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ABSTRACT 

 

Glioblastoma (GBM), an adult-type diffuse grade 4 glioma (IDH wild type), is the most 

prevalent, aggressive, fatal, highly vascularized, malignant primary brain tumour in adults 

with a poor prognosis. Despite existing therapies such as surgical resection, radiation 

therapy and chemotherapy such as temozolomide (TMZ), patient survival remains largely 

unchanged over the last three decades. There is an urgent need for novel and effective 

therapeutic strategies that can overcome drug resistance, cross the blood brain barrier, 

and minimise off-target side effects that can negatively impact a patient's quality of life. 

The high failure rate of clinical trials is due to inefficient treatment methods and imperfect 

pre-clinical models, which limit our ability to predict efficacy and toxicity in humans.  

Thus, the aim of this project is to investigate the effectiveness of non-thermal therapies, 

such as cold atmospheric plasma (CAP), ultrasound (US), and plasma microbubble 

(PMB) (alone or in combination) for the treatment of GBM using in vitro three-

dimensional (3D) tumour spheroid models to closely mimic the natural in vivo 

environment, shape, and cellular response.  

In an effort to mitigate the issue of inaccurate pre-clinical therapeutic outcomes resulting 

from imperfect pre-clinical models, we have optimized and integrated the usage of 3D 

tumour spheroid models into our research using the low attachment plate, hanging drop 

plate, and scaffold-based approaches. During efforts to address the issue of inefficient 

treatment methods, we found out that the use of novel therapeutic methods such as CAP 

(alone), US (alone), and the combination of US and CAP / PMB treatments can 

effectively induce 3D GBM and epidermoid tumour spheroid cell death in a time-, dose-

, treatment frequency-, and reactive oxygen species- dependent manner. Additionally, 

these single or synergistic treatments were also able to significantly reduce 3D GBM 



iii 
 

spheroid regrowth cell proliferation, growth metabolic and while induce, cytotoxic 

effects, DNA double strand breaks, damage to the tumour sphere's cell membrane, 

spheroid shrinkage, and damage to the tumour microenvironment (TME). We also found 

out that CAP (alone), PMB (alone) and in combination of US treatments were able to 

induce cytotoxicity throughout the tumour sphere, likely via long-lived reactive oxygen 

and nitrogen species (RONS) (H2O2, NO2
-, and NO3

-) and also other reactive species, 

with multiple treatments augmenting this cytotoxic effect. The combination of US and 

CAP has a synergistic effect that leads to higher cytotoxicity in 3D tumour sphere models 

compared to either CAP or US alone, and this effect is dependent RONS. Single 

treatments of CAP and US activate the JNK signaling pathway, while multiple treatments 

can trigger multiple cell demise pathways, including caspase-dependent, JNK-dependent, 

and calpain-mediated cell death. Our study on drug delivery demonstrated that combining 

US and TMZ enhances the cytotoxicity of GBM and epidermoid carcinoma in 3D tumour 

spheres compared to two-dimensional (2D) cells. We used doxorubicin as a reporter to 

show that US improves drug diffusion in 3D models and drug uptake into cells in tumour 

spheres, leading to enhanced cytotoxicity that is not observed in 2D culture models, where 

the cells are exposed to drug directly and the effects of sonoporation are minimal. 

These findings set an important limitations on the likely approach needed when 

translating CAP / US / PMB into a clinical settings and also emphasize the importance of 

using 3D cell culture models in pre-clinical research, as relying solely on 2D cell culture 

models followed by animal testing and clinical trials has resulted in a 95% failure rate 

due to inadequate prediction of human efficacy and toxicity. 
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1  Introduction 

 

1.1 Cancer 

 

The World Health Organization (WHO) defines cancer, also known as neoplasm and 

malignant tumour, as a large group of diseases that can start in almost any organ or tissue 

of the body as an uncontrolled and abnormal cell proliferation that may be influenced by 

a variety of internal and external environmental factors [1]. In some instances, a cancer 

cell may turn malignant and extent beyond its usual boundaries to infiltrate adjoining 

parts of the body and / or other organs; this process is known as metastasis [2]. 

Widespread metastasis are the leading cause of cancer related mortality and a significant 

obstacle to improving global life expectancy [2]. Therefore, prevention, early detection, 

accurate diagnosis, and successful treatment are essential to increasing the life expectancy 

of individuals diagnosed with cancer [1]. According to GLOBOCAN cancer statistics 

survey in 2020, estimated 19.3 million new cancer diagnoses and about 10 million deaths 

ranking cancer the second leading cause of mortality worldwide [3, 4]. Breast, lung, and 

prostate cancers were the most frequently diagnosed, and lung, liver, and stomach cancers 

were the leading causes of cancer related mortality worldwide, while mesothelioma, 

pancreatic, and brain cancers had the lowest five-year survival estimates [3]. 

The hallmarks of cancer conceptualization is a heuristic approach that is used to condense 

the tremendous complexity of cancer phenotypes and genotypes into a tentative collection 

of underlying principles [5]. Hanahan and Weinberg (2000), have first proposed the 

involvement of six distinct fundamental hallmarks acquired by cancer cells. They include 

sustaining proliferative signaling, evading growth suppressors, resisting cell death, 

enabling replicative immortality, inducing angiogenesis, and activating invasion and 
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metastasis [6]. In 2011, it was suggested to include two emerging hallmarks, deregulating 

cellular energetics and evading immune destruction, and two enabling traits, genomic 

instability and tumour promoting inflammation [7]. Hanahan classified these enabling 

and emerging traits as core hallmarks (Figure 1) in 2022 [5] and advocated the inclusion 

of two additional emerging hallmarks: phenotypic plasticity unlocking and senescent 

cells, and two new enabling hallmarks: non-mutational epigenetic reprogramming and 

polymorphic microbiomes (Figure 1). These four hallmarks, together with the previously 

suggested ones, are crucial for understanding the transition of cells to the neoplastic stage, 

hence shedding light on cancer biology and treatment targets [5-7]. 

 

Figure 1. The hallmarks of cancer. Core hallmarks and recently proposed emerging 

hallmarks and enabling characteristics involving “unlocking phenotypic plasticity,” 

“non-mutational epigenetic reprogramming,” “polymorphic microbiomes,” and 

“senescent cells.” (Figure created with BioRender)  
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1.2 Glioblastoma 

 

Brain cancers can be divided into two types, primary and secondary brain cancer. Primary 

brain cancer originates within brain cells, forms in the central nervous system (CNS), and 

usually does not metastasis to the outside of the CNS [8, 9]. Secondary brain cancers are 

originated and metastasis from external to the CNS, such as the lung, skin, breast, colon, 

and kidney. Secondary brain cancers are the most common, while primary brain cancers 

are more lethal [10, 11]. Primary brain cancers can be classifies further as gliomas and 

nongliomas (menigiomas, medulloblastomas) [11, 12]. Gliomas are developed from glial 

cells, including astrocytes, oligodendrocytes, and ependymal calls or a mix of the above. 

Based on molecular diagnosis, histology, and immunohistochemistry, the fifth edition of 

the WHO classification divides gliomas into six groups: adult-type diffuse glioma; 

pediatric-type diffuse low-grade glioma; pediatric-type diffuse high-grade glioma; 

circumscribed astrocytic gliomas; glioneuronal and neuronal tumours; and ependymomas 

[13]. The majority of primary brain tumours are adult-type diffuse gliomas, which can be 

subdivided into astrocytoma, Isocitrate dehydrogenase (IDH) - mutant; 

oligodendroglioma, IDH-mutant and 1p/19q-codeleted; and glioblastoma, IDH-wild 

type; with the latter being the most common and malignant brain tumour [10, 13, 14]. 

Glioblastoma (GBM) is an adult-type diffuse grade 4 glioma, IDH wild type and is the 

most common, aggressive, fatal, highly vascularized, malignant primary brain tumour in 

adults [13]. GBM have at least one of the following characteristics: microvascular 

proliferation, necrosis, telomerase reverse transcriptase (TERT) promoter mutation, 

epidermal growth factor receptor (EGFR) gene amplification, or gain of entire 

chromosome 7 and loss of complete chromosome 10 [+7/10] [15].  
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1.2.1 Epidemiology 

According to the most recent “central brain tumour registry of the United States 

(CBTRUS) statistical report”, the average annual age-adjusted incidence rate of all 

malignant and non-malignant brain and other CNS tumours was 24.25 per 100,000 

between 2014 and 2018. The total rate was greater in females than in males (26.95 versus 

21.35 per 100,000). The most often occurring malignant brain and other CNS tumour was 

GBM (14.3% of all tumours and 49.1% of malignant tumours), was more prevalent in 

males while the most common non-malignant tumour was meningioma (39.0% of all 

tumours and 54.5% of non-malignant tumours), was more common in females [16]. In 

comparison to other continents, Europe has the highest GBM incidence and mortality 

rates, accounting for around 65% of all primary brain tumours with a poor 10% five-year 

survival rate [17]. Treatment options for GBM remain very limited, and it has a low 

survival rate of less than 1 year for many patients and only about 6.8% survive beyond 5 

years, which varies by age at diagnosis and by sex [10, 12, 18, 19]. 

1.2.2 Etiology 

There is currently a lack of clarity on the risk factors related with GBM [20]. Prior 

radiation exposure, lower sensitivity to allergies or atopic disease (e.g., asthma, eczema, 

and psoriasis), immunological factors and immune genes, and certain nucleotide 

polymorphisms, detected by genome-wide association are all variables that have been 

linked to an increased chance of developing GBM [21, 22]. There is no significant 

evidence linking GBM with aspects of lifestyle, such as smoking, alcohol consumption, 

drug usage, or dietary exposure to nitrous compounds [21]. The resectability of the 

tumour, its location, size, and multifocality, as well as advanced age, comorbidities, and 

the patient's overall condition, are all prognostic variables that impact the survival rate of 

GBM patients [21, 22]. 
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1.2.3 Gliomagenesis 

Gliomagenesis is a multicomponent process that involves various genetic mutations that 

influence numerous molecular pathways. With the ongoing advancement of sequencing 

technology and high-throughput gene editing, it is now feasible to evaluate the genetic 

and epigenetic alterations in tumours [23]. In 2009, The Cancer Genome Atlas Network 

(TCGA) used gene sequencing to analyse the alterations in 601 different types of tumour-

associated genes in more than 200 glioma samples [23, 24]. TCGA analysis of DNA 

methylation, DNA copy number and other genetic mutations in GBM revealed the core 

signalling pathways, and their commonly dysregulated regulatory functions – the 

activation of the receptor tyrosine kinase (RTK)/RAS/phosphoinositol-3-kinase (PI3K) 

pathway, inhibition of p53, and retinoblastoma (RB) signalling pathways [23, 25]. In 

glioma patients, at least one aberrant pathway among the RTK/PI3K/AKT, TP53 and RB1 

signaling pathways was found in 80-90% of GBM, which resulting in uncontrolled cell 

proliferation, improved cell survival and escape of cell-cycle checkpoints, senescence and 

apoptosis, as well as cell invasion and angiogenesis [23, 25, 26]. GBM mutations may 

not impact a single pathway, but rather may be the result of alterations in many pathways 

[25, 26], which increases the difficulty of developing GBM therapeutics. 

1.2.4 Prognosis of GBM 

Patient prognosis remains poor and largely unchanged over the last 30 years due to the 

limitations of existing therapies such as surgical resection, followed by concurrent 

radiation therapy and chemotherapy such as temozolomide (TMZ) [19, 27].  

The majority of therapies fail during clinical trials due to inefficient treatment methods 

and imperfect pre-clinical models that limit our ability to predict efficacy and toxicity in 

humans. This is particularly evident with GBM with no successful therapy that 

significantly improves survival since the introduction of TMZ 24 years ago [10, 12, 18]. 
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GBM treatment is also hampered by barriers such as the blood brain barrier (BBB). The 

novel combinational treatments and active targeting techniques needed to overcome the 

tight junction, metabolic, and immunological barriers for effective drug delivery to the 

brain [28, 29].  Therefore, it is crucial to identify rational combinations between 

established treatments and novel technologies aiming, for example, at inhibition of cell 

proliferation, induction of cytotoxicity and apoptosis, or inhibition of several signal 

transduction pathways for efficient in vivo GBM diagnosis, prognosis, and treatment [21].  

 

1.3 Current Treatment methods for GBM 

 

GBM treatment often consists of maximal tumour resection, followed by radiation and 

chemotherapy (either alone or in combination) [30]. Currently, there is no standard of 

care for the treatment of recurrent GBM; instead, treatment is depending on new onset of 

recurrence, time of diagnosis, O-6-methylguanine-DNA methyltransferase (MGMT) 

methylation, location, the patient's performance condition and their age [31].  

1.3.1 Surgery  

Surgical excision is the mainstay of conventional therapy and the most effective strategy 

to improve GBM survival [20]. Surgery is recommended for the majority of patients 

because it reduces the bulk of the tumour, which in turn alleviates pressure that is 

produced by the brain tumour, and it also increases the likelihood of survival by around 

15 months [32]. However, surgical resection may have some palliative effects, such as 

seizure control and reversal of neurological deficit [20]. GBMs that are newly diagnosed 

has better survival (7 months) by complete surgical resection in comparison to biopsy or 

subtotal resection depending on the region affected. However, the majority of tumours 
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reoccurs within 8 - 10 months of initial resection [20, 32, 33]. Even with breakthroughs 

in surgical resection, individuals with GBM have a poor prognosis, with a median survival 

of 14–15 months [34]. Consequently, resection surgery is paired with chemotherapy 

and/or radiotherapy [35]. 

1.3.2 Radiotherapy  

Radiotherapy is often administered following surgery to eradicate any residual tumour 

cells, thereby increasing the life expectancy of GBM patients [20]. Doses of radiotherapy 

will be determined based on the tumour type and conditions of patients [36]. 

Radiotherapy, on the other hand, has risks and limitations due to the invasive nature of 

GBM, which includes radiation necrosis, radio-resistance in some tumours, and radiation-

induced permanent neuronal damage [20, 36]. Both stereotactic radiosurgery and 

brachytherapy have been shown to be effective therapies for recurrent GBM; however, 

their roles in the treatment of newly diagnosed GBM remain unclear [20]. Gamma Knife 

radiosurgery, a type of stereotactic radiosurgery applied for recurrent GBM, does not 

require open resection while delivering a high dosage of radiation to deep tumours, hence 

reducing radiation-induced necrosis to surrounding brain tissue [32, 37]. 

1.3.3 Chemotherapy 

The current GBM chemotherapy TMZ (Figure 2), an European medicines agency (EMA) 

and food and drug administration (FDA) approved DNA alkylating agent with great CNS 

penetration due to its diminutive size (194 Da), pH stability, and lipophilicity [20]. It was 

approved in 1999 and is often used in combination with radiation as a standard treatment 

for GBM patients [20].  

TMZ significantly improved GBM patient survival and increased patient median survival 

rate from 12 to 14 months [38]. TMZ effects are time-dependent, with multiple doses of 
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TMZ being more effective than a single treatment [39, 40]. The daily dosage begins at 75 

mg/m2 along with 6 weeks of radiotherapy, followed by 6 adjuvant cycles of 150 – 200 

mg/m2 dose for 1-5 days [41]. However, there are limitations, as extended TMZ therapy 

leads to resistance and poor response to subsequent treatments, which is connected with 

the expression levels of DNA alkylating proteins, DNA repair enzymes, and a multiple 

molecular events [38, 39, 41, 42]. Higher dosages of TMZ are linked with an increase in 

toxicity, a decline in function and quality of life, and a number of adverse effects, 

including myelotoxicity, DNA damage, ulceration, nausea, vomiting, and fatigue [38, 42, 

43]. Overexpression of MGMT, also known as O6-methylguanine-DNA methyl 

transferase, a DNA repair enzyme, causes TMZ treatment resistance [17, 44, 45]. 

Methylation of the MGMT promoter (seen in 30–50% of GBM) silences the MGMT 

gene, hence reducing the capacity of tumour cells to repair the damage caused by TMZ 

[10, 31]. 

Other than TMZ, many chemotherapeutic alkylating drugs, including carmustine 

(BCNU) (Figure 2) and lomustine (CCNU) (Figure 2), can induce cross-linking between 

DNA strands and causes damage in cells which then inhibits cell cycle progression 

leading to cell death [31]. These drugs demonstrated some benefit and have been 

clinically employed in the treatment of GBM [20]. However, BCNU and CCNU are very 

cytotoxic, and therapy with these drugs results in the early development of resistance, 

limiting their advantages and causing numerous side effects [20, 36, 46]. 
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Figure 2: Structures of different chemotherapeutic alkylating agents for GBM treatment 

(Figure created with BioRender). 

The combined therapy options are frequently shown to be ineffective since residual cells 

has the tendency to become radio and chemo resistant, with a 90% recurrence rate [20, 

47]. Despite recent advances in advance three dimensional (3D) cell culture models, 

molecular biology and current combination strategies, GBM remains the most difficult to 

treat, with an extremely poor survival rate, due to the location of the disease, the existence 

of the BBB, GBM stem cells, multidrug resistance, its complex heterogeneity, and 

aggressive infiltrative growth [20, 48-50]. GBM stem cell (GSC) have been linked not 

only to infiltration and proliferation, but also to chemotherapy resistance, making them 

even another hurdle to conquer. This overall results in a poor prognosis, with therapy 

resistance and tumour relapses [32, 36, 51]. However, the limitations of conventional 

treatment in GMB therapy haven’t been overcome and novel efficient therapeutic 

methods with low side effects are still urgently needed. 

 

1.4 Novel treatment methods for GBM 

 

Novel treatment strategies such as immune therapy [52], nano therapy [53], oncolytic 

viral therapy [32], hyperthermia [54], molecular targeted therapy (such as hypoxia-
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inducible factor (HIF)- 1 inhibitors)[55], tumour-treating fields [56], epigenetic therapy 

[57], hypoxia-selective drugs [58] and chemotherapeutic prodrugs [59] have also been 

investigated for GBM treatment. We are investigating the possibility of non-thermal 

techniques, such as cold atmospheric plasma (CAP) [60] and ultrasound (US) [28], for 

GBM therapy during this study. 

1.4.1 Immunotherapy 

Immunotherapy has ability to produce tumour specific immune response to selectively 

eliminate tumour cells [61]. This therapeutic strategy comprises passive treatments, such 

as monoclonal antibodies, adoptive cell transfer, chimeric antigen receptor (CAR) T-cell 

therapy, viral vector therapies, and cytokine-mediated therapies; active strategies, such 

as vaccines [41, 52, 61]. Immune checkpoint inhibitors are an additional class of drugs 

that boost anti-tumour immune responses [57]. Monoclonal antibodies (MAbs) can be 

used to induce cytotoxicity towards cells by their immune mediated mechanisms and 

their specific target effects [52]. Different types of MAbs have been investigated as 

potential GBM therapy, including conjugated/unconjugated; human/ murine/primate 

MAbs, either alone or in combination with chemotherapy or radiotherapy [41, 52]. 

However, effective immunotherapy implementation for GBM remains difficult. Phase 

III clinical trials, including those with checkpoint inhibitors [61, 62], the vaccine-based 

therapy rindopepimut [63], and the viral therapy Toca 511 [64], all proved unsuccessful. 

