-independent 

pathway of intrinsic apoptosis does not require the activation of caspase enzymes to 

induce apoptosis.159-160 This pathway is activated when ligand binding causes a 

change in the membrane potential of the mitochondria.161 This, in turn, increases the 
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cells ROS production which is the signal for apoptosis to occur.161 Lui et al. found 

that AuNPs (13 nm in size) were able to induce cell death by various mechanisms, 

including caspase-independent mechanisms.248 Different apoptotic mechanisms 

have been observed to be employed concurrently.248 The amine-AuNPs also caused 

a shift in the distribution of cells resulting in a greater proportion of the cells in the 

sub-G1 phase, especially at high concentrations. Gold NPs have been linked to the 

production of ROS and an increased expression of cleaved caspase proteins, 

accompanied by a high constituent of cells in the sub-G1 phase.240 It is known that a 

wide array of caspases are involved, depending on which apoptotic pathway is 

activated.161 The increase in the amount of cells in the sub-G1 phase may be 

indicative of a caspase-dependent pathway of apoptosis being activated, and not 

only the caspase-3/7 pathway based on the results observed in Section 3.5.5.  

There were visible reductions in viability when the MCSs were exposed to amine-

AuNPs, which were noted both morphologically, as well as by the changes in cell 

cycle distribution. However, these reductions did not seem to be linked to increased 

caspase-3/7 expression. Since MCSs are cultured to have contact with other cells 

and form an ECM, the MCS may benefit from protection from anoikis.249 Anoikis is a 

specific type of programmed cell death that occurs upon loss of attachment to the 

ECM.250 Resistance to anoikis is one of the emerging hallmarks of cancer and 

enables metastasis.251 Loss of cellular contact and contact to the ECM (which was 

seen upon exposure to high concentrations of the amine-AuNPs, causing breakdown 

of the MCS [Appendix IV]), could have induced anoikis and subsequently 

apoptosis.251      

Autophagy is an alternative method of cell death mediated through lysosomal 

activity.153 Most often, autophagy is not the cause of cell death, but is rather 

associated with it.162 Autophagy is often used by cells as a pro-survival response to 

stress. Therefore, if a cell is in a fatally stressful environment, autophagic processes 

may be stimulated in an attempt to improve cell survival.252 It has been shown that 

AuNPs, quantum dots and carbon nanotubules can cause autophagy.253 Human lung 

fibroblasts have been reported to employ autophagy as a cellular defence 

mechanism when exposed to AuNPs.254 
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Necrosis is a passive mechanism of cell death, typically characterised by adenosine 

triphosphate (ATP) depletion or membrane disruption in damaged or diseased cells, 

deters cell survival.155,255 Necrosis is not associated with normal cellular 

development and is thus deemed pathological in nature.155 Necrosis has 

characteristic morphological features including; vacuolation of the cytoplasm and 

breakdown of the plasma membrane. This leads to pro-inflammatory molecules and 

cell contents being released into the cytoplasm. The availability of these molecules in 

the cytoplasm induces inflammation which can be observed around the cell 

undergoing necrosis.255  

Necrosis can be triggered by various factors, including DNA damage.156 DNA 

fragmentation was possibly occurring in the MCSs as a result of exposure to high 

concentrations of amine-AuNPs (Section 4.3.4). Necrosis and apoptosis can be 

difficult to discern morphologically; often both may occur simultaneously, depending 

on the level of ATP depletion and the presence of caspase enzymes.165  A cell that is 

actively undergoing apoptosis can be pushed into necrosis if there is an excessive 

decrease in the availability of caspases and ATP.166 The examples in literature of 

NPs inducing necrosis is inconsistent due to the difficulty of morphological 

identification of necrosis.156 Necrosis has been reported to be induced in hamster 

ovary cells by water-soluble germanium NPs with allylamine-conjugated surfaces.256 

Chen et al. found the death mechanism employed by HepG2 cells to be necrosis, 

rather than apoptosis after treatment with zinc oxide NPs.257 Different NPs have 

been found to induce cell death in distinct cell lines via disparate mechanisms.165-

166,252,256,258 
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5. Chapter 5: Conclusion, limitations and recommendations 

 

The MCS model for A549 cells was successfully established and optimised via a 

high-throughput micro-mould system. The MCSs formed and started compacting by 

Day 4 and were able to be sustained until Day 21. The MCSs remained stable over 

the exposure period, and thus show potential for use in cytotoxicity determination. 