Nevertheless, several novel vaccine- and virus-based therapeutics, as well as CAR T 

cell-based therapy and combination methods using checkpoint inhibitors, are being 

research [61]. It is still feasible to implement immunotherapy for GBM treatment in the 

future, but various challenges need to be addressed. These challenges include antigen 

escape, tumour heterogeneity, tumour microenvironment (TME), drug delivery 
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strategies, patient selection based on tumour genetics, and the use of multimodality 

treatment approaches [61]. 

1.4.2 Nano therapy 

Nano therapy provides benefits over conventional drug formulations. As a result, 

numerous nano-carriers have been employed in brain tumour targeted techniques [65, 66]. 

Nano-carriers such as liposomes, polymeric micelles, nano crystals, dendrimers, and 

nanoparticles (NP) [67-69] have been utilised in brain tumour targeted approaches 

because they protect drugs from degradation, increase drug solubility, enhance 

bioavailability, drug carrying capacity, and provide potential pathways to bypass drug 

resistance mechanisms [65, 68]. It is utilized to deliver drugs to specific areas of the brain 

while improving permeability [53]. Researchers have investigated gold nanoparticles 

(AuNps) due to its biocompatibility, high stability, and lower cytotoxicity [70, 71]. 

AuNps with a diameter of 20 nm have been reported to be optimal for crossing the BBB 

and are selective for cancer cell lines, turning them a promising therapy for GBM [70-

72]. It has also been shown that silver nanoparticles (AgNps) influence metabolic activity, 

cell morphology and cell viability. They demonstrated selectivity for GBM and the ability 

to traverse the BBB [73, 74]. 

1.4.3 Novel chemotherapy  

Prodrugs are a valuable source of anticancer drugs because of the potential for reduced 

toxicity and increased activity [75]. There are about 25% of plant-derived drugs that 

are clinically used [76]; while more than 60% of drugs with anti-cancer activity 

originated from plants [77]. These natural compounds have demonstrated efficacy as 

anti-inflammatory, anti- depressant, anti-microbial as well as anti-cancer agents [78]. 

Several research studies have been published over decades for the suitability and 
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effectiveness of a various bioactive compounds against cancer [79]. The various 

anticancer activities include anti-proliferative, pro-apoptotic, anti-metastatic, anti-

angiogenic effects, as well as autophagy regulation, induced apoptosis, reverse 

multidrug resistance, immunity balance, and enhanced chemotherapy both in vitro and 

in  vivo [80, 81]. 

1.5 Plasma 

 

Plasma is one of the four fundamental states of matter that is often a form of ionized gas 

with electrons, ions, radicals, oxygen and nitrogen species, UV radiation, electromagnetic 

fields, and accounts for the majority of the known universe’s matter [82, 83]. Plasma is 

classified in to thermal and non-thermal plasma and the temperature is determined by the 

thermal motions of electrons and heavy particles, including atoms and ions [84]. When 

the density of particles in a thermal plasma is high as a result of intense collisions between 

electrons and heavier particles, all particles approach thermal equilibrium. The 

temperature of such plasma exceeds 3000 ˚C [82, 84, 85]. Its early stage of biomedical 

applications is focus on the heat and high temperature of thermal plasma for tissue 

removal, sterilization, and cauterization [86].  

Nevertheless, when the atmospheric pressure plasma discharge is rapid, the electrons and 

heavy particles are in thermal non-equilibrium, whilst the ions and neutral species 

maintain a low temperature, resulting in the so-called CAP [84, 85]. CAP operate at or 

near room temperature and so it can use for biological tissues without causing thermal 

damage [82, 85]. Due to its distinct properties, CAP has been exploited in a variety of 

biomedical applications, most notably as a promising anti-cancer modality, with studies 

demonstrating its cytotoxicity and selectivity potential [60, 82, 85, 87, 88]. 
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1.5.1 Hot plasma  

Hot plasmas, also known as high temperature / thermal plasmas, are frequently utilized 

in sterilizing, blood coagulation, tissue ablation, and tumour treatment, among other 

applications. Thermal plasma devices use high temperatures and kinetic energy to 

coagulate, cut, or ablate tissue surfaces [89, 90]. Since 2004, the PlasmaJet technology 

has been utilized in clinical surgery to successfully ablate and coagulate a tissue surface 

utilizing a small size, high-thermal and high-kinetic argon PlasmaJet [91]. The PlasmaJet 

induces slight thermal tissue damage by causing the production of a filmy coagulum [92]. 

It has proven to be safe and effective in plastic surgery, hepatic surgery, gastrointestinal, 

orthopaedics, and thoracic surgery [93]. PlasmaJet and other thermal plasma devices have 

been studied as safe and effective treatments for tumours that are untreatable by surgery 

[91, 94, 95]. 

1.5.2 Cold atmospheric plasma (CAP) 

CAP is a partially ionized gas that contains charged particles, reactive oxygen and 

nitrogen species (RONS) (including hydroxyl, hydrogen peroxide, superoxide, hydroxyl 

radical, singlet oxygen, ozone, nitric oxide, nitrogen dioxide, dinitrogen tetroxide, 

nitrogen trioxide, nitrous oxide, and peroxynitrite), excited atoms, electrons, free radicals, 

UV photons and electromagnetic fields [96-98].  

 It is produces at atmospheric pressure by mixing UV light with oxygen, nitrogen, ozone, 

water and helium, under an electrical discharge [99]. CAP has been studied as a possible 

therapy strategy in a variety of fields. Cancer treatment [100], sterilization [101], wound 

healing [102], blood coagulation [103], and viral annihilation are among known 

biological uses of CAP [104]. CAP has also been researched as an unique approach to 

improve cell transfection and stimulate cell proliferation [103]. Research is on-going to 
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explore the combination of CAP with other cancer therapies, including nanotechnology 

based, radio and chemo therapy [59, 72, 85, 105, 106].  

1.5.3 Biological activated components 

CAP generates a distinct physical and chemical environment that activates both short- 

and long- lived reactive nitrogen species (RNS), such as peroxinitrite (ONOO-), nitric 

oxide radicals (NO), excited N2, N2
+) and reactive oxygen species (ROS), such as 

hydroxyl radicals (OH), oxygen atoms (O), oxygen negative ions (O2
-), *OH,  *O2

-, O3), 

photons as well as generation of heat, pressure gradients, charged particles, and 

electrostatic and electromagnetic fields [107, 108], many of which are known to induce 

biological effects. Between those species oxygen (O2
•, O2

-, and O3, OH•, H2O2, HO2) and 

nitrogen species (N2 +, NO) plays a key role in CAP induced cytotoxicity and apoptotic 

effects [60, 85, 87]. Table 1 depicts a list of the most common ROS / RNS found in a 

cells. The modulation of the apoptotic machinery by nitric oxide (NO) serves as a critical 

mechanism in tumourgenesis, where NO acts as an intercellular messenger [109]. 

Peroxinitrite (ONOO-) a powerful oxidant, which occurs naturally by the combine of 

superoxide (O2
-) and NO [108], can trigger lipid peroxidation reactions and aid to defend 

against infection during inflammation [108] whereas ROS can cause DNA damage and 

promote apoptosis by activating tumour necrosis factor (TNF) / nerve growth factor 

(NGF) - family cell death receptors [110]. These high flux of ROS also have significant 

impact on the inactivating fungi, virus and bacteria [107, 111]. The production of ROS 

and RNS, as well as various hypohalous acids, specially hypochlorites, play an important 

role in oxidative bursts, which are used in the clearance of tumour cells by phagocytic 

immune cells such as neutrophils, macrophages, and monocytes [112]. The synergistic 

effect between NO2
−, NO3

− and H2O2 was already reported to induce cytotoxicity and 

apoptosis in cancer cells [60, 113].  
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Table 1: List of the most common ROS and RNS species found in normal cells 

Reactive oxygen species (ROS - 

radicals) 

Reactive oxygen species (ROS - 

non radicals) 

Reactive nitrogen species (RNS) 

Hydroxyl OH• Hydrogen peroxide H2O2 Nitrous Oxide N2O 

Superoxide O2
-• Ozone O3 Nitrogen dioxide NO2

• 

Nitric Oxide NO• Singlet oxygen -1O2 Nitrous acid HNO2 

Peroxyl RO2
• Hypochloric acid HOCl Peroxynitrite ONOO- 

Lipid peroxyl LOO• Lipid peroxide LOOH Nitroxyl anion NO- 

 

1.5.4 Different CAP devices 

Devices that generate CAP can be divided into: direct-discharge (i.e. dielectric barrier 

discharge, pin to plate system), indirect-discharge (i.e. plasma jets, pens, torches) and 

hybrid discharge [97, 114]. With an indirect discharge, the active plasma species are 

carried by a gas flow originating from the primary discharge arc [84]. In a direct 

discharge, living tissue or cells are one of the electrodes and is an active part of the 

discharge [84]. CAP induced cancer cellular cytotoxicity has been demonstrated 

previously by using different direct and indirect discharge devices such as plasma jet 

[115-119], micro-sized devices [120], dielectric barrier discharge (DBD) [72, 121] and 

corona discharges [108, 122].  

DBD plasma devices are the most commonly used CAP devices in cancer treatment [72, 

88]. DBD plasma devices generate plasma by applying a high voltage to an electrode in 

a gas-filled chamber, which creates an electric field that ionizes the gas and produces 

plasma [84, 123]. DBD plasma devices have been shown to be effective in reducing 

tumour size, inducing apoptosis and improving survival rates in animal models [72, 84, 

123]. 

PlasmaJet devices generate plasma by using a high voltage to ionize a gas stream, which 

produces a plasmaJet that can be directed at cancer cells [84, 123, 124]. PlasmaJet devices 

have been shown to be effective in inducing apoptosis in cancer cells, but their 
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effectiveness is limited by the distance between the device and the cells [84, 117, 124]. 

Surface plasma devices generate plasma on the surface of a material, which can then be 

applied to cancer cells [125]. Surface plasma devices have been shown to be effective in 

inducing apoptosis in cancer cells and have the advantage of being able to be used in vivo 

[123, 125]. Plasma-activated media (PAM) devices generate plasma in a liquid medium, 

which can then be applied to cancer cells [126, 127]. PAM devices have been shown to 

be effective in inducing apoptosis in cancer cells and have the advantage of being able to 

penetrate tissue more effectively than other types of CAP devices [126-128]. 

The physical and chemical characteristics of the CAP may be altered by using gases such 

as air, argon, helium, oxygen, and nitrogen [108]. Different plasma discharge modes, can 

result in different interaction between plasma and cells, a phenomena known as plasma 

self-adaptation [129]. These changes are influenced by variations in power supply, gas 

composition, and the distance between the plasma source and the cells [129]. Other 

factors that substantially impact CAP therapy include dose of CAP, cell type, cancer type, 

and culture conditions [83, 103, 130, 131]. 

1.5.5 Bioeffects of CAP on GBM 

One of the major bioeffects of CAP is the induction of apoptosis, or programmed cell 

death, in GBM cells [60, 72]. This occurs through the generation of ROS and RNS, which 

trigger a cascade of events that ultimately leads to cell death [60, 113]. The mechanism 

behind CAP effects seems to be related to TP53, c-Jun N-terminal kinases (JNK) or 

caspases pathways [85, 132, 133].  In addition, CAP can also induce autophagy, a process 

by which cells recycle damaged or unwanted components, which can further contribute 

to the death of GBM cells [104, 134]. Another important bioeffects of CAP is its ability 

to modulate the expression of genes and proteins involved in tumour growth and 

metastasis [135]. For instance, CAP can downregulate the expression of matrix 



 
 

32 
 

metalloproteinases (MMPs), which are enzymes that degrade the extracellular matrix 

(ECM) and promote tumour invasion and metastasis [109, 136]. CAP can also upregulate 

the expression of tumour suppressor genes, such as p53, which can induce cell cycle arrest 

and prevent tumour growth [84, 133, 135]. CAP modulate the immune response to GBM, 

by activating immune cells such as dendritic cells and natural killer cells, which can 

recognize and eliminate cancer cells [137]. Additionally, CAP can increase the 

permeability of the BBB, which can enhance the delivery of chemotherapy drugs to the 

tumour site [72]. 

CAP has been found to induce several cancer hallmarks (Figure 1) and has the potential 

to be an effective therapeutic approach for GBM treatment [5, 60]. CAP induce apoptosis, 

ferroptosis which can inhibit the cellular growth and metastasis [82, 135, 138]. CAP also 

able to cause DNA damage, which can trigger cell death or senescence [60, 113]. 

Similarly, CAP has the ability to disrupt the normal cell cycle of cancer cells, leading to 

cell cycle arrest and inhibition of proliferation [133, 135]. Moreover CAP is also able to 

inhibit angiogenesis, which can ultimately reduce the cancer growth and metastasis [139, 

140]. Additionally, CAP modulate the TME by affecting the immune response, reducing 

inflammation, and inducing immunogenic cell death [83, 137, 138]. Furthermore, CAP 

can modulate signaling pathways that are important for cancer cell survival and 

proliferation, such as the PI3K/AKT and MAPK pathways [138, 141]. 

1.5.6 Molecular mechanism and selectivity of CAP  

CAP has become a potential cancer treatment method due to its ability to selectively target 

cancer cells compared to normal cells [83]. This selectivity is partially due to the fact that 

cancer cells are more sensitive to oxidative stress than normal cells [142]. One 

distinguishing factor between cancer cells and normal cells is the number of aquaporins 

in their cell membranes [83, 143]. Aquaporins are water channels [144] and they are 
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capable of transporting ROS, RNS, as well as other small molecules like carbon dioxide, 

nitrogen monoxide, ammoniac, urea, and glycerol [143]. Cancer cells typically have a 

higher number of aquaporins (Figure 3A), which can lead to an increase in intracellular 

ROS, RNS concentrations and oxidative stress, ultimately increasing their sensitivity to 

CAP treatment compared to normal cells [145, 146]. The amount of cholesterol in the 

membrane directly affects the diffusion of free radicals in addition to the expression of 

aquaporins [83]. Cholesterol is a most abundant lipid in cell membranes, and plays a vital 

role in maintaining membrane stability and fluidity [147]. When free radicals react with 

lipids, it can cause lipid peroxidation (Figure 3B), which may create pores in the 

membrane that allow the entry of ROS and RNS into the cell. Higher cholesterol content 

in healthy cells provide a barrier against the entry of reactive species [148]. However, 

tumour cells often have lower cholesterol content than healthy cells, making them more 

susceptible to oxidative stress [142, 148]. When intracellular oxidative stress exceeds the 

defence limit of the antioxidative system (consisting of Nicotinamide adenine 

dinucleotide phosphate (NADPH), glutathione, superoxide dismutase, catalases, and 

peroxidases), apoptosis is triggered through a signaling cascade [83, 142].  

Elevated levels of RONS within cells disrupt calcium signaling, which can occur due to 

RONS interacting with the inositol trisphosphate receptor (IP3-RR) and ryanoid receptor, 

leading to an increase in calcium influx into the cytosol (Figure 3C) [83]. Additionally, 

RONS induced endoplasmic reticulum (ER) stress can also result in an increase in 

calcium influx into mitochondria, causing a decrease in membrane potential and initiating 

mitochondria dependent apoptosis (Figure 3D) [83]. CAP induces DNA double-strand 

breaks, which activates DNA damage responses including ATM, H2AX, p53, and p73. 

Yet, it is possible that these double-strand breaks are the result of CAP induced apoptosis 

and not from direct CAP exposure (Figure 3E) [83]. The high concentration of RONS 
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produced by CAP overloads the antioxidant system, reducing its ability to protect against 

oxidative stress (Figure 3F) [83]. Furthermore, decreased expression of integrins after 

CAP treatment may account for the reduction of cell adhesion, migration, and invasion 

(Figure 3G) [83]. Overall, CAP treatment leads to cell necrosis, apoptosis, and senescence 

(Figure 3H) [83]. 

 

Figure 3: A summary of the current understanding of molecular mechanisms underlying 

the effectiveness of CAP treatment. 

 

1.5.7 Pre-clinical application of CAP 

CAP has been shown in several studies to be effective as a possible GBM treatment. 

Previous studies also have reported both direct and indirect CAP treatment efficacies in 

inducing anticancer effects (in numerous cancer types such as pancreatic [115], lung [116, 



 
 

35 
 

117], squamous cell carcinoma [118], brain [120] etc.) in in vitro[115, 116, 118] and 

antitumour effects in vivo [118-120]. In vitro studies are mostly conducted on 2D models 

[105], however 3D models have also been described [106, 149]. Pre-clinical research 

focuses on the selective potential, either in vitro or in vivo [135, 150, 151], to improve 

cancer chemo sensitivity and decrease of tumour size [85, 132, 150, 152]. The capacity 

to stimulate the immune system as well as trigger immunogenic cell death has also been 

investigated [150, 153-155]. CAP has been shown in vivo to have minimal effect on 

healthy brain tissues [120, 156]. It also inhibits cell proliferation and cell cycle arrest even 

in cells with unfavourable MGMT status [132]. Researchers also investigated synergic 

effect with various other treatment strategies such as chemotherapy, radiotherapy 

immuno therapy and nano therapy [150, 157, 158]. AuNPs, AgNPs, and platinum 

nanoparticles (PtNPs) have been studied in terms of nanomaterials combination. This 

combination has a synergistic anti-cancer impact by induction of membrane oxidation, 

stimulation of endocytosis, accumulation of lysosomes, promoting the uptake and 

accumulation of NP within the cells [72, 73, 88, 159]. Recently, gold quantum dots were 

evaluated in conjunction with CAP, and their cytotoxicity, as well as sphere formation 

and motility inhibition, were reported [153, 160]. Combination of CAP with 

chemotherapy such as TMZ and doxorubicin (DOX) were used to overcome the GBM 

resistance [85, 161]. Furthermore, the potential of CAP in combination with 

mesenchymal stem cell therapy and cancer stem cells (CSC) has been reported [155, 162]. 

In the pre-clinical applications of CAP in GBM treatment seem promising, its clinical 

applications are yet to be achieved.  

1.5.8 Clinical application of CAP 

The initial studies are from patients with locally advanced head and neck cancer, where 

the therapy resulted in palliative effects and at least nine months of partial remission in 
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two patients [163, 164]. CAP was also evaluated for cold plasma coagulation in patients 

with malignant pleural mesothelioma; the treatment was shown to be safe, and no disease 

recurrence occurred during the trial period [83, 165]. Friedman and colleagues (2017), 

also investigated the impact of CAP on actinic keratosis (NCT02759900), with some 

patients experiencing complete remission and no side effects identified [83, 166]. CAP 

for treatment of cervical intraepithelial neoplasia is currently on going (NCT03218436).  

Despite the promising pre-clinical findings, there are some limitations to the clinical 

application of CAP in cancer treatment. One of the main challenges is delivering CAP to 

tumours deep within the body. CAP has limited penetration depth, which makes it 

difficult to reach tumours that are located deep within the body [83]. Additionally, the 

safety of CAP in humans is not fully understood [167]. Further research is needed to 

assess the optimal parameters and utility of plasma in cancer treatment, particularly GBM 

[83]. 

 

1.6 Ultrasound (US) 

 

US is defined as sound waves with frequency greater than 20 kHz [168]. It has the 

potential to penetrate deeply and supply targeted energy throughout the body [28]. 

There is a wide range of complex effects occur when US compressing waves pass 

through biological materials [169]. The main effects depending on US intensity can 

be divided in thermal and mechanical, being those resulting mainly from heat, 

radiation pressure and gas presence [170, 171]. The mechanical effects of US are 

classified as cavitation and non-cavitation [172]. The majority of these effects are 

caused by cavitation, which occurs when bubbles are formed during the acoustic 

pressure rarefaction cycle [170]. Cavitation is classified as either steady or inertial. 
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Stable cavitation occurs when bubbles in an ultrasonic field oscillated steadily over 

several cycles and develop in size, intercepting and radiating energy to adjacent tissue 

[173, 174]. The oscillation motion, micro-streaming, causes rapid movement of fluid 

near the cavitation bubbles, which can generate strong shear forces, expanding the gap 

between endothelial cells [174]. This is significant in US -assisted drug or gene 

delivery [175]. Ultimately US imparts focussed energy via ultrasonic compression 

waves directly to cells and tissues [169]. When used in combination with gas-filled 

microbubble (MB), the resultant MB oscillation, expansion and contraction, and 

bursting enhances the antitumour effects of US, broadly targeting several hallmarks of 

cancer [176]. Significant focus has been directed towards utilizing this technology in 

the treatment of cancer by taking advantage of its tumour ablation property and its 

anti-cancer bioeffects [28]. 

1.6.1 Biological effects of US 

The hallmarks of cancer are a useful framework to distil and understand the underlying 

changes in this incredibly complex and diverse disease [176]. Six core and two emergent 

hallmarks underpin tumour development and metastasis [7]. Two enabling hallmarks 

provide “functional capabilities that allow cancer cells to survive, proliferate, and 

disseminate” (Figure 4). Drug development primarily focusses on singular receptors, 

whereas each hallmark is regulated by semi-redundant pathways allowing tumour 

adaptation and chemo-resistance via mutation [176]. Therapies that broadly target 

hallmarks of cancer are therefore advantageous to prevent tumour adaptation [177]. US 

imparts focussed energy via ultrasonic compression waves directly on cells and tissues 

[178]. When used combination with gas filled MB, resultant MB oscillation, expansion 

and contraction and bursting enhances the anti-tumour effects of US, broadly targeting 

several hallmarks of cancer [179, 180]. Nanomaterials also possess useful theranostic 
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properties including pharmacokinetic properties, bioavailability, drug carrying capacity, 

and in vivo stability, while minimizing solubility, degradation, plasma fluctuation, 

immunogenicity and toxic side effects [68, 69]. Acoustically sensitive nano-platforms can 

be used alongside US to augment nanomaterial effects (Figure 5) [28]. Among the core 

hallmarks (Figure 4), direct application of US can overcome resistance to cell death, 

inducing coagulative necrosis, apoptosis and reduction of tumour growth [181]. 

Mesenchymal epithelial transition (MET) activation is involved in epithelial to 

mesenchymal transformation, invasion and metastasis. US induces gas accumulation 

within cell membranes, altering cell membrane micro-morphology, thereby interrupting 

MET-induced cell motility [182]. Moreover, US inhibits tumour neovascularization, 

inducing thrombosis and preventing metastasis. Critically, US affects growth suppression 

[183]. Among enabling and emergent hallmarks (Figure 4), US promotes immune cell 

influx, releases tumour debris and damage-associated molecular patterns (DAMPs), 

although without inducing protective anti-tumour immunity [184]. Therapies combining 

tumour ablation with immune stimulation may therefore trigger robust anti-tumour 

immunity [181]. US enhances endocytosis and exocytosis thereby modifying nutrient, 

micronutrient and ion uptake [185] and potentially cancer cell metabolism. US induces 

cavitation, enhancing cell and tissue membrane permeability, and creates free radicals 

[180]. Direct biological effects, and bystander effects of cavitation and free radical 

production can be further enhanced using MB and sonosensitizers [186]. They can be 

controlled by adjusting duration, amplitude, intensity, frequency, shape, focus and type 

of transducer used [181, 183]. Therefore, US therapies can be codified within the 

hallmarks of cancer framework. 
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Figure 4: Ultrasound targets the hallmarks of cancer. Ultrasound directly modulates five 

core hallmarks and one emerging hallmark of cancer. Figure created with BioRender. 

Abbreviations: I, core hallmarks; II, enabling hallmarks; III, emerging hallmarks; ROS, 

reactive oxygen species; TP53, tumour protein P53. 

 

Figure 5: Acoustically sensitive nano-platforms include nanobubbles, nanodroplets, 

micelles, nano-emulsions, liposomes, colloid NPs, viral vectors, and antibodies. 
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Combined with ultrasound, these nanoplatforms can promote sustained cavitation 

activity, while ultrasound can promote loading and releasing of active agents, enhance 

extravasation from tumour capillaries, and augment other therapeutics including gene 

therapy, sonodynamic therapy, biopharmaceuticals, drug delivery, contrast imaging and 

immune therapy 

1.6.2 Resisting cell death 

Many existing chemotherapies target receptors with the therapeutic intent to overcome or 

bypass inherent resistance of cancer cell to cell death [187]. Direct application of US can 

overcome resistance to cell death, inducing coagulative necrosis, apoptosis, and reduction 

of tumour growth [188]. In GBM and other brain tumours, the BBB prevents many 

chemotherapeutic agents from accumulating to effective concentrations in tumours [189, 

190]. Two clinical trials used minimally invasive US to temporarily and repeatedly open 

BBB and enhance chemotherapeutic delivery without adverse effects [191, 192]. A phase 

I/II clinical trial (NCT02253212) enhanced carboplatin uptake without evident 

neurotoxicity using the implantable US device, sonocloud-1 combined with MB [191], 

and a second phase I trial (NCT02343991) effectively delivered DOX and TMZ loaded 

liposomes using low intensity magnetic resonance (MR)-guided focussed US [192]. 

These approaches demonstrate in human feasibility of micro/nano bubbles (NB) and US 

to enhance drug delivery, improve penetration and bioavailability in the brain 

parenchyma, increase local intracerebral drug concentrations, while reducing systemic 

toxicology [28, 193]. Development of a sonodynamic therapy complex incorporating 

chlorin e6 and hydroxychloroquite into a liposome illustrates this point. The complex 

selectively accumulated in the brain tumour during US –targeted MB destruction and 

hydroxychloroquine was released to glioma cells, inducing ROS production, 

mitochondrial dysfunction and MAPK/p38-PINK1-PRKN-dependent mitophagy [194]. 
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Combining MB and gene loaded NPs with US also provides a safe, effective and targeted 

delivery system for genes. MB and a Lipid-polymer hybrid NP complex were used as an 

US -mediated gene delivery carrier of clustered regularly interspaced short palindromic 

repeats (CRISPR)-Cas9 plasmids, targeting MGMT, a DNA-repair gene protecting 

glioma cells from alkylating chemotherapeutics. US induced BBB opening allowing 

targeted delivery, gene protection from enzyme degradation, biocompatibility, prolonged 

survival, biosafety and augmented transfection efficiency while downregulating MGMT 

expression and thereby sensitising cells to TMZ [195].  

MBs loaded with the halogenated xanthene contrast agent Rose Bengal conjugated via 

stable amine linkages to dihexadecylamine combined with US has been used as a novel 

sonosensitizer delivery system in a pre-clinical in vivo study. Loaded MBs were 

converted into NPs by US, resulting in enhanced drug accumulation in the tumour and 

ROS generation leading to tumour growth inhibition with minimal side effects [196]. 

Ultimately, MBs combined with US can overcome cell death resistance. Future progress 

will be dependent on further development of materials that increase tumour cell death 

while minimizing damage to surrounding cells. While not yet undergoing clinical trials, 

nanomaterials combined with US have the potential to selectively ablate tumour tissue 

deep within the body in the near future. 

 

1.6.3 Sustaining cell proliferation  

Cancer cells deregulate the normal signals that control entry and progression through the 

cell cycle, resulting in sustained cell proliferation [180, 197]. Antineoplastic agents have 

been developed such as gemcitabine to inhibit DNA synthesis in cancer cells [198]. 

Moreover, high expression of some micro-RNAs, such as miR-21 have been shown to 

downregulate tumour suppressors and modulate AKT phosphorylation, and others such 
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as miR-122 have tumour suppressor effects and are downregulated in various cancers, 

suggesting that targeting microRNA (miRNA)s could inhibit cancer cell proliferation 

[199, 200]. US –targeted MB destruction can enhance clathrin-mediated endocytosis of 

NPs and therefore enhance delivery of antineoplastic agents [201]. A pre-clinical 

pancreatic cell study using US -targeted MB disruption promoted uptake of dendrimer-

entrapped AuNPs loaded with gemcitabine or a miR-21 antisense inhibitor, increasing 

cytotoxicity by more than 80 fold and 10 fold, respectively. This approach reduced 

tumour volume and increased blood perfusion in vivo [202]. Similar effects were seen in 

hepatocellular carcinoma (HCC) when sense miR-122 and antisense anti-miR-21 were 

encapsulated into poly (lactic-co-glycolic acid) NPs and delivered by US mediated MB 

disruption. This approach induced dose dependent decrease of anti-apoptotic proteins 

CD-320 and IGFR-1, and dose dependent increase of the pro-apoptotic protein 

programmed cell death protein 4, along with enhanced HCC death in DOX resistant and 

non-resistant human xenografts in vivo [203]. In a Phase 1 clinical trial (NCT01674556), 

US combined with MBs and gemcitabine was demonstrated to be clinically feasible and 

safe while enhance intratumoral drug delivery. This combination treatment also doubled 

median survival of patients with inoperable pancreatic cancer [204]. EGFR also promotes 

cell proliferation and is commonly overexpressed in cancers. Permeabilization of intact 

BBB using US in combination with MBs was applied before injecting 89Zr-labeled anti-

EGFR monoclonal antibody (cetuximab). This allowed prolonged exposure of the brain 

parenchyma to cetuximab with slow diffusion and clearance allowing for high and 

localised exposure to MAbs [205]. 

1.6.4 Induced angiogenesis 

Angiogenesis is required to sustain tumour growth and much effort has been devoted to 

inhibiting blood vessel growth to reduce tumour burden [180]. US inhibits tumour 
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neovascularisation, inducing thrombosis and preventing metastasis [180, 206]. Moreover, 

heat caused by MB oscillation results in selective damage in tumour endothelial cell 

linings due to slower blood flow and a higher retention of MBs in the tumour 

neovasculature [180, 206]. This effect leads to inhibition of tumour neovascularization, 

and potentially necrosis, apoptosis, reduced tumour growth and improved survival [183]. 

It is expected to see a future a shift away from MBs towards NBs that damage tumour 

endothelial cell linings more effectively [28]. 

1.6.5 Invasion and metastasis 

Invasion and metastasis is commonly associated with poor tumour prognosis. Tumour 

cells leave the primary tumour site and enter the vascular system before forming distal 

metastases [207]. MET activation is involved in epithelial to mesenchymal 

transformation, which is necessary for invasion and metastasis [208]. US induces gas 

accumulation within cell membranes, altering cell membrane micro-morphology, thereby 

interrupting MET-induced cell motility [182]. Therefore, efforts are underway to target 

tumour cells from entering the bloodstream or inhibiting blood vessel cells from allowing 

cells to pass through. Along with the above mentioned effects on plasma membranes 

affecting MET-induced migration [182], MBs can cause capillary damage, activating 

coagulation and inducing thrombosis, thereby limiting or preventing metastasis [183]. 

Moreover, as EGFR is also involved in cell migration, the combination of cetuximab with 

US with MBs increases permeability of cetuximab into the brain, thereby leading to 

reduced migration in a pre-clinical study [205]. While promising preclinical results have 

been demonstrated, clinical effects of US on invasion and metastasis remain unclear and 

further exploration will allow a more complete understanding of whether US can inhibit 

this hallmark [28].  
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1.6.6 Evading immune destruction 

Evasion of the immune system and defective or suppressed immune responses against 

tumour antigen are common features of cancer [189, 209]. These immune responses can 

be (re)activated under certain conditions, making them an ideal target to fight cancer more 

effectively [209]. Recent efforts to counter tumour-induced immune suppression has led 

to the development of various immune-based therapies, including immune checkpoint 

inhibitors and adoptive cellular therapies [174, 210]. The feasibility of US -triggered 

transfection of bone marrow-derived dendritic cells (BM-DC) was demonstrated in 

preclinical models. Primary murine C57BL/6 BM-DC cultures were generated and US -

triggered transfection of BM-DC cultures was achieved using MBs loaded with both 

antigen (OVA257-264 SIINFEKL) mRNA as well as immunomodulating TriMix mRNA. 

This enabled potent OVA257-264 antigen specific immune responses in vivo against MO4 

melanoma cells and E.G7-OVA T lymphoma cells resulting in significant reduction of 

tumour growth, increased survival and long lasting antigen-specific protection against 

tumour recurrence [211]. By releasing DAMPs, increasing immune cell infiltration, 

decreasing immunosuppressive cytokine release from tumour cells and release cell debris 

including tumour antigen through above mentioned mechanisms [181] the potential for 

US to augment immune responses is not clear. Further studies should evaluate the 

combination of US with immune-based therapies [28]. 

1.6.7 Deregulated metabolism 

Cancer cells adapt their metabolism to support biomass production, Adenosine 

triphosphate (ATP) generation, and maintain redox state [212]. Disrupting these 

processes can interfere with tumour growth and metastasis. US enhances endocytosis and 

exocytosis, thereby modifying nutrient, micronutrient, and ion uptake [213] and, 

potentially, cancer cell metabolism. US induces cavitation, enhancing cell and tissue 
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membrane permeability, and creates free radicals. Direct biological effects and bystander 

effects of cavitation and free radical production can be further enhanced using MBs and 

sonosensitisers and controlled by adjusting duration, amplitude, intensity, frequency, 

shape, focus, and type of US transducer used [180, 188]. 

1.6.8 Clinical application of US 

US elicits a range of biological changes in a tumour with minimally invasive 

technology. Clinical trials demonstrate safe delivery of a range of therapeutic agents 

across the BBB and into cancer cells, along with in situ heat-dependent cytotoxicity 

to the tumour [183]. Advances in MB and NB technologies will further improve 

combinational therapy approaches [28, 214]. A wide array of clinical trials are planned 

or underway using chemotherapy, sonodynamic therapy, immunotherapy, and 

overcoming BBB, many incorporating MBs or nanomaterials [169]. Table 2 displays 

a list of clinical trials that have either been completed or are still ongoing, which 

involve the combination of US with MBs or nanomaterials. However, there are no 

reported clinical trials currently planned or underway using US and MBs to enhance 

gene delivery, despite successful preclinical studies including above mentioned 

CRISPR-Cas9 studies [195], miRNA studies [202, 203] and BM-DC transfection 

studies [211]. This demonstrate the potential of nucleic acid delivery by US and MBs 

and is a clinical research gap worth exploring.
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Table 2: Clinical trials combining ultrasound and microbubbles / nanomaterials. 

US device Combination Condition /disease Phase Hallmark Status Identifier (NCT) 

Chemotherapy 

Focused US 

 

Lyso-thermosensitive liposomal DOX Liver tumour 1 I Completed  

 

NCT02181075 

[215] 

FOLFIRINOX Regime, MBs Pancreatic ductal 

adenocarcinoma 

2 I Recruiting NCT04146441 

Panobinostat, MBs Diffuse intrinsic pontine 

glioma 

1 I Recruiting NCT04804709 

conventional chemotherapy, MBs containing sulfur 

hexafluoride stabilized by phospholipids 

Colorectal neoplasms, 

breast neoplasms 

1/2 I Recruiting NCT03477019 

Platinum, gemcitabine, MBs Gastrointestinal neoplasms 1/2 I Recruiting NCT02233205 

Contrast-enhanced US 

 

Gemcitabine hydrochloride, Nab-paclitaxel, Fluorouracil, 

Irinotecan hydrochloride, Leucovorin calcium, 

Oxaliplatin, Perflubutane MB 

Metastatic pancreatic ductal 

adenocarcinoma 

1/2 I Not yet recruiting NCT04821284 

Perflutren protein-type A microspheres, MB Hepatocellular carcinoma 2 I Recruiting NCT03199274 

Gaseous MBs, systemic chemotherapy, sonoporation Colorectal cancer 2 I Recruiting NCT03458975 

Neoadjuvant chemotherapy, sulphur hexafluoride MBs Breast cancer N/A I Completed – (no 

results posted) 

NCT00245869 

Gemcitabine, MBs Pancreatic adenocarcinoma 1 I Completed NCT01674556 

[216] 

Magnetic resonance-guided high 

intensity focused US  

Lyso-thermosensitive liposomal DOX, 

Cyclophosphamide 

Metastatic breast cancer

  

1 I Recruiting NCT03749850 

Lyso-thermosensitive liposomal DOX Refractory solid tumours 2 I Not yet recruiting NCT04791228 

Lyso-thermosensitive liposomal DOX Pediatric cancer 1 I Recruiting NCT02536183 

BBB disruption  

NaviFUS system N/A GBM N/A I Completed – (no 

results posted) 

NCT03626896 

Bevacizumab, MBs 

 

GBM N/A I Recruiting NCT04446416 

ExABlate system Carboplatin Recurrent GBM 1/2 I Recruiting NCT04440358 
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MBs Brain tumour N/A I Active, not 

recruiting 

NCT02343991 

[192] 

Carboplatin Recurrent GBM 1/2 I Recruiting NCT04417088 

N/A Brain metastases N/A I Recruiting NCT03714243 

TMZ GBM N/A I Recruiting NCT03712293 

SonoCloud-9 system albumin-bound paclitaxel, MBs  GBM 1/2 I Recruiting NCT04528680 

Carboplatin GBM 1/2 I Completed NCT02253212 

[191] 

Carboplatin GBM 1/2 I Active, not 

recruiting 

NCT03744026 

[217] 

Nivolumab Injection Metastatic melanoma 1/2 I Recruiting NCT04021420 

Focused US N/A GBM N/A I Recruiting NCT03616860 

N/A GBM N/A I Recruiting NCT03551249 

Immune therapy  

Focused US ablation (Echopulse) PD-1 antibody blockade    Advanced solid tumours 1 III Recruiting NCT04116320 

High intensity focused US PD-1 antibody blockade  (Pembrolizumab) Metastatic breast cancer 1 III Recruiting NCT03237572 

Low intensity pulsed US 

(SONOCLOUD)  

PD-1 antibody blockade (nivolumab and pembrolizumab) Metastatic melanoma 1/2 I Recruiting NCT04021420 

Sonodynamic therapy   

Magnetic resonance-guided high 

intensity focused US  

SONALA-001(5-Aminolevulinic Acid) High grade glioma 1 I Recruiting NCT04559685 

5-Aminolevulinic Acid GBM N/A II Not yet recruiting NCT04845919 
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1.7 3D cell culture  

 

GBM is characterized by higher vascularization, significant cell heterogeneity, self-

renewing CSCs and the interactions between tumour and microenvironment, all of which 

play an important role in tumour growth (Figure 6) [218]. Tumour development, 

metastasis, angiogenesis, cytotoxicity resistance, and immune cell modulation are all 

influenced by the TME [106, 219]. GBM also shows aggressive tumour growth due to 

multifaceted, recurrently hypoxic metabolic environment and Warburg effect. Therefore, 

it is critical to study GBM growth and treatment responses in an environments similar to 

in vivo [12]. There is a urgent need for accessible GBM pre-clinical models and 3D cell 

culture is able to fill this gap by providing more reliable models to study the correlation 

between TME, tumour reoccurrence and therapy resistance. 

3D cell cultures describes a wide range of in vitro cell culture technique used to grow 

cells in three dimensions using an artificially created microenvironment. Cells in 3D cell 

culture have physiological cell-cell and cell–ECM component interactions which allow 

cells to grow in vitro in a TME that closely resembles GBM in vivo conditions [106, 220]. 