Assay selections were appropriate for the AuNPs used; however, further work should 

be done to optimise assays to ensure the full effect of interference is taken into 

consideration, or label-free means incorporated. 

The PCOOH-AuNPs did not have any significant cytotoxic effect on A549 MCSs. 

Although this finding appears to make them attractive targets for drug delivery 

vehicles, their uptake and cellular penetration is too low. 

Amine-AuNPs at high concentrations did significantly affect viability and growth 

measurements, indicating possible cytotoxicity. High concentrations of amine-AuNPs 

caused a shift in cell cycle distribution leading to an increase in the number of cells in 

the sub-G1 phase. The latter may be indicative of apoptosis, however low levels of 

caspase-3/7 expression were observed, indicating either the involvement of different 

caspases or the caspase-independent pathway being activated.  

The effects of amine-AuNP exposure creates potential for future studies to establish 

whether the A549 MCS would employ a different uptake mechanism, compared to 

the findings on the PCOOH-AuNPs. There is also potential to elucidate whether 

lower concentrations would show the same time-dependent trend in cytotoxic effects 

as was seen for high concentrations of amine-AuNPs. It would be beneficial to 

screen lower concentrations of the amine-AuNPs since for certain measurements 

only the highest concentration was screened. This would enable better applications 

for the amine-AuNPs, whether that be as direct cytotoxic agents or as drug delivery 

vehicles.  

Studies to confirm MCS stability might strengthen the model for cytotoxicity 

screening. To further elucidate the extent and mechanism of DNA damage observed 

as a result of exposure to amine-AuNPs, studies such as the comet assay and gel 

electrophoresis can be performed to characterise the DNA damage. Oxidative stress 
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analysis could assist in elucidating the mechanism of action employed by amine-

AuNPs to cause DNA damage. To elucidate the mechanism of cell death employed 

due to exposure to amine-AuNPs, an ATP/ADP ratiometry assay is suggested to 

determine the level of ATP depletion. Lower levels of ATP would indicate necrosis, 

whereas higher levels would lean towards apoptosis. Investigating the expression of 

specific caspases, e.g., initiator caspases (-2, -8, -9 and -10) may possibly elucidate 

the cell death mechanism employed. 

Limitations of the study included a lack of standardisation of AuNP concentrations, 

especially during the morphological and viability investigations. Another limitation 

was not investigating the uptake mechanism or level of cellular uptake and 

penetration of amine-AuNPs into A549 MCSs. Another limitation was not 

characterising any proteins, e.g., as ECM proteins to relate it to MCS dysregulation. 

Characterising the proteins could be an interesting prospective future study to 

strengthen some of the theories in this study. Nanoparticle interference was also a 

limitation to the study. Some interference was noted, but given the experimental 

conditions the full impact of this interference could not be established, since it was 

impossible to ensure whether AuNPs would remain in the sample during washing 

steps. The low uptake of PCOOH-AuNPs (reported by Fobian et al.113) implies that 

the interference potential is low, however, label-free methods would be best suited 

for the investigations. 

  



 

87 
 

6. Chapter 6: References 

1. Parvathaneni V, Kulkarni NS, Muth A, Gupta V. Drug repurposing: A 
promising tool to accelerate the drug discovery process. Drug Discovery 
Today. 2019; 24(10):2076-85. 

2. DiMasi JA, Feldman L, Seckler A, Wilson A. Trends in risks associated with 
new drug development: Success rates for investigational drugs. Clinical 
Pharmacology and Therapeutics. 2010; 87(3):272-7. 

3. Kola I. The state of innovation in drug development. Clinical Pharmacology 
and Therapeutics. 2008; 83(2):227-30. 

4. Hay M, Thomas DW, Craighead JL, Economides C, Rosenthal J. Clinical 
development success rates for investigational drugs. Nature Biotechnology. 
2014; 32(1):40-51. 