Tenascins, fibronectin, fibulin-3 and hyaluronic acid are the primary components of the 

GBM ECM [221]. These ECM components can be employed in 3D cell culture to mimic 

the composition and porosity of in vivo GBM ECM in vitro conditions to get better 

understanding of the therapeutic efficiency [222-224].  
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Figure 6: Components of GBM TME, consists of cellular, non-cellular and extracellular 

materials.  
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A) Components of GBM TME, consists of cellular and extracellular materials. B) Cells 

commonly found in the tumour microenvironment such as astrocytes, GBM cells, necrotic 

GBM cells, endothelial cells, GBM stem cells, natural killer cells, microglia, B and T 

lymphocytes, dendritic cells, cancer associated fibroblasts, macrophages, neutrophil and 

oligodendrocytes progenitor cells are shown here  C) Non-cellular components such as 

vasculature, microbiomes, extracellular matrix, secretory and signalling molecules, 

exosomes and cell debris, including DAMP that are important features of a brain tumour 

(Figure created with BioRender). 

 

In two dimensional (2D) culture, cells adhere primarily to coated surfaces of the tissue 

culture plate, whereas in 3D culture, adhesion is mostly with molecules of the ECM 

between cells along with directly interactions between adjacent cells. Matrix proteins, 

glycoproteins, glycosaminoglycans, proteoglycans, ECM sequestered growth factors, 

vascular endothelial growth factor, platelet derived growth factor, hepatocyte growth 

factor, and other secreted proteins are examples of secretory and signalling molecules 

[221]. These proteins and growth factors have critical roles in cell proliferation, tissue 

morphogenesis, migration, differentiation, adhesion, survival, immunosuppression, 

metastasis and homeostasis [221, 225-227]. Furthermore, the ECM can influence the 

cell's response to medications by altering the mechanism of action of the drug, increasing 

therapeutic effectiveness, or increasing the cell's inclination for drug resistance. A 3D 

culture model would have to imitate the microenvironment of tissue in which cells could 

proliferate, aggregate, and differentiate in order to predict the effectiveness of a treatment 

on a cell [222]. Further, integrins and receptor tyrosine kinases are examples of cell 

surface receptors that can interact with ECM components. Crosstalk between integrins 

and growth factor receptors regulates downstream cell signaling as well as growth factor 

induced biological activity, such as proliferation and invasion [106, 225].  
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Brain tumours are surrounded and infiltrated by many non-cancerous cells, including 

neurons, astrocytes, microglia, cancer associated fibroblasts, tumour associated 

macrophages, GSCs and endothelial cells, that provide both supporting and suppressive 

functions in the TME (Figure 6) [228-230]. Cancer progression and drug response are 

heavily influenced by cellular interactions in the TME [228, 231, 232]. 3D in vitro models 

can be utilized to simulate TME components and to evaluate novel therapies [226, 230].  

Cells in a 3D spheroids have varying microenvironment conditions due to the non-

homogeneous vascular supply [233]. For example, regions of a tumour further from 

vasculature have restricted oxygenation, nutrients and waste removal. 3D spheroid can 

possess a hypoxic (oxygen-deprived) core resembling these TMEs found in solid 

tumours, with cells at the centre of sphere with relatively low oxygen, glucose 

concentration and acidic extracellular pH due to accumulation of metabolic by-products 

(Figure 7) [234, 235]. The hypoxic cell population increase is proportional to the spheroid 

size also it is highly resistant to chemotherapy and radiotherapy. The outer layer of 

spheroid, which is highly exposed to medium and mainly composed of viable, 

proliferating cells. 3D spheroid has heterogeneous cellular subpopulation such as actively 

proliferating, quiescent, hypoxic and necrotic cells, which provides different cell 

proliferation zones, can be divided as proliferating zone, quiescent viable zone and 

necrotic core / hypoxic core (Figure 7) [220, 225, 236].  
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Figure 7: Structure of multicellular 3D spheroid. 3D spheroids have a spherical shape 

with an external proliferating zone and an internal quiescent viable zone that surrounds 

a necrotic core, resembling the cellular heterogeneity seen in solid tumours. Proliferation 

rate, drug delivery rate, interstitial pressure, perfusion, access to O2, nutrients and 

acidity in different zones are shown here (Figure created with BioRender). 

 

The cellular organization, additional dimension, polarity, and geometry of 3D spheroids 

influence cellular functions such as proliferation, differentiation, survival, morphology, 

gene / protein expression, communication, and responses to external stimuli [222]. 

Ultimately this will provide a better understanding of complex biological / physiological 

behaviour, cell-to-cell interactions, tumour characteristics, drug discovery, metabolic 

profiling, and representation for toxicological testing improve drug screening accuracy, 

safety, increasing the chances of finding effective therapeutic methods or drug 

combinations to fight cancer [222]. 
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The demerits of currently available 3D cell culture are that it is time consuming, 

expensive, lower reproducibility and limited intra-tumoural heterogeneity [237]. Further 

development needed in this field to assure reproducibility, high throughput analysis, 

compatible readout techniques and automation in order to establish validated 3D cell 

culture models [238]. The main strengths and weaknesses of 3D cell culture systems for 

cancer research applications are shown in Table 3. 

 

Table 3: The current 3D cell culture systems for cancer research applications: Key 

Strengths and Weaknesses 

Strengths Weaknesses Ref. 

Matrices contain ECM components that promote 

cell–cell interaction, communication, and 

activation of signaling pathways. 

Some models generate spheroids with a wide 

range of sizes, resulting in a number of 

variation inside the same well. 

[239-241] 

Heterogeneous cell populations resemble 

tumour cells at various stages of the cell cycle, 

such as proliferating, hypoxic, and necrotic cells 

Vasculature, which is critical for tumour 

development, survival, and drug delivery, is 

still missing in 3D models. 

[222, 225, 240] 

Factors / proteins identified in a certain TME can 

be added to the culture setting. 

Large-scale investigations and high-

throughput tests are much more expensive and 

time consuming. 

[236, 239, 240] 

Cellular functioning, morphological 

differentiation, gene and protein expression 

levels, and hence cellular behaviours, are 

comparable to those seen in vivo. 

Variability in biological matrices can lead to 

inconsistent experimental outcomes. 

[237, 241, 242] 

Ability to develop multicellular systems and 

bridges the gap between in vitro and in vivo 

cancer therapeutic outcomes. 

Do not reassemble the complicated TME, and 

the technologies that can do so can only do so 

for a limited time 

[237-239] 
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1.8 Comparison of 2D and 3D cell culture 

 

In 2D cell culture, monolayer of cells adheres and grows on flat surfaces, while these cells 

are unable to grown in all directions. Due to this cells are flat and stretched hence it does 

not accurately reflect in vivo cellular morphology [234, 236]. The monolayer is mostly 

composed of proliferating cells, and any necrotic cells usually detach from the surface 

[243]. These attached proliferating cells receive homogeneous oxygen, nutrient and 

growth factors from the media and uniform exposure to drug candidates in efficacy and 

toxicity studies [244]. The morphological changes in 2D cells influences many cellular 

processes such as cell proliferation, cell–cell communication, tissue specific architecture, 

differentiation, migration, apoptosis and gene / protein expression, which leads to 

inaccurate organ-specific toxicity detection and have inadequate representation of cell 

migration, differentiation, signal transduction, metabolism, survival and growth [222, 

233, 245]. 

3D cell culture can use to overcome these problems as cells are allowed to grow in any 

direction without interacting with the surface, while maintaining physiological cell-cell 

and cell-ECM interactions, more closely mimic the natural in vivo environment, shape, 

and cellular response [222, 245]. Cells in 3D cultures are not getting homogenous oxygen, 

nutrient and growth factors supply due to their larger size and diffusion gradient (Figure 

7) leading to all major TMEs represented including proliferating, quiescent and necrotic 

stages found in an in vivo tumour (Figure 7) [236]. 

The proliferation rate of 2D and 3D cell culture are different and this is mostly depend on 

cell lines and matrix [246]. The proliferation rate of cells grown in 3D cell culture is a 

better represent the growth of in vivo tumour. When compare with 2D cell culture, 

additional dimension in 3D cell culture influence spatial organization of cell surface 
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receptors engaged in interaction with other cells and induce physical constraints to cells 

[246, 247]. Most drugs are designed either to targeting specific receptors accessible on 

the cell surface, or by crossing the plasma membrane and interacting with intracellular 

receptors to achieve therapeutic effectiveness. The availability of receptors in 2D and 3D 

cultures may be different due to differences in receptor expression, cell morphology, 

cytoskeletal and ECM arrangements, subcellular localization of receptors, modified 

endosomal trafficking, alterations to secretions, cell signalling and even differences in the 

spatial arrangement of receptors on the surface of cells [106, 222]. 

Overall the cellular responses varying between 2D and 3D cell culture is due to several 

factors such as differences in physical properties, physiological conditions, spatial 

organization of surface receptors, gene expression levels, microenvironment and cell 

stages are some of them. 2D cell culture doesn’t reveal toxicological resistance, accurate 

cellular responses to drug treatment, architecture as in vivo tissues, accurate depiction of 

cell polarisation and gene expression [248]. It also provides unreliable predictions of in 

vivo drug efficiency and toxicity, which leads to low success rate in clinical trials [248]. 

3D spheroids show increased drug resistance [249] (Figure 7) due to dynamic cellular 

interactions and restricted diffusion of nutrient, leading to activation of cell survival and 

drug sensitive genes [249]. Ultimately 3D cell culture can overcome the limitations of 

conventional 2D cell culture by providing an experimental models that more accurately 

represent the short- and long-term (time) effects of the drugs. The merits and demerits of 

2D and 3D cell culture is compared in Table 4. 

Han and colleges (2020), produced a scalable lung cancer spheroid model and carried out 

genome wide CRISPR screenings in 2D monolayers and 3D tumour spheroid cultures. 

CRISPR phenotypes in 3D more closely resemble those of in vivo tumours, and genes 

with differing sensitivities in 2D and 3D are highly enriched for important mutations in 



 
 

56 
 

malignancies. These analysis also revealed new drivers that are required for cancer 

development in 3D and in vivo but not in 2D [250]. A similar experiment utilizing GBM 

spheroid models will be beneficial in the future to understand which genes are essential 

for growth and survival in response to different environmental signals.
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Table 4.Comparison of 2D and 3D cell culture methods. 

Characteristics 2D cell culture Animal models 3D cell culture References 

Morphology / 

Cell shape 
 Flat, stretched shape cells 

 Cells grow into a monolayer 

 Cells can only expand and proliferate 

in two dimensions 

 Natural, shape of cells more 

representative of solid tumours 

 Can differ from human cells in terms 

of type and quantity 

 Natural, shape of cells more representative of solid 

tumours 

 Cells grow into 3D spheroids 

 Spheroids contain multiple layers of cells similar to 

in vivo 

[222, 236, 242, 

247, 251, 252] 

Cells interactions and 

microenvironment 
 Cell - cell contact only on edges and 

mostly contact with plastic 

 Deprived cell extracellular 

environment interactions  

 Lack of in vivo like microenvironment 

and “niches” 

 Cell - cell and cell - ECM interaction 

 Interactions with the 

microenvironment that vary from in 

vivo human interactions 

 Inability  to control composition of the 

microenvironment 

 Physiologic cell - cell and cell - ECM interaction 

 Cells communicate through exchange ions, small 

molecules, and electrical currents 

 Micro environment and “niches” similar to in vivo 

 Apical – basal polarization and lumen formation 

[220, 226, 227, 

234, 236, 247] 

Transport   No transport dynamics  Complex transport dynamics  Complex transport dynamics  [236, 237] 

Distribution of media / 

drug 
 Nutrients, growth factors and drug are 

equally exposed to all the cells  

 

 

 

 Similar to human cells in vivo 

 Vascularization feasible along with 

immune system activity 

 Diffusion gradient of nutrients, growth factors, drugs 

and metabolic waste 

 Core of the spheroid received lower amount of 

nutrients, growth factors and oxygen making  

hypoxic core (mimic in vivo tumour structure) 

 [220, 253, 254] 

Stage of cell cycle 

(cell differentiation) 
 Most of the cells in same stage of cell 

cycle 

 Deprived cell differentiation 

 Heterogeneous cell population with 

proliferating, quiescent, hypoxic and 

necrotic cells similar to human in vivo 

 Rapid speed of reproduction 

 Heterogeneous cell population with proliferating, 

quiescent, hypoxic and necrotic cells 

 The cells have a higher level of differentiation. 

[220, 253, 255] 

Phenotype and polarity  Forfeiture of diverse phenotype and 

polarity 

 Similar to human cells in vivo  Apical basolateral polarity is maintained 

 Diverse phenotype and polarity similar to in vivo 

tumour 

[247, 251] 

Gene / protein 

expression  
 Not provide accurate depiction 

 Display differential gene and protein 

expression levels, mRNA splicing and 

cellular biochemistry  compared to in 

vivo conditions 

 Gene and protein expression cannot 

accurately reflect due to the species 

variations 

 Provide more accurate depiction of gene and protein 

expression similar to those in in vivo tissues. 

 Expressed genes, proteins, mRNA, and other cellular 

activities are effectively identified and quantified. 

[236, 242, 252] 

Cell proliferation  Usually cellular proliferation is faster 

than in vivo cells 

 Higher proliferation rates than human  

in vivo cells 

 Mostly, proliferation rates are similar to the human  

in vivo cells 

 

[220, 247, 255]  
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Mutation   Protracted genetic and phenotypic 

drifts, as well as cellular cross 

contamination, are common in cells 

 Complex and time consuming to 

identify genetic and phenotypic drifts 

 Improbable to genetic and phenotypic drifts [222] 

Drug sensitivity  Lower drug resistance  

 Poor drug metabolism 

 Misrepresentation of drug 

treatment efficiency 

 Ability to study side effects  

 Higher drug resistance to treatments 

similar to the in vivo cells 

 Higher drug resistance to treatments similar to the in 

vivo cells 

 Improved drug metabolism 

 Accurate representation of the treatment efficiency 

[247, 253] 

Representation  Inadequate representation  The representation is quite intricate  Improved models for cell migration, differentiation, 

survival and growth 

[235, 236, 253] 

Metabolic profiling  Augmented sensitivity to ATP 

synthase 

 

 Higher metabolic rates and ATP 

synthase sensitivity is distinct to in 

vivo human cells 

 Abridged sensitivity to ATP synthase [222, 255] 

Quality and time of 

culture  
 Higher performance and 

reproducibility 

 Easy to interpret  

 Culture handling is 

comparatively easy  

 Shorter time for culture (h)  

 Time consuming for the study (days) 

 Difficult to handle, maintain and 

interpret data 

 Lower performance and 

reproducibility 

 Long tumour latency 

 Lower performance and reproducibility 

 Difficult to interpret data 

 More difficult to handle and maintain 

 Time consuming for culture (days) 

[222, 236, 242, 

253] 

Cost of maintaining 

culture 
 Low cost maintenance 

 Readily available test materials and 

media 

 Expensive when compared to both 2D 

and 3D cell culture 

 Expensive when compared to 2D cell culture 

 Limited commercially available products 

 [220, 236, 247] 

Apoptosis  Lesser resistance to the drug - induced 

apoptosis 

 Apoptosis responses may vary  Greater resistance to the drug - induced apoptosis [242] 

Response to stimuli  The response of cells to mechanical 

stimuli is inaccurately portrayed 

 They are unable to respond to gravity 

 Different pathophysiology to humans   Accurate representation of response to mechanical 

stimuli of cells 

 They are continuously able to respond to gravity 

[242, 253] 

Co-culturing cells  Lower benefits and inadequate 

representation  

 Unable to control architecture of a 

tissue 

 Higher benefits  and superior of co-culturing cells  [222, 238] 

Tumour heterogeneity   Basic representation  Higher due to the species differences  Better approximation via the proliferation gradient, 

drug penetration and mobility variations 

[249, 254] 

Multi cellular study   When studying the immunological 

response, this is a better option 

 Most suitable for multi cellular studies   When there are more than two cell types in a co-

culture, it becomes more challenging 

[236, 256] 

Genetic engineering  Not possible  Ease and precision of genetic 

manipulation 

 Possible only in advance 3D models [255] 

Ethics  No ethical concerns are required.  Many ethical considerations arise as a 

result of animal suffering, 

international and national regulations 

 A potential alternative that can eliminate animal 

experimentation. No ethical concerns are required but 

may raise due to the origins of primary and stem cells 

[252] 
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1.9 Comparison of 3D cell culture with animal in vivo models 

 

3D cell culture plays a vital role in drug development, while it is also capable of replacing 

both 2D cell culture and animal trials. Initial testing stage of standard drug discovery 

begins with 2D cell culture, followed by animal tests and clinical trials, which resulted 

95% of trial failures during clinical trials due to the insufficient prediction of the efficacy 

and toxicity in humans during pre-clinical studies [242, 248]. 

3D cell cultures represent a simplified reductionist model. It highly transparent, 

reproducible, easy to modelling the complex processes such as growth, invasiveness and 

toxicity, when compared to a whole animal [245]. 3D cancer cell models are able to 

provide better understanding of in vivo cancer therapeutic efficiency and also improve the 

efficacy of drug discovery, due to the clear understanding the relation between cells and 

the ECM in which they interact [222, 230]. This help to identify drugs/ therapeutic 

methods in early stages, which has better effects on cancer treatment and eliminating a 

lot of unnecessary testing. 

The European registration, evaluation, authorisation and restriction of chemicals 

(REACH) regulation stated aim is “To ensure a high level of protection of human health 

and the environment from effects of hazardous chemicals. It strives for a balance: to 

increase our understanding of the possible hazards of chemicals, while at the same time 

avoiding unnecessary testing on animals” (European Chemicals Agency, 2020) [257]. 3D 

cell cultures supports 3Rs principles of animal research (Replacement, Reduction and 

Refinement) and REACH regulation while able to reduce the number of animal usage in 

testing, time, cost and ethical considerations [106, 252].  
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There are different animal models have been widely used to investigate GBM such as 

syngeneic implantation models (tumourigenesis is induced using carcinogens or genetic 

modification), genetically engineered animal models (delivery of cancer initiating genes 

using viral vectors to initiate tumour development), traditional xenograft models 

(transplanting human cancer cells into an immunocompromised rodent), patient derived 

xenograft and xenografts generated from patient derived cancer stem cells (direct 

implantation of freshly biopsied tumour tissue or cultured tumour spheres into 

immunodeficient animals) are some of them [258, 259]. These experimental animal 

models have several limitations since they do not always predict efficacy and / or toxicity, 

don’t share the same clinical features, and do not have the same receptor responses as 

seen in human disease. Vital genetic, molecular, immunologic and cellular differences 

between humans and animal models prevent it from being an effective way of researching 

a cancer therapies [252, 260]. 

Animal testing is expensive and time consuming and they do not account for the whole 

intricacy of TME interactions [230]. Also, if animal is in pain or stress during the 

experiment, it might change the biochemical, physiological and metabolic reactions, 

which can inaccurately depict the effectiveness and side effects of drugs [106, 222, 245, 

260]. Humans and animal models have distinct anatomical and physiological differences, 

the most apparent of which is size. The human brain is about 100 times greater in weight 

and more than 1,000 times larger in surface area and number of neurons, when compared 

with mice. Thus, in the study of GBM, well known for its infiltration of the brain 

parenchyma, important anatomical distinctions in the organ of origin impose potentially 

confounding factors in preclinical investigation [252, 255]. Preclinical modeling is 

complicated further by an increased proportion of neocortical astrocytes, pericyte 
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heterogeneity, and changes in vascular architecture between humans and animal models 

[255]. 

Some animal models such as mice have a short lifetime, they are less likely to 

development of certain types of cancers or highly penetrant cancers associated with loss 

of heterozygosity mutations. Animal models also have substantially greater metabolic 

rates than humans, which complicates pharmacodynamic and pharmacokinetic 

investigations [255]. Genetic modifications initiate tumours with homogenous genetic 

changes whereas human GBM cells are heterogeneous. Furthermore, the genetic 

background of animal models can influence tumour biology, gene function, and tumour 

susceptibility [258]. 

Many variables in vivo are uncontrollable, and their effects are often unknown due to the 

complexity of organisms, whereas 3D cell culture allows for better control of variables 

by using a series of carefully selected reductionist models [261]. The merits and demerits 

of 2D, 3D cell culture and animal models are compared in Table 4. 

Current in vitro GBM treatment regimens fail to account for a large variety of factors 

such as brain’s unique ECM, circulatory systems, existence of resident and non-resident 

brain cells inside the tumour, secreted factors and nutritional sources accessible for 

tumour metabolism [230]. The main benefits of using 3D cell culture models for in vitro 

GBM treatment rather than animal testing are include a wider selection of techniques, 

leading to better measurements of outcomes, better control of variables, scalable testing, 

comparatively lower cost, avoidance of ethical issues and reductionist approach to 

accurately model a specific feature of a disease, as opposed to animal models, which are 

complex and often differ from human disease. It is also capable of simulating de novo 

drug resistance [106]. Furthermore, juxtacrine signaling, in which molecules pass directly 

between cells via gap junctions or other structures without being released into the 
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extracellular environment, requires 3D tumour sphere cell–cell interactions. These 

receptor and juxtacrine signaling components alter a variety of intracellular signaling 

pathways, affecting how cancer cells react to their surroundings [106, 225]. The lack of 

vascular and immune system in 3D cell culture techniques is a drawback when compared 

to animal models, that may be solved in the future by constructing advanced 3D models 

utilizing specialized 3D techniques such as 3D printing [261]. Ultimately 3D brain cancer 

models can improve reproducibility and allow researching cellular and molecular 

pathways simpler to improve for personalized medicine. 

1.10 Different types of 3D cell culture techniques and methods 

 

Different elementary 3D culture techniques such as anchorage independent and 

anchorage dependent platforms can be used for 3D cell culture [220].  Anchorage 

dependent platforms can further classifies into scaffold and hydrogels based on their 

porosity, density and mechanical strengths [243]. These approaches are most commonly 

employed to create 3D spheroids, basic tumour models and multicellular tumour 

spheroids (Figure 8). Tumour spheroids are solid, 3D spherical formed by the 

proliferation of a single cancer stem / progenitor cell [262, 263]. Tables 5 and 6 list the 

applications and merits / demerits of different 3D culture techniques / methods for the 

development of 3D glioma spheroids, respectively.  
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Figure 8: Different anchorage dependent and independent methods to develop 3D 

multicellular tumour spheroids. 

 

1.10.1 Anchorage independent (scaffold free)  

Anchorage independent/scaffold-free techniques rely on non-adherent cell to cell 

aggregation to form spheroids. Spheroids showing cell-cell interactions and secreting 

their own extracellular matrix. These spheroids are able to freely grow without a physical 

support resulting in consistency of shape and size, which provide better understanding 

about cellular cytotoxicity [222]. 
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Figure 9: Anchorage independent methods available for multicellular tumour spheroids 

formation. These methods include, A) Low adhesion plate method; B) Hanging drop plate 

method; C) Magnetic levitation; D) Spinner bioreactor (Figure created with BioRender). 

 

1.10.1.1 Low adhesion plates 

Low adhesion plates (Figure 9A) are specialised culture plates with ultra-low attachment 

hydrophilic polymer coating Poly-2-hydroxyethyl methacrylate (Poly-HEMA), agarose, 

bovine serum albumin, or agar which promote cell aggregation to form spheroids [220, 

264, 265]. Different culture plates are commercially available (e.g. Nunclon™ Sphera™, 

Costar®, PrimeSurface, Lipidure®−COAT) with modified surface shapes (flat and 

conical shaped bottom) [220, 264]. Usually ECM proteins such as collagen-I and 

fibronectin mediate cell attachment to the culture surface. Hydrophilic polymer coating 

prohibits protein adsorption to the culture ware surface, thereby minimizing monolayer 

cell adhesion to the culture vessel [266]. Ultimately low attachment plates promote 
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aggregation of cells by cell - cell and cell - ECM interactions, while blocking the ECM 

interaction to plastic surface [267]. Advantages of using low adhesion plates are simple, 

straight forward, efficient, spheroid production & handling is easy, higher reproducibility 

when compared to other anchorage independent methods, able to generate wide range of 

tumour cell types and co-culture can be incorporated [233, 236, 265, 268]. Disadvantage 

is time consuming and relatively labour intensive, continuous passage culture is difficult, 

only autocrine ECM is present, success rate in long term passage is low, cells in 

suspension has no migration movements [222, 235, 248, 265, 269]. The detailed protocol 

for developing 3D glioma spheroids published by [270, 271].  

1.10.1.2 Hanging drop method 

Hanging drop plates are open bottom-less wells that promote the formation of droplets of 

media (Figure 9B) that provide space to form spheroids via self-aggregation through the 

use of gravity and surface tension [272]. There is no surface to attach, cells grow inside a 

bubble of growth media and spheroids hang in open bottomless wells which are often 

enclosed in the bottom of the plate in order to normalize the environmental humidity of 

the cells [264]. Phosphate buffer saline (PBS) is added to the reservoirs located on the 

peripheral rim of the plate and tray which are divided into sections to prevent the hanging 

drop dehydration during incubation [264]. Spheroid size is controlled by number of cells 

dispensed into each drop [220]. The droplet of media sufficient for cell aggregation and 

also small enough to hold droplet by surface tension, after 3D spheroid generation it can 

be dispense by adding extra drop of media in to the well and spheroid loaded to adjacent 

plate [222]. Micro-liquid adhesion with substrate surface is greater than cellular weight; 

cells aggregate, proliferate, and grow in to spheroids at liquid air interface. The well can 

typically accommodate up to 50 µl of media while recommended drop volume is 10-20 

µl [269], and the spheroid size is determined by the cell density [220, 264]. There are 
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currently some commercially available hanging drop plates on the market, such as 

Perfecta3D® and Gravity PLUSTM [264]. Multicellular spheroids also can be create by 

co-suspending several cell types or else consecutive addition of different cell types to 

form separate cell layers. The merits are: able to produce uniform spheroid size, able to 

control size of spheroid by seeding density, homogenous spheroids and suitable for high 

throughput testing, higher replicability, low cost and comfortable to handling [268]. In 

the disadvantages side, plates are highly expensive, medium change and different drug 

treatment at different time points are impossible, not suitable for long term culture and 

also having small culture volume and osmolarity of the droplet will rise due to medium 

evaporation [222, 264, 265, 269]. In 2021, we have provided a thorough procedure for 

producing 3D glioma spheroids using hanging drop plate method [273].  

1.10.1.3 Magnetic levitation 

Magnetic levitation (Figure 9C) is a suspension culture technique; cells are preloaded 

with magnetic NPs or beads in dedicated plate and external magnetic fields to provide 

non-adhesion, plate like properties to facilitate cell aggregation and form uniform 3D 

spheroids / tumour spheres [220, 264]. It can be used on a variety of cell lines, particularly 

those that do not self-aggregate. The amount of cells that were able to internalize the 

particles determines spheroid development [264]. This method is highly efficient, simple, 

straightforward, possibility to replicate in vivo microenvironments, does not require 

specialized media, easier spheroid collection and changing of medium with minimal 

disruption. It also allows for the quick generation of 3D spheroids and is scalable for 

higher throughput [267]. In disadvantage side this method gives slight brownish colour 

to spheroids and which might be not suitable for some applications. Also some cells 

adhere to the bottom of plate without forming 3D spheroids and magnetic particles may 
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alter the cellular behaviours of these spheroids [222, 264, 269]. There haven't been many 

uses of magnetic levitation for the development of 3D glioma spheroids documented. 

1.10.1.4 Spinner bioreactor 

A spinner bioreactor (Figure 9D) has a container to hold cell suspension and impeller 

stirring continuously to minimize the cell adhesion to the surface. Bioreactors are closed 

systems used to strictly regulate factors such as dissolved oxygen, temperature, pH, and 

nutrients. Specific sensors inside the bioreactor linked to control software to monitor 

nutrition and metabolite input and outflow [248]. Continuous liquid flow prevents cell 

adhesion contamination, time-consuming manual operations and also uniformly 

distributes nutrition and oxygen to form 3D spheroids [248, 265]. This method is simple, 

able to mass production of spheroids and also suitable for long term culture [265]. While 

cells can be damaged by collision between cells and bioreactor wells (exposure to high 

shear force) and require specialized equipment’s also difficult to obtain uniform spheroids 

[248, 265, 269]. 

1.10.2 Anchorage dependent (Scaffold Based) 

The anchorage-dependent approach uses pre-designed porous membranes and polymeric 

fabric meshes called “scaffolds”, which can be constructed of natural or synthetic 

components to offer physical support (Figure 10A) [235, 274]. This physical support can 

provide structures from simple mechanical up to ECM-like structures. 3D spheres can be 

generated by seeding cells on three dimensional matrixes or by dispensing cells in liquid 

matrix followed by solidification and polymerization. Cells are embedded in extracellular 

components and able to initiate cell - cell and cell - matrix interactions, physical support 

for cell growth, adhesion and proliferation. In general, these features, as well as structural 

patterns, textures, and angulations, can be manipulated in an attempt to mimic ECM traits 
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particular to the tissue of interest [275]. There are several techniques use to create scaffold 

such as electrospinning (ES), stereolithography, 3D printing, solvent-casting particulate 

leaching (SCPL), freeze drying, shape deposition manufacturing, robotic micro assembly, 

phase inversion, selective laser sintering, fused deposition modelling [222, 269, 274].  

1.10.2.1 Natural scaffolds 

Biological / natural scaffolds provide physical support for cell growth as well as provide 

similar in vivo microenvironment with ECM components, growth factors, hormones and 

so forth. The biological scaffolds are made up of ECM components such as fibronectin, 

collagen, laminin, gelatin, chitosan, glycosaminoglycans (mainly hyaluronic acid), 

fibroin, agarose, alginate, starch (mainly additives), human decellularized ECM [226, 

236, 269, 276]. Microscale mechanical features of biomaterials, such as stiffness, 

porosity, interconnectivity, and structural integrity, can influence cellular function [277]. 

Brain tumour specific ECM components such as proteoglycans, laminins, fibronectin, 

tenascins, collagens I, II, IV and glioma cells overexpress ECM components like 

hyaluronic acid, brevikan, tenascin-C, fibronectin, thrombospondin can be employed to 

engineer glioma-specific scaffolds to mimic similar in vivo glioma TME [221, 278]. 

The advantages of using biological scaffolds are highly similar to the in vivo conditions, 

can control similar composition / elasticity / porosity to get better ECM presentation and 

also possible to combine with ideal growth factors. Also it is able to improve 

biocompatibility, spatial distribution and lower toxicity [276]. Natural scaffolds also have 

higher biocompatibility and lower toxicity when compared to synthetic polymers. 

Disadvantages are it is expensive, time consuming, complex process and not suitable for 

large scale production, difficult to dissociate cells from scaffold for experiments such as 

flow cytometry, confocal imaging and risk of contaminations and disease transmission 
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[269]. We published and provided a thorough procedure for producing 3D glioma 

spheroids using a natural scaffolds based method [279]. 

1.10.2.2 Synthetic  scaffolds 

Polymeric scaffolds are a useful tool for investigating cell - ECM interactions due to the 

scaffold's capacity to duplicate the structure of the ECM. Polymeric hard scaffolds are 

also very valuable for investigating tissue regeneration and evaluating tumour cell 

therapies [222]. Single cell suspension can be grown in a pre-fabricated scaffold to 

generate 3D spheroids. These scaffold matrixes enable cellular growth, adhesion, and 

proliferation while also encouraging cells to create spatial dispersion and migration. 

These polymeric scaffolds have been designed to mimic the structure of in vivo tissues 

and easier to reproduce [276]. Matrix stiffness has been shown to have a major influence 

on tumour cell phenotypes and the usage of synthetic scaffolds has also been employed 

to investigate the effect of matrix stiffness on drug responsiveness [276]. The scaffolds 

can be create using polymers such as polyglycolic acid, polylactic acid, polyorthoesters 

and their co polymers or blends as well as aliphatic polyester polycaprolactone, 

polystyrene, polycaprolactone, polyethylene oxide, polyethylene glycol [236, 269]. The 

merits of using synthetic scaffold is that the capability of controlling stiffness, elasticity, 

porosity and permeability, higher versatility, augment workability, reproducibility, 

straightforward to use and mechanical qualities of synthetic materials can be adjusted 

according to the cell culture required, and their chemical composition is well 

characterized [269]. The demerits are lack of biodegradation in most of the polymers, 

which might affect the cellular activity [269]. However, some synthetic polymers can be 

tailored to degrade and also researchers are attempting to improve biodegradability [280]. 
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Figure 10: Anchorage dependent methods and specialized 3D culture platforms available 

for multicellular tumour spheroids formation. These methods include, A) Natural and 

synthetic scaffold based method; B) Hydrogels; C) Microfluidic devices; D) 3D Bio 

printer (Figure created with BioRender). 

 

1.10.3 Anchorage dependent (Hydrogels) 

Hydrogels (Figure 10B) provide multi-layer formats by cross-linked hydrophilic polymer 

chains and cells are embedded inside layers and able to grow to 3D spheroids providing 

cell - cell and cell - ECM interactions [248, 269], which has similar biochemical, 

structural and mechanical properties of an in vivo tissue. Hydrogels are in a liquid format 

at room temperature which become a gel at 37 ˚C incubation [229]. It helps cells to mix 

uniformly into the gel - liquid and proliferate non-destructively during the gelation 

process [269]. Mechanical strength, nutrition transport, topography, and degradation 

behaviours can all be adjusted by using polymers with varying compositions, crosslinking 
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density, and including bioactive compounds [274]. Hydrogels are 3D matrices or porous 

scaffolds can be divided into synthetics and natural hydrogels [248]. 

There are natural hydrogels made up using natural polymers – animal / plant - derived 

proteins such as aginate, hyaluronic acid, collagen, silk, fibrinogen, albumin, fibronectin, 

laminin, agarose, matrigel, gellan gum, gelatin, and chitosan [248]. Collagen is a major 

ECM component in connective tissues. Collagen type 1 animal based hydrogels are 

mostly used and successful since its ability to replicate the cellular microenvironment and 

tissue architecture. Collagen based hydrogels have good biocompatibility and cross 

linking pattern can be controlled by concentration and sonication time, which makes that 

suitable for range of tumours [269]. Alginate is another mostly using polymer derive from 

seaweed. The most commonly used natural hydrogel platform is reconstituted basement 

membrane matrix (Matrigel) derived from murine tumours [276]. Researchers used 3D 

matrigel to evaluate different anti-invasive compounds (NF-kB, GSK-3-B, COX-2, and 

tubulin inhibitors) toxicity and invasion inhibition in U-251 MG spheroids. The results 

indicated that the compound effectiveness is strongly linked to intra- and inter-tumour 

heterogeneity in patients [281]. 

Synthetic hydrogels are made up with synthetic polymers such as polylactic acid, poly 

(vinyl acetate), polyethylene glycol, polyacrylamide, polyacrylic acid, polyvinyl alcohol 

and polyvinylpyrrolidone are some of them [222, 248]. Natural hydrogels are 

progressively being replaced by synthetic hydrogels due to higher water absorption 

capacity, higher strength, longer stability, and extensive availability of raw chemical 

resources [282]. 

Advantages of using hydrogels for 3D cell culture includes controllable porosity, 

elasticity, variation in stiffness, high water content, able to provide similar 

microenvironment and reproducibly, able to provides rich network of ECM signals, 
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ability to construct combining both synthetic and natural materials and ability to couple 

with adhesion, proliferation, differentiation, and migration factors [248, 274, 276]. While 

demerits including physically weaker, lack of vasculature, natural gels composition can 

be inconstant and also lack of cross linked network for mechanical support 3D spheroid 

growth [269]. In future, researchers can try to develop hydrogels using similar ECM 

components and composition in a particular tissue / tumour site to get similar in vivo TME 

[269]. 

Hydrogels can also be designed to release therapeutics, while changing their retention 

period in the tissue. Scientists developed a ROS responsive hydrogel (zebularine - anti-

PD1 antibody - NPs-gel) cross-linked by combining polyvinyl alcohol and N1-(4-

boronobenzyl)-N3-(4-boronophenyl)-N1,N1,N3,N3-tetramethylpropane-1,3-diaminium 

(TSPBA) linker to utilize the acidic TME and ROS within tumours for the controlled 

release of zebularine, a demethylation agent, and a PD1 antibody. This combined 

treatment boosted cancer cell immunogenicity, reducing tumour growth and prolonging 

the survival time of B16F10-melanoma-bearing mice [283]. 

Researchers are mostly adopting low adhesion plate and hydrogel-based approaches to 

construct basic tumour models and multicellular tumour spheroids. Recently scientists 

investigated more advanced techniques and equipment to develop more complex brain 

tumour models to better mimic the biochemical interplay of the brain and brain cancers 

as technology evolved. To facilitate spheroid formation in 3D cell culture platforms, 

microfluidic devices may, for example, uniformly provide oxygen and nutrients while 

eliminating waste. For instance, advanced brain tumour models with intact BBB may be 

printed using 3D bio-printers to investigate the possibility of opening the BBB and 

enhancing chemotherapy delivery without adverse effects. It may also be used to 

investigate membrane-wrapped and co-culture models. 
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1.10.4 Microfluidic devices 

Microfluidic devices (Figure 10C) process / manipulate micro liquids (usually less than 

10 µl) inside micro sized channels with dimension of 1-1000 µm [284]. Microfluidic 

channels are connected to each other by porous membranes produce spheroids and able 

to formation, maintenance and testing inside single device with vasculature - mimicking 

microfluidic channel connections [220, 249, 265, 269]. Furthermore, this technology 

enables for the investigation of cell - cell interactions as well as interactions between 

different tissues [220].  

Microfluidics are classified into two types: flow-based channel microfluidics (CMF) and 

electric-based digital microfluidics (DMF). Individual droplet manipulation, multistep 

processes, flexible electric-automatic control, and the ability for point-of-care are all 

benefits of DMF over CMF [285]. The physical barrier of microfluidic 3D cell culture 

system is composed of glass / silicon, polymers such as polydimethylsiloxane (PDMS), 

polymethylmethacrylate, polycarbonate and polystyrene. PDMS is the most often utilized 

substance due to biocompatibility, inexpensive, has good gas permeability and 

transparent capability, however, scaling-up process is more difficult [274]. Simple 

microfluidics devices are increasingly being fabricated and created by soft lithography 

techniques to develop patterned environments that are reasonably easy to fabricate and 

compatible with the majority of biological systems [222, 277].  