5. Cohen FJ. Macro trends in pharmaceutical innovation. Nature Reviews Drug 
discovery. 2005; 4(1):78-84. 

6. Takebe T, Imai R, Ono S. The current status of drug discovery and 
development as originated in United States academia: The influence of 
industrial and academic collaboration on drug discovery and development. 
Clinical and Translational Science. 2018; 11(6):597-606. 

7. Turner MJ. The current state of drug discovery and what it might take to 
improve drug discovery outcomes and approval successes. Drug Discovery 
Today. 2015; 20(8):917-9. 

8. DiMasi JA, Grabowski HG, Hansen RW. Innovation in the pharmaceutical 
industry: New estimates of R&D costs. Journal of Health Economics. 2016; 
47:20-33. 

9. Hopkins AL. Network pharmacology: The next paradigm in drug discovery. 
Nature Chemical Biology. 2008; 4(11):682-90. 

10. Kola I, Landis J. Can the pharmaceutical industry reduce attrition rates? 
Nature Reviews Drug discovery. 2004; 3(8):711-5. 

11. Hutchinson L, Kirk R. High drug attrition rates - where are we going wrong? 
Nature Reviews Clinical Oncology. 2011; 8(4):189-90. 

12. Ocana A, Pandiella A, Siu LL, Tannock IF. Preclinical development of 
molecular-targeted agents for cancer. Nature Reviews Clinical Oncology. 
2011; 8(4):200-9. 

13. Cook D, Brown D, Alexander R, March R, Morgan P, Satterthwaite G, et al. 
Lessons learned from the fate of Astrazeneca's drug pipeline: A five-
dimensional framework. Nature Reviews Drug Discovery. 2014; 13(6):419-31. 

14. Breslin S, O'Driscoll L. Three-dimensional cell culture: The missing link in drug 
discovery. Drug Discovery Today. 2013; 18(5-6):240-9. 

15. Imamura Y, Mukohara T, Shimono Y, Funakoshi Y, Chayahara N, Toyoda M, 
et al. Comparison of 2D- and 3D-culture models as drug-testing platforms in 
breast cancer. Oncology Reports. 2015; 33(4):1837-43. 



 

88 
 

16. Singh VK, Seed TM. How necessary are animal models for modern drug 
discovery? Expert Opinion on Drug Discovery. 2021; 16(12):1391-7. 

17. Richmond A, Su Y. Mouse xenograft models vs GEM models for human 
cancer therapeutics. Disease Models & Mechanisms. 2008; 1(2-3):78-82. 

18. Preskorn SH. The role of proof of concept (POC) studies in drug development 
using the EVP-6124 POC study as an example. Journal of Psychiatric 
Practice. 2014; 20(1):59-60. 

19. Marx U, Sandig V. Drug testing in vitro: Breakthroughs and trends in cell 
culture technology. Weinheim: Wiley-VCH; 2007. 

20. Antoni D, Burckel H, Josset E, Noel G. Three-dimensional cell culture: A 
breakthrough in vivo. International Journal of Molecular Sciences. 2015; 
16(3):5517-27. 

21. Zschenker O, Streichert T, Hehlgans S, Cordes N. Genome-wide gene 
expression analysis in cancer cells reveals 3D growth to affect ECM and 
processes associated with cell adhesion but not DNA repair. PLOS ONE. 
2012; 7(4):e34279. 
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8. Appendix II: Reagent preparation and storage 

 

1. Nanoparticles 

The AuNPs sourced from the NIOH (Johannesburg, South Africa) were refrigerated 

at 4°C until needed. The PCOOH-AuNPs were received at a stock concentration of 

2.5 x 1012 NP/mL and the amine-liganded AuNPs were received at a stock 

concentration of 1.8 x 1014 NP/mL. The AuNPs made up to the chosen 

concentrations by diluting the stock in FCS-free DMEM.  

2. Maintenance of cell cultures and MCS generation 

2.1. Ethanol 

Absolute ethanol was sourced from Merck (Johannesburg, South Africa) and can be 

stored at room temperature until use. Dilution of the ethanol was achieved using 

distilled water.  

2.2. A549 alveolar carcinoma cell line 

A549 cells (ATCC® CCL-185TM) were obtained from the American Type Culture 

Collection (Virginia, United States). 96-well and 12-well plates, as well as Corning® 

T75 culture flasks were obtained from Merck (Johannesburg, South Africa).   

2.3. Dulbecco’s Modified Eagle’s Medium (DMEM) 

Dulbecco’s Modified Eagle’s Medium (DMEM) was obtained from Merck 

(Johannesburg, South Africa) and refrigerated at 4°C until use. Medium (495 mL) 

was supplemented with 5 mL penicillin/streptomycin (100%) to achieve a 1% dilution 

in-reaction. To aid cell growth, medium (450 mL) was fortified with 50 mL heat-

inactivated FCS to achieve a 10% solution in-reaction.  

2.4. Foetal calf serum 

Foetal calf serum (FCS) was purchased from Merck (Johannesburg, South Africa) 

and kept frozen until use. 
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2.5. Penicillin/Streptomycin 

Penicillin/streptomycin solution was obtained from the Merck (Johannesburg, South 

Africa) and kept frozen until use. 

3. Freezing of cell stock 

3.1. Freezing medium 

Freezing medium (50 mL) was prepared by adding 37 mL of FCS-negative DMEM 

(1% Penicillin/streptomycin and 1% Glutamine fortified) to a 50 mL flask and adding 

10 mL FCS and 2.5 mL pure DMSO. Freezing medium was stored at 4°C for up to 

one month. 

3.2. FTA hemagluttination buffer 

FTA hemagluttination buffer was purchased from BD Biosciences (Sandton, South 

Africa) and used to prepare PBS. To prepare PBS, 9.23 g powder was dissolved in 1 

L distilled water. The PBS solution was autoclaved before use to ensure sterility and 

stored at room temperature. 

3.3. TrypLE™ Express 

TrypLE™ Express was obtained from ThermoFisher Scientific (Centurion, South 

Africa) and refrigerated at 4°C until use. 

3.4. Trypan blue counting solution 

Trypan blue powder was obtained from Merck (Johannesburg, South Africa). To 

prepare a 0.1% solution, 1 mg powder was dissolved in 100 mL PBS. The stain was  

stored at room temperature until use. 

3.5. Agarose 

Agarose powder was obtained from Merck (Johannesburg, South Africa) and stored 

at room temperature until use. To prepare 1% agarose, 10 mg powder was dissolved 

in 100 mL FCS-free medium. The agarose was autoclaved to assist with dissolution 

and to sterilise it. After autoclaving the agarose was refrigerated at 4°C until use. 

Prior to use, agarose was melted using a microwave. 
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4. Microwell system for MCS generation 

The 9 x 9 array negative polydimethylsiloxane moulds (MicroTissues® 3D Petri 

Dish®) were obtained from Merck (Johannesburg, South Africa) and were 

autoclaved prior to each generation of microwells to ensure sterility. 

5. Determination of spheroid growth and viability 

5.1. Acid phosphatase assay 

5.1.1. Citrate buffer 

Sodium citrate dihydrate and citric acid was obtained from Merck (Johannesburg, 

South Africa). A 0.04 mM sodium citrate dihydrate and 0.06 M citric acid solution was 

prepared by dissolving 12.044 g sodium citrate dihydrate and 11.341 g citric acid 

with 800 mL distilled water. The pH was adjusted to approximately 6 (using NaOH to 

increase the pH and HCl to decrease the pH) and the volume was constituted to 1 L 

using distilled water. The buffer was autoclaved before use to ensure sterility. It was 

refrigerated at 4°C until needed. 

5.1.2. Assay buffer 

The assay buffer was prepared by dissolving 20 mg para-nitrophenylphosphate (2 

mg/mL) with 100 µL Triton X-100 by reverse pipette method (0.1% v/v) and making it 

up to a final volume of 100 mL in citrate buffer (0.1 M). All reagents were obtained 

from Merck (Johannesburg, South Africa). The buffer was refrigerated at 4°C until 

use. 

5.1.3. Saponin (1%) 

Saponin was obtained from Merck (Johannesburg, South Africa) and stored at room 

temperature until needed. A 1% w/v solution was prepared by dissolving 1 g of 

saponin powder in 100 mL distilled water. The solution was autoclaved after dilution 

as sterilisation step, after which it was stored in the dark at 4°C. 