Microfluidics technique capable of continuous perfusion for faster spheroid formation, to 

produce uniform size and shape spheroids for high-throughput screening, It allows 

patterning of cells and extracellular environment to create co culturing cells in spatially 

controlled manner, generation of and control signalling gradients, integration of 

perfusion, low reagent / sample consumption, which significantly reduces costs in 

bioanalysis,  real-time imaging and to constructing tissue - level and organ level structures 
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in vitro [222, 229, 265, 272]. In the other hand disadvantage is it is highly expensive, hard 

to collect cells for analysis, hard to scale-up, need complicated equipment and complexity 

[256, 265, 269].  

Microfluidic devices are complex dynamic micro scale environments that simulate 3D in 

vivo environments, such as a complex chemical gradient. Its micro scale dimensions are 

consistent with those of numerous in vivo microstructures and environments [286]. 

Capillaries in the brain, for example, ranging from 7-10 µm in diameter, with an average 

intercapillary distance of about 40 µm [287]. Microfluidic devices' versatility and 

simplicity of fabrication allow them to be used in a wide range of applications in glioma 

research. These include migration studies, biomarker assessment, cell sorting from tissue 

samples, and treatment effectiveness testing [288, 289]. The time course for culture is 

heavily influenced by cell type, cell density, and device type. Scientists might possibly 

obtain critical information on tumour status from specific patient samples using 

microfluidic devices and recommend personalized therapy within in two weeks [286]. 

Researchers demonstrated that organ-on-a-chip GBM model matched the clinical 

outcomes during the patient-specific sensitivity against TMZ. This technology has also 

been used to study the interaction within the perivascular niche, which suggests that 

glioma CSCs located around the vasculature and presenting with the lowest motility are 

most likely of the proneural subtype, while those with the highest invasiveness are most 

likely of the mesenchymal subtype; this further supports the role of the tumour niche on 

intratumoral heterogeneity and subsequent treatment response [290]. In another study, an 

oxygen and nutritional gradient is produced in the tumour cell embedded ECM containing 

core chamber by delivering a regular flow via one lateral channel while shutting the other 

[291]. This model replicates blood artery thrombosis in the brain, as seen in GBM growth, 

and allows for the observation of thrombosis - induced variables that impact invasion in 
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real time [291]. The promise of microfluidic devices as sophisticated artificial systems 

capable of mimicking in vivo nutrition and oxygen gradients during tumour progression 

[291]. 

The development of microfluidic technology has simplified, facilitated, and shortened the 

drug discovery process [292]. It also a valuable tools for the development of wide range 

of biological systems, from single-cell biophysical characterization to the miniaturization 

of a complete laboratory onto a single chip (lab-on-a-chip), and lately, the recapitulation 

of organ physiological parameters onto a chip (organ on chip / vasculature on a chip) 

[272, 293].  

1.10.5 3D Bio printing 

3D Bio printing (Figure 10D) is a novel bottom-up approach to fabricate complex 

biological constructs for 3D cell and tissue culture [235]. It is also able to control 

mechanical and biological properties of the construct with high resolution in the X, Y and 

Z planes [267]. 3D bio printing is layer-by-layer deposition of bio-inks [232] to build 

viable 3D constructions in a spatially specified way, guided by a computer-aided software 

[294, 295]. It’s able to enhance additional factors (cell types, materials, growth factors, 

differentiation factors and print the 3D construct with extraordinary spatial control at high 

resolution through a layer by layer process [239, 294]. The main issue for bio printing is 

to print cells and bio-ink concurrently without impacting cell viability or substituting 

chemical solvents [248]. 

The bio-inks can be classifies as soft biomaterials (scaffold base bio-ink) and cells bio 

printed without an exogenous biomaterial (scaffold-free bio-ink) [295]. Layers of soft 

biomaterials are deposited to form an ECM, which contains live cells, arranged into a cell 

network that closely resembles the real tumour [296]. Single - step bio fabrication 

techniques including inkjet, micro extrusion, and laser - assisted bio printing uses with 
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soft biomaterials, which can fabricate 3D structures decreasing user input mistakes [277, 

295]. While scaffold-free bio-ink, cells are grown up to small neo tissues that are three-

dimensionally scattered and will eventually combine and develop to a more complicated 

structure. It is also possible to use 3D bio printing to create biosimilar a-cellular scaffolds 

and then include a cellular component using the top-down method (two-step fabrication), 

this approach has several limitations, including poor reproducibility, cell density control, 

and spatial distribution control [277, 295].  

3D printing can applied to develop GBM models with vascular channels to get better 

understanding of six core and two emergent hallmarks underpin tumour development and 

metastasis [169]. Research team developed of an integrated platform that allows for the 

generation of an in vitro 3D GBM model with perfused vascular channels that allows for 

long-term culture and drug (TMZ) delivery [297]. GSCs have been revealed in recent 

research to have a role in tumour vascularization by secreting vascular endothelial growth 

factor (VEGF).  Wang et al., 2018, used 3D printing to create a 3D glioma model to 

investigate the vascularization potential of patient-derived CSCs [298]. Heinrich et al. 

(2019) created a 3D - bioprinted mini-brain made up of GBM cells and macrophages to 

explore the interaction between glioma CSCs and other non-tumour cells. The authors 

discovered that glioma cells interact with macrophages and induce Tumour associated 

macrophages (TAM) polarization in patients' tissue [299]. 

Scientists used cellular and a-cellular components from the patient's adipose tissue to 

create a variety of customised bio-inks. After transplantation, these tailored patches will 

not elicit an immunological response, obviating the requirement for immunosuppression. 

This demonstrates the 3D printing approach's potential for organ replacement after failure 

or drug screening in a suitable anatomical framework [300]. 3D biological constructions 

are a novel and promising method of research not only in GBM but also in other diseases 
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[296]. Recently, researchers used this techniques and tailored hydrogel as a bio-ink to 

construct a thick, vascularized, perfusable cardiac patch and heart-like structure. These 

cardiac patches are a potential field for human tissue engineering since they perfectly 

match the patient's immunological, biological, biochemical, and anatomical features 

[300]. The similar technique can be applied by using the personalized brain patches, 

possible to replicate the architecture of tissues to get better understanding of the 

therapeutic efficiency.
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Table 5: Different types of 3D cell culture techniques and their applications, outcomes in glioma research 

3D cell 

culture 

technique 

Cell line / type Drug/ treatment combination Outcomes References 

Ultra low 

attachment 

plates 

 

 

CT-2A mouse 

glioma 

Nano formulation of atorvastatin (ATV) Growth inhibition was more significant for the micellar – ATV formulation 

compared to free ATV in 3D models. 

[301] 

U-87 MG and C6 

glioma cells (CCL-

107) 

Retinoid bexarotene (BXR) derivatives with dopamine 

(DA) and nitroethanolamine 

amide (NEA) 

Tumourspheroids demonstrated higher resistance to the treatment. 

BXR-DA, BXR-NEA resulted in a synergetic cytotoxicity increase, induce 

apoptosis and  inhibit cell spreading 

[302] 

U‐251 MG CAP CAP effectively induce 3D GBM cell death in a time‐, dose‐, treatment 

frequency, and ROS‐dependent manner. CAP also reduce 3D GBM spheroid 

growth, cell proliferation and induce damage to the TME. 

[106] 

U-87 MG DOX loaded polymeric nanotubes DOX loaded nanotubes significantly reduced the 3D cell viability in a dose 

dependent manner, whilst unloaded nanotubes showed no cytotoxicity. 

[303] 

Hanging drop 

plate 

U87-MG Poly(dimethylsiloxane) and resin-based drop array chip 

and a pillar array chip with alignment stoppers 

Enhances the alignment between the chips for uniform placement of spheroids. [304] 

LN-229 Silicon chips Simple design elements enable high drug screening duplicates, direct on-chip 

real-time or high-resolution confocal imaging, and geometric control in 3D. 

[305] 

Spinner 

bioreactor 

GBM 4, 8 - Nonexistence of connexin43 reduces glioma invasion in 3D model [306] 

Ca-alginate 

scaffolds  

U-251 MG - Gene expression profiling showed that cell cycle and DNA replication gene 

down-regulated, and genes involved in mitogen - activated protein kinase 

signaling, autophagy, drug metabolism through cytochrome P450, and ATP 

binding cassette transporter were up-regulated in 3D, compared to 2D cells. 

[307] 

Collagen 

Scaffold  

U-87 MG TMZ,  Cisplatin (DDP), CCNU 

 

With a substantially greater proportion of GSCs and upregulation of MGMT, 

3D grown cells also displayed improved resistance to chemotherapeutic, 

alkylating drugs. 

[308] 

Polystyrene 

scaffolds 

coated with 

laminin 

U-251 MG - The findings show that 3D context has an impact on integrin expression, 

particularly the upregulation of the laminin binding integrins alpha 6 and beta 

4. 

[309] 
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Hydrogels U-87 MG Novel bio-inspired brain matrix (BBM) composed of an 

agarose base and poly-L-lactic acid 6100 (PLA) fibers 

BBM able to supports tumour growth, enables rapid tracking of neural stem 

cells migration and therapy. 

[310] 

Patient-derived 

GBM cells 

HMC3 microglia Microglia co-culture significantly inhibited GBM invasion but enhanced 

proliferation 

[311] 

D-270 MG,  

U-87 MG 

Three patient-derived cell lines were compared 

including adult GBM cells, pediatric GBM cells, and 

diffuse pontine intrinsic glioma. 

The findings imply that brain tumour behaviour is influenced by both patient 

age and tumour site. (tumour proliferation, invasion and morphology) 

[312] 

U-251 MG shRNAs targeting human LIMK1 and LIMK2 LIM kinase isoforms LIMK1 and LIMK2 strongly regulate GBM invasive 

motility and tumour progression and support. 

[313] 

Microfluidic 

device 

Triple co- culture of 

U-87 MG, hCMEC / 

D3 cells and 

astrocytes. 

Antibody-functionalized 

nutlin-3a loaded nanostructured lipid carriers (Ab-Nut-

NLCs) 

The approach successfully blocks dextran diffusion through the bioinspired 

BBB while enabling Ab-Nut-NLCs to pass through. 

[314] 

U-251 MG, U-87 

MG 

TMZ and simvastatin Cells were significantly less sensitive to drugs and induction of apoptosis in 

the 3D model as compared to 2D. 

Autophagy inhibition had no effect on TMZ and simvastatin - induced 

apoptosis. 

 

[315] 

3D bio printer U-87 MG N-cadherin (NCAD) NCAD prevented spheroid formation and induced cell death in the 3D model [316] 

GSCs Compared the growth of GSCs alone or with astrocytes 

and neural precursor cells in a hyaluronic acid - rich 

hydrogel, with or without macrophage. 

Whole - genome CRISPR screening using bio printed complex systems 

revealed distinct molecular dependencies in GSCs, relative to sphere culture. 

[317] 

U-87 MG, SU3 

glioma stem cell line 

hydrogel scaffolds were printed 

 

(Gelatin / alginate / fibrinogen 

Hydrogel) 

The 3D bio printed in vitro glioma model provided novel alternative tool for 

researching gliomagenesis, stem cell, , anticancer drug susceptibility and 

treatment resistance, while showed higher resistant to TMZ compared to the 

2D glioma model.  

 

[318] 

U-87 MG 3D model including alginates, MM6 monocyte / 

macrophages, ECM proteins (collagen-1, hyaluronic 

acid), and glioma associated stromal cells. 

GBM stem cells demonstrated greater resistance to chemotherapeutic drugs in 

3D printed tumour than in 2D monolayer cultures. 

[319] 
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Table 6: Comparison of different 3D cell culture techniques and equipments, highlighting their respective merits and demerits for both 3D tumour model 

production and applications. 

3D culture 

method  

Benefits  Drawbacks References  

Low attachment 

plate 

Relative simplicity Relatively labour intensive [233, 236, 248, 

264, 266, 269] 

 

Reproducibility No support or porosity 

Relatively low cost  Only autocrine ECM existing 

Faster spheroid production Difficulty in mass production 

Suitable for long-term culture Lack of uniformity (size / shape) 

Suitable for multicellular spheroids (MCS) and co-culture Continuous passage culture is challenging 

Possible to use a high-throughput screening Not suitable for migration or invasion assays 

Cells can easily be removed from the media and utilized in subsequent experiments. Cell aggregates form as a result of cell motility in the media. 

Uniform spheroid size control Some cell lines need expensive plates coated with specific materials 

Availability of pre-coated plates 

Plates are optically transparent 

Useful for drug screening, as well as direct visualization and analysis. 

Hanging drop 

plate  

Relative simplicity Long term culture difficult [233, 236, 264, 

269] 

 

Uniform spheroid size control Smaller culture volume 

Co-culture feasibility Impossible to medium exchange 

Suitable for high‑throughput testing Not suitable for migration, invasion or cell viability assays 

Relatively low cost Smaller size of spheroids 

Reproducibility Labour intensive 

Not suitable for drug testing 

Tedious spheroid handling and transfer 

Magnetic 

levitation 

Relative simplicity 3D culture is coloured brown [264, 269] 

 Efficient Limited applications 

Not required specialized media Cellular behaviour might affect  

Easy to collect spheroids and change media Numerous cells also attach to the plate's bottom 

Capable of being employed on non-self-aggregating cells Magnetic beads need pre-treatment and can be expensive 

Suitable for mass production Difficult to change media 
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Spinner 

bioreactor 

Relative simplicity Larger medium volume needed  [236, 248, 264, 

268, 269] Suitable for long-term culture Special apparatus needed  

Homogeneous media composition Higher variability in size and shape 

Customizable and controllable culture parameters Exposed to high shear force 

Possible to use a high-throughput screening Not suitable for drug testing 

Minimum labour  Higher costs 

Stimulated metabolite transport  

Higher similarity to the in vivo conditions  

Scaffold based  Mimic in vivo microenvironment Difficulty of cell retrieval [236, 238, 248, 

264, 269, 274, 

276] 

Relative ease handling Low optical transparency 

Suitable for long-term culture Not suitable for drug testing 

Suitable for co-culture Variation in scaffold-to-scaffold 

Compatibility with all types of cells and well plates Limited high-throughput screening  

Properties can be modified according to the study Expensive for large scale production 

It is simple to prepare for immunohistochemistry analysis. Lack of uniformity (size/shape) 

Higher similarity to the in vivo conditions Scaffold materials may affect the cellular adhesion, growth and 

behaviour 

Direct visualization Restricted control over self-assembly 

Availability of  wide range of materials, including a decellularized matrix Cells connected to the scaffolds flatten and proliferate in the same way 

as 2D cells  

Hydrogels Cells can be easily recovered for further analysis Low repeatability depending on cell line [229, 233, 238, 

248, 269, 276] 

 

Possible to use a high-throughput screening Difficulty of cell recovery from hydrogel 

Wide variety of polymers availability Poor mechanical properties 

The ability to customize properties Low optical transparency 

Higher similarity to the in vivo conditions Natural hydrogel's components are variable and undefined 

Cellular attachment, proliferation, and differentiation are all stimulated. Bioactive ingredients in hydrogels may influence the structural 

formation 

Suitable for study the aggressiveness of the cells and metastasis Labour intensive and time consuming 

Mimic in vivo microenvironment Batch to batch variation  

Microfluidic 

device 

Ability to control spheroids size and parameters High cost for the microfabrication and devices [229, 239, 248, 

268, 269, 276, 

292, 293] 

 

Continuous perfusion aids in the development of spheroids Difficult to collect cells for further analysis 

Real time imaging possible Required expertise 

Capable of incorporating vascular and circulation like components  Limited high-throughput screening options  
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Mimic in vivo microenvironment Issues with contamination 

High-throughput assays regarding toxicity, targeting, efficacy, and organ 

distribution 

Design dependant outcomes 

Commercially available  

Higher gas permeability  

Higher optical transparency  

Large amounts of data may be obtained from small samples.  

Able to construct in vitro organ specific device  

3D bio printing Replicate the complex 3D tissue architecture Higher Cost of bio printer and bio inks [239, 292, 296] 

Possible to use a high-throughput screening Low accuracy of cell positioning 

Complex interactions between TME or ECM and cells Printing resolution can yet be enhanced 

Mimic in vivo microenvironment Need photo crosslinking 

Suitable for study the invasiveness of the cells and metastasis Effective biomaterials are required. 

Suitable for study the drug efficiency, cell signaling, immunologic interactions and 

cellular crosstalk 
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1.11 Advance TME models and applications 

 

1.11.1 Cancer stem cells (CSC)  

CSC differ from typical stem cells in several ways, including hyper - efficient DNA repair 

processes, the expression of multidrug resistance - related ATP-binding cassette (ABC) 

membrane transporters, hypoxic niche tolerance, and the over-expression of anti-

apoptotic proteins. Furthermore, in the case of cancer, the difference between CSCs and 

non-CSCs may be linked to epithelial-to-mesenchymal transition (EMT) [265, 277]. 

Scientists have recently focused on CSC due to their role in tumour growth, metastasis, 

recurrence and drug resistance, and 3D cell culture is a vital tool to studying that due to 

the abundance of CSC [244, 265, 269]. CSC from 3D cell culture have a distinct 

morphology signaling pathway profiles, cell – ECM and cell – cell interactions and gene 

expression pattern than CSCs from 2D culture [244, 265]. Multiple genes related with 

stress response, inflammation, redox signaling, hypoxia, and angiogenesis are up-

regulated. In comparison to 2D cultures, CSC spheroid cultures demonstrated benefits 

such as increased paracrine cytokine production, stronger anti-apoptotic and anti-

oxidative properties, and higher amounts of ECM proteins [222, 244]. GSC share features 

of GBM such as resistance to therapeutic treatments, high invasiveness, and similar 

epigenetic patterns. The DNA methylation pattern of GBM-derived cancer stem cells was 

analysed, and it was shown that these cells have the same methylation pattern as primary 

GBM derived xenograft tumours [320]. It implies that GSC culture conditions preserve 

the majority of their original epigenetic pattern, implying that GSC are legitimate and 

appropriate in vitro model for determining the functional effect of epigenetic alteration 

on cellular parameters [238, 320]. Researchers demonstrated that the growing GBM cells 

on 3D porous chitosan-alginate scaffolds greatly enhances proliferation and enrichment 
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of cells possessing the hallmarks of CSCs. The 3D model was discovered to be more 

tumourigenic and to promote the expression of genes involved in the EMT, which has 

been linked to the development of CSCs [321].  

1.11.2 Blood–brain barrier (BBB)  

BBB prevents several chemotherapeutic drugs from accumulating to effective 

concentrations in GBM and other brain tumours [169]. Researchers developed 3D-

bioprinted GBM and BBB models, focusing on the TME compositions of GBM and BBB, 

appropriate biomaterials to imitate the in-vivo tissue architecture, and bio-printing 

methodologies for model fabrication. This model offer potential systems for more reliable 

mechanistic research and preclinical drug screens [322]. Hajal and colleagues (2022), also 

developed an in vitro model of the human BBB from stem cell-derived / primary brain 

endothelial cells, primary brain pericytes, and astrocytes that self-assembled within 

microfluidic devices. This BBB model showed important cellular structure and 

morphological traits, as well as molecular permeability values that are within the 

predicted in vivo range. These characteristics, together with a functional brain endothelial 

expression profile and the ability to test several repetitions rapidly and inexpensively, 

make these advance BBB models excellent for therapeutic discovery and development 

[323]. 

1.11.3 Immune cells  

TME is entails of a diverse population of immune cells, including microglia, 

macrophages, CD4+ T cells, CD8+ T cells, regulatory T cells, myeloid-derived 

suppressor cells, natural killer (NK) cells, and dendritic cells, indicating that GBM has a 

strong immunological component [324]. Parenchymal microglia play critical roles in 

brain development, homeostasis maintenance, disorders and regulating several 
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mechanisms such as synaptic pruning, maturation, and angiogenesis [325]. Because of 

their ramified motile processes, parenchymal microglia are capable of monitoring and 

phagocytizing any hazardous chemicals [325]. Furthermore, microglia can enhance 

angiogenesis, emphasizing the importance of microglia-cerebral vasculature 

communication [325]. Macrophages are also engaged in brain homeostasis maintenance 

and reside in the non-parenchymal perivascular space, subdural meningeal spaces, and 

choroid plexus spaces [325, 326]. These Glioma associated microglia and macrophages 

have been demonstrated to adopt predominantly M2 phenotypes, leading to anti-

inflammation / immunosuppression and hence aiding tumour development [324, 327]. 

Tumour cells appear to promote microglia mobility by upregulating genes involved in 

migration and invasion [324, 327]. IL- 10, MMPs, and arginase-1 are further 

immunosuppressive substances released by glioma-associated microglia and 

macrophages [324]. Furthermore, tumour cells and glioma associated microglia and 

macrophages secrete chemokines like monocyte chemotactic protein-1, CCL2, capable 

of attracting myeloid derived suppressor cells such as immature macrophages, 

granulocytes, dendritic cells, and myeloid progenitors to the tumour [324, 326]. 

Ultimately they can promote tumour growth through the release of anti-inflammatory 

cytokines for instance transforming growth factor beta (TGF-b) and interleukin -10 (IL-

10) [324, 326]. There is, however, a lack of advanced 3D GBM models to study 

parenchymal, peripheral immune cell crosstalk and immune cell infiltration. 

1.11.4 Microbiome 

Microbiome play an important role in the human immune system's induction, preparation, 

regulation, and function, while specific microbiota may also lead to immune suppression 

[328, 329]. Gut microbiota generates metabolites such as short chain fatty acids, which 

inhibit pro-inflammatory cytokine release, promote regulatory T cell growth and IL10 
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secretion [328, 329]. A portion of the circulating short chain fatty acids may potentially 

enter the CNS [329]. Furthermore, the integrity of the BBB is compromised during neuro-

inflammation due to the actions of IL1, IL6, and TNFα [328, 329]. It has to be established 

if the microbiome - induced mediators or metabolites also affect the BBB disruption and 

elicit immune suppression in the brain [329]. The brain, glands, gut, immune cells, and 

gastrointestinal microbiota are all part of the microbiota–gut–brain axis. Gut microbiota 

also influences brain function and behaviour through neuronal, endocrine, and 

immunological pathways [329, 330]. Researchers revealed that the gut microbiome 

influences the anticancer immune response and reduces the effectiveness of 

chemotherapeutic cancer treatment [330]. The potential impact of the microbiome on 

brain tumour treatment techniques should be investigated with more advance 3D co-

culture models with tumour - resident bacterial strains. 

1.11.5 GBM / normal tissue interactions 

Investigating GBM / normal tissue interactions are vital in brain cancer therapeutics 

hence, advanced 3D GBM co-culture models will be needed to develop, to explore the 

crosstalk and metabolic interactions between glioma cells and the normal glial cells such 

as astrocytes, oligodendrocytes, neurons and a range of normal resident brain cells. 3D 

cell culture also able to co culturing with different cell types, including mixed populations 

of tumour cells and cancer associated fibroblasts (CAF), to develop increasingly accurate 

in vitro models of disease and physiology [236]. The importance of GBM cellular 

interaction with endothelial cells can be studied with co culture techniques to get proper 

understanding of the endothelial interaction on tumour progression for identify novel 

therapeutic approaches [236, 256]. Also by adding cells such as blood vessels, can use to 

investigate interactions between blood vessels and cancer or how drug help to 

antiangiogenic effect in cancer. Researchers examined available in vivo data to calculate 



 
 

87 
 

the quantities and numerical ratios of GBM and normal brain cells necessary to establish 

a complete and incomplete GBM resection dual co-culture model. The results indicated 

that drug discovery utilizing this dual co-culture methodology is feasible and provides 

steady and reliable drug testing outcomes [331]. 

1.11.6 GBM organoids 

GBM organoids are a novel experimental paradigm of modern reductionists’ approach. 

The combination of embryonic stem cells or induced pluripotent stem cells or resident 

stem cells, contemporary 3D culture, controlled environment and differentiation 

techniques has allowed us to leverage pluripotent stem cells' self-organization capacity to 

form human brain-like tissues known as brain organoids or mini-brains [18, 296]. Brain 

organoids are a promising new technology that has opened up new avenues for cancer 

modeling, ex vivo investigation of molecular and cellular mechanisms [237, 296], while 

many properties of neural epithelial cells in these 3D tissues are cyto-architecturally 

analogous to the developing human brain [18, 220]. These organoids imitate the in vivo 

cell heterogeneity present in the TME by resembling the in vivo architecture of the tissue 

of origin and recapitulate cell proliferation, self-organization, and differentiation [220, 

238]. A GBM model was created by genetically engineering brain organoids in a recent 

study. Researchers developed a GBM model organoid by inserting the HRasG12V 

oncogene into human brain organoids and using CRISPR / Cas9 to alter the fourth exon 

of the TP53 locus. This mutant cell, which has a characteristic similar to the aggressive 

mesenchymal subtype of GBM, proliferates quickly and invades the organoid. 

Furthermore, they revealed that primary human derived GBM cell lines can be 

transplanted into human cerebral organoids to induce tumours [220, 296, 332]. Recently, 

scientists also employed brain organoids to model CNS pathologies of COVID‐19 and 

provide initial insights into the potential neurotoxic effect of SARS‐CoV‐2 [333]. Gunti 
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and colleagues (2021), reviewed several tumour organoid models, procedures for 

establish them, recent advances and applications of tumour organoids in detail [249]. 

Currently, basic organoid models are being used by researchers for therapeutic discovery 

and development. In future we need to develop multifactorial complex models 

incorporating CSC, BBB, GBM TME, including microbiomes, vasculature, extracellular 

matrix, infiltrating parenchymal and peripheral immune cells and molecules, exosomes 

and chemical gradients to develop personalized medicine and to achieve efficient 

therapeutic discovery and development. 

 

1.12 Research question 

 

Our research question is whether the CAP and US technologies (alone or in combination) 

will provide a novel cancer therapy solution. Our hypothesis is that CAP will be able to 

effectively induce cytotoxicity, while cavitation will allow retention and subsequent 

increase in the uptake of the active species, providing a significantly greater cytotoxicity 

effect in 3D GBM tumour spheroid models. 

 

The research question were divided as follows: 

1) GBM treatment has been ineffective so far, resulting in a five-year survival rate 

of less than 10%. Despite recent advancement in treatment options, the disease 

still remains largely incurable. Can we develop a novel and more effective GBM 

treatment methods? 

2) Existing 2D cell culture models for therapeutic discovery and development 

against GBM have limitations. Can we optimize 3D cell culture systems that 



 
 

89 
 

promise more accurately simulating the natural in vivo environment, shape, tissue 

stiffness, stressors, gradients and cellular responses? 

3) As our knowledge of CAP impact on cancer cells' biological and chemical 

functions continues to expand, there are still some gaps to be addressed. How does 

CAP affect cells that grow in a 3D matrix, and what are the cytotoxic and 

apoptotic outcome? Could the use of CAP, improve the effectiveness of GBM 

therapy and contribute to clinical utility in cancer treatment? 

4) Can different US devices induce 3D tumour sphere cytotoxicity in a dose‐ and 

time‐ dependent manner?   

5) Can US enhances drug diffusion, uptake, and cytotoxicity in 3D GBM spheroid 

models and what is the outcome when compared with 2D cell cultures?  

6) Is it possible to combine US with CAP to improve GBM therapeutic effectiveness 

and to develop a novel cancer treatment method? In addition, can we investigate 

the apparent cell death mechanisms involved in GBM 3D tumour spheres? 

7) What is the synergistic effect of US and plasma micro bubbles (PMB) and can 

effectively induce 3D GBM tumour sphere cell death in a time‐, dose‐, treatment 

frequency, and ROS‐dependent manner? 

1.13 Research aim and objectives 

 

The aim of this project is to investigate the effectiveness of non-thermal therapies, such 

as CAP, US, and PMB (alone or in combination) for the treatment of GBM using 3D 

tumour spheroid models. Reporting for the first time the effects of such interaction and 

proving the basis to further development of this new approach for GBM therapy. 

Furthermore, it lays the foundation for the development of advanced 3D culture systems 

that can facilitate therapeutic discovery and development for brain cancer. 
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The aims and objectives were divided as follows: 

I. To construct and optimise different in vitro 3D GBM tumour spheroid models 

to closely mimic the natural in vivo environment, shape, and cellular response. 

II. To biologically characterise a novel CAP device, determining its optimum 

settings and effectively induce cytotoxicity in 3D GBM tumour spheres. 

III. To determine the optimum US probe device parameters for induction of 

cytotoxicity and US guided drug delivery to the 3D GBM models. 

IV. To evaluate the synergistic effect of CAP and US cavitation on 3D GBM 

models and to find out the apoptotic mechanism inducing cytotoxicity. 

V. To determine the optimum US water bath (WB) and PMB device parameters, 

establishing its cytotoxicity and sonoporation capacity. 
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CHAPTER 2 –MATERIALS AND 

METHODS 
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2 Materials and Methods 

 

2.1 Chemicals 

All chemicals used in this study were supplied by Sigma‐Aldrich—Merck Group unless 

stated otherwise.  

2.2 2D cell culture 

The human GBM cell line (U‐251 MG, formerly known as U‐373 MG‐CD14) was a gift 

from Michael Carty (Trinity College Dublin). U-87 MG, A-172 human GBMs and the 

human epidermoid carcinoma (A431) were purchased from an ATCC European 

distributor (LGC Standards). The absence of mycoplasma was checked by using a 

MycoAlert PLUS mycoplasma detection kit (Lonza). Cells were maintained in 

Dulbecco's modified Eagle medium (DMEM) ‐ high glucose supplemented with 10% 

fetal bovine serum (FBS) and 1% penicillin/streptomycin. Cells were maintained in a 

humidified incubator containing 5% CO2 atmosphere at 37°C in a TC flask T25, standard 

for adherent cells (Sarstedt). Cells were routinely sub-cultured when 80% confluence was 

reached using 0.25% w/v Trypsin‐EDTA solution. 

2.3 3D cell culture  

Three different methods (low attachment plate, hanging drop plate, and natural scaffold) 

used to construct an in vitro 3D GBM and epidermoid tumour spheroid models to closely 

mimic the natural in vivo environment, shape, and cellular response. 

2.3.1 Low attachment plate method 

U‐251 MG, U-87 MG, A-172 human GBM cells and A431 human epidermoid carcinoma 

cells were used to generate tumour spheroids. Separately, the single cell suspensions were 

centrifuged at 5000 rpm for 5 min, removed the supernatant, tapped the tube and re-
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suspended the cell pellet in DMEM‐high glucose supplemented with 10% FBS and 1% 

penicillin / streptomycin. The single cell suspensions (with desired seeding density) were 

transferred to a sterile reservoir and seeded 200 μl / well into Nunclon™ Sphera™ 96‐

well low attachment plates (Thermo Fisher Scientific) using a multichannel pipette 

ensuring pipette tips do not touch the surface of the wells to protect the surface coating. 

The low attachment plates were centrifuged at 1250 rpm for 5 min for U-251 MG, U-87 

MG, A-172 cells and 4000 rpm for 10 min for A431 cells followed by incubation (37 °C, 

5% CO2, 95% humidity) [106, 270, 271]. After 24 h of incubation, the media must be 

replenished. 100 μl media was removed without disrupting the tumour spheres and 100 

μl of fresh media (DMEM + 10%FBS + 1% penicillin/streptomycin) was added into each 

well and incubate at 37 °C (5% CO2, 95% humidity). Fresh media is added every second 

day by replenishing old media in each well. The sides of wells should be used to remove 

or add media, and pipetting should be carried out at average or below average speeds to 

avoid disruption to spheroids. Tumour spheroid formation was observed within 3 days 

for A431 and 4 days for U‐251 MG, U-87 MG and A-172 [271]. Tumour spheroid 

formation was visually confirmed daily using an Optika XDS‐2 trinocular inverse 

microscope equipped with a Camera ISH500, and their mean diameters were analyzed 

using “ImageJ version 1.53.e” software. 

2.3.2 Hanging drop plate method 

U-251 MG, U-87 MG, A-172 and A431 single cell suspensions (with desired seeding 

densities) were used to generate tumour spheroids using HDP1096 Perfecta3D® 96-Well 

hanging drop plate. PBS was added to the reservoirs located on the peripheral rims, which 

are divided into sections. 2 ml of PBS was added to each plate reservoir section, and 1 ml 

was added per tray reservoir section. This prevented the hanging drop from drying 

throughout the incubation period. In order to achieve 5000 cells per 20 μl of hanging drop, 
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the single cell suspensions prepared in DMEM‐high glucose supplemented with 10% FBS 

and 1% penicillin / streptomycin at a concentration of 2.5x105 cells/ml. Each hanging 

drop well was able to hold 20-50 μl of cell suspension, and any volume above 50 μl 

resulted in droplet instability. Hanging drops can be formed by carefully pipetting 20-50 

μl of cell suspension into the centre of each well from the top side of the plate. Hanging 

drops should be formed on and confined to the bottom of the plate. Placed the lid on the 

plate and inserted the assembly into a humidified cell culture incubator at 37 °C and 5% 

CO2. Tumour spheroids formation was visually confirmed within 4 days for U‐251 MG, 

U-87 MG, A-172 and A431 [271, 273]. 5 μl of fresh media was added back into the 

hanging drops by placing the end of the pipette tips in the neck region of the access 

holes/wells and the fresh media was slowly dispensed into the access holes. Once formed, 

tumour spheres can be transferred from the hanging drop plate to low attachment plates / 

pre-coated wells in the dish by adding 50 μl of fresh media into each hole. 

2.3.3 Scaffold based method 

U-251 MG, U-87 MG, A-172 and A431 single cell suspensions (with desired seeding 

densities) were used to generate tumour spheroids using cellusponge 3D scaffolds. A 9 

mm cellusponge disk was slowly placed in the middle of each well in a 24-well plate and 

100 μL was seeded  from a cell suspension with a cell density of 5000k cells/ml. 

Cellusponge disks with cells were incubated at 37 °C (5% CO2, 95% humidity) for 3 h to 

remove any air bubbles within the cellusponge. After incubation, 500 μL of DMEM‐high 

glucose supplemented with 10% FBS and 1% penicillin/streptomycin was added slowly 

along the edge of each well in a 24-well plate. Plates with cellusponge scaffolds were 

incubated overnight at 37 °C, 5% CO2, 95% humidity. After overnight incubation, the 

seeded scaffolds were transferred into a new well plate, the media was replenished and 
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the culture should be continued. Tumour spheroid formation was observed within 3 - 4 

days [271, 279]. 

2.4 Image J analysis 

Tumour spheroid formation was visually confirmed daily using an Optika XDS-2 

trinocular inverse microscope equipped with a Camera ISH500, and their mean diameters 

were analysed using “ImageJ version 1.53.e” software (http://imagej.nih.gov/ij/). ImageJ 

is a free software that can be used for manually counting the cell numbers and calculating 

the cellular size (area / diameter) [334]. The ImageJ program was calibrated (set scale) 

using an image obtained from the same microscope with a known scale before it was used 

to calculate the cell size (in diameter). Following the calibration, the pictures of the 

tumour spheres were opened in the program, and a line was drawn across the diameter to 

measure the tumour sphere's size. The diameters of the spheroids were measured at least 

three times to obtain the mean and standard deviation. 

2.5 Growth analysis at different incubations 

The growth of U-251 MG, U-87 MG, A-172 and A431 tumour spheres were analysed 

during different incubation (ranging from 24 to 168 h). Cells (initial seeding density was 

10000 cells/ml) were seeded in the above mentioned Nunclon™Sphera™ 96‐well low 

attachment plates [271]. Fresh media were added every third day by replenishing old 

media in each well without disturbing the tumour spheroids. In the hanging drop plate 

method, 5000 cells / well were seeded in the HDP1096 Perfecta3D® 96-well Plate. While 

in scaffold based method, 5000k cells / ml were seeded in the hydroxipropylcellulose 

scaffold. The spheroid formation and growth were monitored daily by using an inverted 

phase-contrast microscope, and the sizes of the spheroids were measured as described 

above using at least nine spheroids within the three biological repetitions. 

http://imagej.nih.gov/ij/
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2.6 Growth analysis at different seeding densities 

For growth analysis, varying numbers of U-251 MG, U-87 MG, A-172 and A431 cells 

(ranging from 2000 to 40 000 cells / ml) were seeded in the above mentioned Nunclon™ 

Sphera™ 96-well low attachment plates for 96 h. Fresh media were added every third day 

by replenishing old media in each well without disturbing the tumour spheroids. In the 

hanging drop plate method, cells (ranging from 1000 to 10000 cells / well) were seeded 

in the above mentioned HDP1096 Perfecta3D® 96-well Plate. While in scaffold based 

method, varying numbers of cells (ranging from 1x106 to 6x106 cells / ml) were seeded in 

the hydroxipropylcellulose scaffold. The spheroid formation was monitored after 96 h by 

using an inverted phase-contrast microscope, and the sizes of the spheroids were 

measured as explained in section 2.4, using at least nine spheroids within the three 

independent experiments. 

2.7 Spheroid cells health analysis 

Spheroid cell health was analysed using the alamarBlue cell viability reagent (Thermo 

Fisher Scientific). After the post treatment incubation, tumour spheres were washed with 

sterile PBS, trypsinized using a 0.25% w/v trypsin–EDTA solution and incubated for 3 h 

at 37°C with a 10% alamarBlue solution [106]. During the scaffold based method tumour 

spheres embedded in the cellusponge 3D scaffolds were incubated for 24 h instead of 3 h 

[335]. Fluorescence was measured using an excitation wavelength of 530 nm and an 

emission wavelength of 590 nm with a Varioskan Lux multiplate reader (Thermo 

Scientific). The fluorescence signals were normalized by spheroid size (in diameter); a 

higher ratio indicates healthier spheroids. The experiments consisted of three independent 

tests in which at least nine spheroids were measured throughout three biological repeats. 
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2.8 Pin to plate system 

A pin to plate electrode design was employed to generate a large volume atmospheric 

discharge. The reactor consisted of 88 slightly convex pins attached stainless steel 

electrode (150 mm x 200 mm), paired with a flat stainless steel ground plate (200 mm x 

250 mm) powered by an AC power supply (Leap100, PlasmaLeap Technologies, Dublin, 

Ireland). The schematic and image of the pin – to - plate device demonstrating the position 

of the microplates for cell treatment is shown in Figure 11. This Leap100 power supply 

has a discharge voltage up to 80 kV (p-p), resonance frequency from 30 kHz to 125 kHz, 

discharge frequency from 100 Hz to 3000 Hz and power from 50 W to 700 W.  The air 

gap between the pin electrodes and the ground plate serves as the sample treatment area, 

with all samples in this study being placed in the centre. All the samples were treated at 

a resonant frequency of 55.51 kHz, with a discharge frequency of 1000 Hz and duty cycle 

of 73 µs while, the discharge gap was kept at 40 mm. The pin to plate system 

configurations, electrical characterization and optical diagnostics were previously 

detailed by Scally in 2020 [336]. Cells were treated for a time range of 0 - 320 s (0, 20, 

50, 100, 160, 320 s). The electrodes / sample treatment area was covered in a fitted 

container to minimize escape of CAP generated reactive species into the general 

environment.  
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Figure 11: Dielectric barrier discharge (pin) system. A) Schematic of pin system B) 

Image of the pin – to - plate device demonstrating the position of the microplates for cell 

treatment C) a photograph of the pin system and atmospheric air discharge 
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2.9 Ultrasound probe device 

The ultrasonic liquid processor (Figure 12A) used in this research was the VCX 750 

[Dimensions H x W x D: (235 x 190 x 340 mm)]. It's robust and adaptable, processing a 

wide range of sample types and volumes for a variety of applications. The CVX 750 

processor’s maximum power output is 750 watt and its frequency is 20 kHz. This US 

device consists of a Ti6Al4V titanium alloy standard probe with a 13 mm tip diameter 

and a 139 mm replaceable tip length. We modified this by fixing a 96 well probe at the 

end of the replaceable tip. This 96 well probe is designed by using stainless steel, diameter 

of a tip is 2 mm and tip length is 20 mm. The 96-probe system is designed to fit perfectly 

into the 96 well plate (Figure 12B), which can be used to direct tumour sphere treatment. 