5.1.4. Sodium hydroxide  

A 10 M stock solution was prepared by dissolving 40 g NaOH pellets in 100 mL 

distilled water. Dilution of 1/10 (1 mL 10 M stock with 9 mL distilled water) resulted in 

a 1 M solution. The solution was stored at room temperature. 
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6. Bicinchoninic acid assay 

6.1. Bovine serum albumin standards 

Bovine serum albumin (BSA) powder was obtained from Merck (Johannesburg, 

South Africa) and stored at 4°C until use. A BSA stock solution of 2 mg/mL was 

prepared by dissolving 2 mg of BSA powder in 1 mL of PBS. From this stock solution 

further  dilutions were prepared with PBS: 0.1, 0.2, 0.25, 0.5, 1.0, and 1.5 mg/mL. 

Solutions were freshly prepared for each assay. 

6.2. Radioimmunoprecipitation assay buffer 

The radioimmunoprecipitation assay (RIPA) buffer was obtained from Merck 

(Johannesburg, South Africa) and stored at -20°C until use. Once the container was 

opened it was stored upright at 4°C. 

6.3. Bicinchoninic acid assay working solution 

The working solution was prepared by individually preparing the two components of 

the working solution; reagent A and reagent B, after which they were mixed at a 

volumetric ratio of 50:1 (reagent A:reagent B) immediately before carrying out the 

assay. 

All salts required for preparation of BCA reagent A was purchased from Merck 

(Johannesburg, South Africa). Reagent A was prepared by dissolving 1 g BCA 

disodium hydrate salt, 0.95 g sodium bicarbonate, 2 g sodium carbonate, 0.4 g 

sodium hydroxide and 0.16 g sodium tartrate to a final volume of 100 mL in distilled 

water. The pH of the solution was adjusted to 11.25 and the solution was stored at 

4°C. BCA reagent B was prepared by dissolving 0.4 g copper II sulphate 

pentahydrate (Merck, Johannesburg, South Africa) to a final volume of 10 mL in 

distilled water. The solution was protected from light and stored at 4°C. 

7. Cell cycle analysis 

7.1. Propidium iodide (interference study) 

Propidium iodide (PI) powder was obtained from Merck (Johannesburg, South 

Africa) and stored between 2°C and 8°C until required. A 160 mg/mL stock solution 

was prepared by dissolving 160 mg of PI powder in 1 mL of DMSO and storing the 
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solution at -80°C until needed. Dilutions for in-reaction concentrations of 2 mg/mL 

and 5 mg/mL for interference studies were prepared in PBS. 

7.2. Accutase 

Accutase® solution was obtained from Merck (Johannesburg, South Africa) and 

stored at -80°C until needed for MCS dissociation.  

7.3. Propidium iodide staining solution 

Propidium iodide powder, RNaseA and Triton X-100 was sourced from Merck 

(Johannesburg, South Africa). All reagents were stored at room temperature, except 

for the RNaseA, which was kept refrigerated at 4°C until the solution was prepared. 

To prepare 10 mL of staining solution, 0.4 mg of PI powder and 1 mg of RNaseA 

was dissolved in 100 µL of Triton X-100 and 10 mL of distilled water. The solution 

was prepared fresh before each assay. 

8. Caspase-3/7 activity  

8.1. Acetyl-Asp-Glu-Val-Asp-7-amido-4-methylcoumarin (Ac-DEVD-AMC) 

Ac-DEVD-AMC powder was obtained from Merck (Johannesburg, South Africa). A 5 

mM stock solution was prepared by dissolving 5 mg Ac-DEVD-AMC powder in 1.48 

mL pure DMSO. This stock was stored at -80°C in 10 µL aliquots. 

8.2. Phenylmethylsulfonyl fluoride (PMSF) 

The PMSF powder was obtained from Sigma-Aldrich (St. Louis, USA). A 100 mM 

stock solution was prepared by dissolving 17.4 mg PMSF in 1 mL pure DMSO. The 

stock was stored at -80°C in 50 µL aliquots in Eppendorf tubes. 

8.3. 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) powder was obtained 

from Merck (Johannesburg, South Africa) and stored at room temperature until 

needed to prepare the buffers. 

8.4. Ethylenediaminetetraacetic acid (EDTA)  

Ethylenediaminetetraacetic acid (EDTA) powder was obtained from Merck 

(Johannesburg, South Africa) and stored at room temperature until needed to 

prepare the buffers. 
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8.5. 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfate (CHAPS) 

The CHAPS powder was procured from Merck (Johannesburg, South Africa) and 

stored at 4°C until needed to prepare the buffers.  

8.6. β-mercaptoethanol 

A 14.3 M solution was purchased from Merck (Johannesburg, South Africa) and 

stored at room temperature, in the dark, until needed to prepare the buffers.  

8.7. Lysis buffer 

A solution consisting of 10 mM HEPES, 2 mM CHAPS, 5 mM EDTA, 0.5 mM PMSF 

and 4.3 mM β-mercaptoethanol was prepared. The incomplete lysis buffer was 

prepared by dissolving 238.3 mg HEPES, 122.98 mg CHAPS and 146.12 mg EDTA 

in 100 mL distilled water. This incomplete buffer was stored at 4°C until needed. 

Thirty min before the start of each experiment a 50 µL aliquot of PMSF (100 mM) 

was added to 10 mL of the refrigerated incomplete buffer as well as 3 µL β-

mercaptoethanol (14.3 M). 

8.8. Assay buffer 

A solution consisting of 20 mM HEPES, 2 mM EDTA, 0.5 mM PMSF, 4.3 mM β-

mercaptoethanol and 5 µM Ac-DEVD-AMC was prepared. The incomplete assay 

buffer was prepared by dissolving 476.6 mg HEPES and 58.4 mg EDTA in 100 mL 

distilled water. This incomplete buffer was stored at 4°C until needed. Thirty min 

before the start of each experiment a 50 µL aliquot of PMSF (100 mM) and 10 µL 

aliquot of Ac-DEVD-AMC (5 mM) was added to 10 mL of the refrigerated incomplete 

buffer as well as 3 µL β-mercaptoethanol (14.3 M). 

8.9. Cisplatin control 

Cisplatin powder was obtained from Merck (Johannesburg, South Africa) and frozen 

until needed. A 10 mM stock solution was prepared by dissolving 3.01 mg cisplatin in 

1 mL of pure DMSO. Aliquots (100 µL) were frozen at -80°C until needed. The 

cisplatin was made up to desired in-reaction concentrations using FCS-free DMEM. 
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9. Appendix III: Gold nanoparticles documentation 

Sterility reports: 
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Certificate of Analysis: 
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Figure 10.1: Phase-contrast images taken at 4 x magnification at three-day intervals of A549 multicellular spheroids from Day 4 until Day 21. Three sets of images are shown with one set per row. Scale bar 
= 100 µm. 

 

10.   Appendix IV: Phase contrast images 
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Figure 10.2: Triplicate images taken at 4 x magnification of the negative control of Day 7 A549 multicellular spheroids at 24 

h (column 1), 48 h (column 2) and 72 h (column 3). Scale bar = 100 µm. 
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Figure 10.3: Triplicate images taken at 4 x magnification of the positive control of Day 7 A549 multicellular spheroids after 
exposure to 1% saponin for 24 h (column 1), 48 h (column 2) and 72 h (column 3). Scale bar = 100 µm. 
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Figure 10.4: Triplicate images taken at 4 x magnification of Day 7 A549 multicellular spheroids exposed to 6 x 1011 NP/mL 
PCOOH-AuNPs for 24 h (column 1), 48 h (column 2) and 72 h (column 3). Scale bar = 100 µm. 
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Figure 10.5: Triplicate images taken at 4 x magnification of Day 7 A549 multicellular spheroids exposed to 1.2 x 1012 NP/mL 

PCOOH-AuNPs for 24 h (column 1), 48 h (column 2) and 72 h (column 3). Scale bar = 100 µm. 
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Figure 10.6: Triplicate images taken at 4 x magnification of Day 7 A549 multicellular spheroids exposed to 4.5 x 1012 NP/mL 
amine-AuNPs for 24 h (column 1), 48 h (column 2) and 72 h (column 3). Scale bar = 100 µm. 

 

 

 

 

 

 

 

 

 

 