The retort stand is used to hold the US 96 probe unit vertically. A laboratory jack is used 

to hold the tumour sphere grown 96 well plate and to move it towards the 96 probes. A 

Sonics - Vibra cell power unit is needed to fix into this US 96 probe. Using the power 

unit, the US treatment time (0 to 99 min), temperature, pulser, and amplitude can be 

controlled. Experiments found that the best parameters to use are 20 % amplitude, pulses 

of 59 s on and 1 s off, with different time ranges (1, 3, 5, 10, and 20 min). During the 

treatment, place the sample (96 plate without lid) in the centre of the laboratory jack and 

slowly move it into the 96 probe. A 2 mm distance must be kept from the bottom of the 

well to the probe tip during the treatment. After setting up the unit, the device is turned 

on. The samples are treated with US using the parameters that were set. 
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Figure 12: Ultrasound probe system. A) Image of US probe system B) Image of the probes 

demonstrating the position of the microplates for cell treatment. 

2.10 Plasma microbubble (PMB) device 

Plasma bubble reactors were fabricated using quartz tubes with an inner and outer 

diameter of 5.0 mm and 8.0 mm, respectively. Different numbers of laser drilled micro 

holes (1, 4 and 8 holes, 500 μm in diameter) were uniformly distributed around the base 

of the outer quartz tube. This allow compressed air to flow through the tube and diffuse 

into the aqueous solution. 1.0 L min−1 compress air flow speed used throughout the 

experiment and gas flow controlled by a gas flow controller (RS Components, Ireland) 

[128, 337]. A plasma-bubble discharge reactor was incorporated and powered by an AC 

power supply (Leap100, PlasmaLeap Technologies). The schematic and image of the 

PMB device demonstrating the position of the quartz tubes in a beaker for DMEM media 

treatment is shown in Figure 1. The Leap100 power supply has a discharge voltage up to 

80 kV (p‐p), resonance frequency from 30 to 125 kHz, discharge frequency from 100 to 

A B 
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3000 Hz, and power from 50 to 700 W. All the samples were treated at a resonant 

frequency of 55.51 kHz, with a discharge frequency of 1000 Hz and duty cycle of 73 μs, 

while the input voltage was kept at 240 V. A discharge was created in bubbles exiting the 

reactor hole into the water / media (Figure 13), creating reactive species inside the bubbles 

that came into contact with the water through the large bubble / water interface surface 

area [338]. DMEM media was treated for a time range of 5−30 min to generate plasma 

activated MB. 

 

 

Figure 13: A schematic diagram of the plasma‐bubble generator demonstrating the 

placement of the high voltage electrode, quartz tube, ground electrode, rotameter, leap 

100 to generate PMB. 
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2.11 Ultrasound water bath (US-WB) device 

An ultrasonic bath system (TI‐H‐5, Elma Hans Schmidbauer) was used for US generation 

and treatment. This is an US multi-frequency model with either 25 kHz or 45 kHz 

generated at the bottom of the water tank (Figure 14). The ultrasonic power was adjustable 

from 10% to 100%, and during this experiment we used 100% power (550 W). This 

device had several functions, including degas, normal, and sweep modes. However, 

during this experiment, we used the sweep mode for different doses of US since this mode 

was perfect for sound field distribution. No heating or cooling systems were used. A 96‐

well plate containing 100 μl of media was placed in the water bath as shown in Figure 14.  

 

 

Figure 14: A schematic diagram of the US-WB used, illustrating the treatment position 

of the 96-well plate as well as the positioning of the transducers and power generator. 
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2.12 CAP and US treatments  

U-251 MG and A431 cells were seeded at a density of 1 x 104 cells/well (100 µl culture 

medium per well) into flat bottom 96-well plates (Sarstedt, Ltd) and were seeded at a 

density of 1 x 104 cells/well (200 µl culture medium per well) into Nunclon™ Sphera™ 

96-well -low attachment plates (Thermo Fisher Scientific) respectively, for 2D and 3D 

cell culture.  Cells were incubated overnight at 37 ᵒC in a humidified atmosphere. DMEM 

media without sodium pyruvate supplemented with 10% FBS and 1% penicillin / 

streptomycin, DMEM media supplemented with 0.11 g/L sodium pyruvate with 10% FBS 

and 1% penicillin / streptomycin and DMEM media supplemented with 0.11 g/L sodium 

pyruvate with 1% penicillin / streptomycin and without 10% FBS were used in this study 

as indicated. In the 2D cell culture, after 24 h incubation, 70–80% confluence was 

checked, 75 µL of media were removed, leaving 25 µL of media for treatment in each 

well. In the tumour spheres culture, after 3 days incubation for A431 and 4 days 

incubation for U-251 MG, 175 µL of media were removed, leaving 25 µL of media for 

treatment in each well, unless otherwise specified.  

2.12.1 CAP treatment 

Cells / tumour spheres were then treated with direct plasma exposure at six different time 

points (0, 20, 50, 100, 160 and 320 s) using a discharge voltage of 46 kV, frequency of 

1000 Hz and using a duty cycle of 73 µs. 75 µL (for 2D) and 175 µL (for 3D) of fresh 

culture media was added immediately following CAP treatment and incubated at 37 ℃ 

using 5% CO2 for 24, 48, 72 and 96 h.  
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2.12.2 PMB treatment 

DMEM media were treated with a PMB generator for different time points (5, 10, 15, 20, 

and 30 min) using a resonant frequency of 55.51 kHz, a discharge frequency of 1000 Hz, 

and a duty cycle of 73 μs, while the input voltage was kept at 200 V. 100 µL (for 2D) and 

200 µL (for 3D) of PMB containing media were added following the treatment and 

incubated at 37 ℃ using 5% CO2 for 24, 48, 72, and 96 h. 

2.12.3 US-WB treatment 

Cells / tumour spheres were then treated with an US bath system at six different time 

points (0, 1, 3, 5, 10, and 20 min) using a TI‐H‐5 ultrasonic bath system. Using the power 

unit, the US treatment time (0 to 60 min), temperature, power, and frequency can be 

controlled. Experiments found that the best parameters to use are 100% power, and 45 

kHz frequency with different time ranges (1, 3, 5, 10, and 20 min). 75 µL (for 2D) and 

175 µL (for 3D) of fresh culture media were added immediately following the US 

treatment, and cells were incubated at 37 ℃ using 5% CO2 for 24, 48, 72, and 96 h. 

2.12.4 US probe treatment  

In tumour sphere culture, after 3 days of incubation for A431 and 4 days of incubation 

for U-251 MG, 100 µL of media were removed, leaving 100 µL of media for treatment 

in each well, unless otherwise specified. Cells / tumour spheres were then treated with an 

US probe system at six different time points (0, 1, 3, 5, 10, and 20 min) using a Sonics - 

Vibra cell power unit, fixed into an US 96 probe. Using the power unit, the US treatment 

time (0 to 99 min), temperature, pulser, and amplitude can be controlled. Experiments 

found that the best parameters to use are 20 % amplitude, pulses of 59 s on and 1 s off, 

with different time ranges (1, 3, 5, 10, and 20 min). 50 µL (for 2D) and 100 µL (for 3D) 

of fresh culture media were added immediately following the US treatment, and cells 

were  incubated at 37 ℃ using 5 % CO2 for 24, 48, 72, and 96 h. 
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Dimethyl sulfoxide (DMSO) (20%) was used as a positive control. Single or multiple 

CAP / US / PMB treatments were carried out for the tumour spheres as where it is 

mentioned, where the multiple treatment is a combination of three individual treatments 

with a 24h incubation gap between each treatment.  

2.12.5 CAP and US combination  

The combinatory effect of US and direct CAP treatment was performed according to 

figure 15. Tumour spheres and cells were seeded and cultured as explained above. Next, 

tumour spheres containing 25 µL of fresh DMEM medium were exposure to CAP with 

different time points (20, 50, 100, 160 and 320 s) using a discharge voltage of 46 kV, 

frequency of 1000 Hz and using a duty cycle of 73 µs. Immediately after CAP treatment, 

Add 75 µL of fresh DMEM medium in to each well and the 96-well plate containing the 

tumour spheres were placed in the US probe system for US treatment at six different time 

points (0, 1, 3, 5, 10, and 20 min) using a Sonics - vibra cell power unit. After treatment, 

100 µL of fresh medium was added and the tumour spheres were incubated for 96 h 

followed by cell viability analysis using alamarBlue assay. 
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Figure 15: Scheme of the combination of cold atmospheric plasma with ultrasound. 

Tumour spheres were treated with direct plasma discharge followed by immediately 

ultrasound exposure. 

 

2.13 alamarBlue cell viability assay 

Cell viability was analysed using alamarBlue cell viability reagent (Thermo Fisher 

Scientific). After the post treatment incubation, the tumour spheres were washed with 

PBS, trypsinization using 0.25% w/v Trypsin-EDTA solution and incubated for 3 h at 37 

°C with a 10% alamarBlue solution. Fluorescence was measured using an excitation 

wavelength of 530 nm and an emission wavelength of 590 nm with a Varioskan Lux 

multi-plate reader (Thermo Scientific). All experiments consisted of at least three 

independent tests with a minimum of 30 replicates per experiment and are presented as 

mean ± S.E.M. The data (in fluorescence units from the microplate reader) for the test 

wells were normalised to the assay control, and cell growth was calculated as a change in 

viability over time. 
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2.14 CellTiter-Glo® 3D cell viability assay 

3D cell viability was analysed using the CellTiter-Glo® 3D cell viability assay 

(Promega). After the post treatment incubation, homogeneous tumour spheres were 

removed from the 96-well low attachment culture plate and placed separately in single 

wells of a 96-well plate (Sarstedt).  CellTiter-Glo® 3D reagent was added to each well 

and the luminescence signals were read after 25 min of incubation at room temperature 

using the Varioskan Lux multiplate reader (Thermo Scientific). 

2.15 Live / Dead cell staining using Propidium Iodide (PI) 

Tumour spheres were constructed using Nunclon™ Sphera™ 96-Well low attachment 

plates (Thermo Fisher Scientific). CAP was treated using pin system, US was treated 

using the US probe system and US-WB, and PMB was treated using a MB generator, as 

previously described. Following CAP or / and US treatment, wells were immediately 

replenished with media and incubated at 37 ℃ with 5% CO2 for 24, 48, 72, and 96 h. To 

prepare for PI staining, the media was removed and the tumour spheres were washed with 

PBS and trypsinized into single cell suspension with a 0.25% w/v Trypsin-EDTA 

solution. After that, inactivate trypsin and collect cells from each treatment point into a 

single centrifuge tube for centrifugation at 250 x g for 5 min. The supernatant was then 

aspirated, and the pellet re-suspended in 1ml of 1X PBS. PI was then added to the cell 

suspension at 10 µg/mL and incubated for 1 min in the dark. PI fluorescence was then 

measured using a Beckman Coulter CytoFLEX flow cytometer with a 488 nm blue laser 

for excitation and a fluorescence channel I (FL1) standard filter for PI fluorescence, where 

PI binds to nuclear degradation from dead cells. 
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2.16 PI staining and confocal imaging 

Tumour spheres were seeded in a Nunclon Sphera 60 mm dish (Thermo Fisher Scientific) 

at a density of 1 x 105 cells / ml and incubated at 37 ℃ using 5% CO2 for 4 days. After 

tumour sphere formation, the media was removed, following 320 s of CAP treatment, and  

fresh media was added to the dish and incubated at 37 ℃ using 5% CO2 for 24 h. After 

incubation, the tumour spheres were rinsed thrice with PBS and incubated with pre-

warmed (37 °C) PI (10 µg/ml) containing media for 10 min at 37 °C. Cells were then 

washed once with PBS and loaded into fresh PBS. Tumour spheres were transferred to 

35 mm glass-bottom dishes (Greiner Bio-One) and observed using a Zeiss LSM 510 

confocal laser scanning microscope. 

2.17 3D rendering  

Representative confocal Z-scans of tumour spheres were processed for 3D 

reconstructions and visualization of the cell death penetration after treatment. Contrasted 

dichroic stacks of images were rendered with 3D isosurfaces in computerized software 

(Surface tool, Imaris Bitplane) to limit the external border of the spheres. Then, PI 

positive nuclei were detected by positive fluorescence voxels as individual spots (Spots 

tool, Imaris Bitplane) considering the adequate threshold and resolution. Then, PI positive 

spots were labelled with a colour code according to the 3D distance to the border. 3D 

rotations of the tumour spheres and the addition of clipping planes were performed in 

rendering software to show the representative stack of images.    

2.18  Chemical analysis of reactive species in cell culture medium 

Nitrite and hydrogen peroxide concentrations were quantified using Griess reagent for 

nitrite and Amplex™ Red Hydrogen Peroxide/Peroxidase assay kit (ThermoFisher, 

USA), respectively.  The assays were performed on a flat bottom 96-well plates (Sarstedt, 
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Ltd., Ireland). 25 µl of DMEM in the absence of sodium pyruvate and phenol red were 

exposure to pin – to - plate discharge at four different time points (20, 50, 100, 160 and 

320 s) at 240 V, 1000 Hz with a 72 µs duty cycle. Plates were then incubating for 24 h 

before concentrations were quantified as described. 

For nitrite quantification, 50 µL of Griess reagent for nitrite was added on 50 µL of 

medium (20 µL of treated medium + 30 µL of fresh medium) and incubated at room 

temperature for 30 min in the dark. Absorbance was then read at 548 nm. Hydrogen 

peroxide was quantified according to the kit protocol. 50 µl of a working solution of 100 

µM Amplex™ red reagent and 0.2 U/mL Horse Radish Peroxidase (HRP) were added to 

50 µL of medium (20 µL of treated medium + 30 µL of fresh medium). Following 30 min 

incubation at room temperature, in the dark, fluorescence was measured using an 

excitation of 530 nm and emission of 590 nm.  A standard curve of sodium nitrite (0   100 

µM) and hydrogen peroxide (0 – 20 µM) was used to determine nitrite and hydrogen 

peroxide concentrations. 

2.19  Inhibitor studies 

N-acetyl cysteine (NAC), sodium pyruvate and catalase were used as an antioxidant of 

reactive oxygen species. SP600125, z-VAD-fmk and E-64 were used as inhibitors of 

regulated cell death pathways. 

2.19.1 ROS scavenger assays – NAC 

The reactive oxygen species inhibitor N-acetyl cysteine (NAC) was used as a ROS 

scavenger. Tumour spheres were seeded and constructed as previously described. For the 

dose response curves, tumour spheres were incubated for 3 h at 37 ℃ with 4 mM NAC 

in DMEM in the presence and absence of pyruvate. 175 µL /100 µL of media was 

removed and the tumour spheres were exposed to CAP or / and US, depending on the 
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experiment. During PMB treatment, 200 µL of media were removed, and tumour spheres 

were exposed to media with PMB. Post treatment, fresh media containing 4 mM of NAC 

was added and the cells incubated at 37 ℃ using 5% CO2 for 24, 48, 72 and 96 h.  The 

same procedure was carried out for the multiple CAP / US /PMB treated samples. Cell 

viability was measured using the alamarBlue assay as previously described. A NAC 

titration was performed, exposing the tumour spheres to a concentration range of 0 - 8 

mM [106], cell viability was assessed after 96 h. 

2.19.2 Sodium pyruvate 

Sodium pyruvate titration was performed. Cells were exposed to a range of 0 to 10 mM. 

Cell viability was assessed after 96 h using alamarBlue assay. 

2.19.3 Hydrogen peroxide scavenger assay - Catalase 

Catalase (E.C. 1.11.1.6) is an antioxidant enzyme that is found in peroxisomes; it 

catalyses the decomposition of H2O2 to form water and molecular oxygen (2 H2O2 → 2 

H2O + O2) [60, 339, 340]. U-251 MG tumour spheres were seeded in Nunclon™ 

Sphera™ 96-Well low attachment plates (Thermo Fisher Scientific) at a density of 1 x 

105 cells/ml and incubated at 37 ℃ using 5% CO2 for 4 days. Catalase stock solution (1 

mg/ml equivalent to 2,000-5,000 units/ml) was freshly prepared in sterile 1X PBS, and 

diluted to 0.1 mg/ml in fresh media for H2O2 inhibition. After the formation of the tumour 

spheres, replenished DMEM media, without sodium pyruvate and phenol red, containing 

0.1 mg/ml catalase, were incubated for 1 h at 37 ℃. CAP treatment was performed on the 

samples for 160 s and 320 s. MB was exposed to plasma for 5, 10, 20, and 30 min for the 

treatment. Then the fresh media with catalase was added to the dish and incubated 37 ℃ 

using 5% CO2 for 24 h. After incubation, PI staining was carried out as explained in 
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section 2.15. PI fluorescence was then measured using a Beckman Coulter CytoFLEX 

flow cytometer with a blue laser (488 nm). 

2.19.4 E-64 

E-64 is an epoxide that inhibits irreversibly a wide variety of cysteine peptidases, 

including broad spectrum cathepsins. Cathepsins are cysteine proteases that activate in 

the lysosomal / autophagy pathway (late autophagy). E-64 was reconstituted in 100 % 

DMSO and stored at -20 °C with a stock concentration of 20 mM and a working 

concentration of 10 μM in DMEM. U-251 MG tumour spheres were pre-treated with E-

64 for 1 h, then pipetted out and treated with CAP and US as explained before. After 24 

or 96 h, cell viability was evaluated using the alamarBlue cell viability assay. Tumour 

spheres were also treated with 0.5% DMSO as a vehicle control. 

2.19.5 SP600125 

SP600125 is an inhibitor of the apoptosis associated JNK protein. SP600125 was 

reconstituted in DMSO and stored at -20 °C at a stock solution concentration of 25 mM, 

with a working solution concentration of 12.5 μM in DMEM. U-251 MG tumour spheres 

were pre-treated with SP600125 for 1 h. SP600125 was then pipetted out, 25 µL of fresh 

medium with SP600125 was added and tumour spheres were treated with CAP and US 

as previously described. Using an alamarBlue cell viability assay, the cell viability was 

measured after 24 or 96 h. Cells were also treated with 0.5% DMSO as a vehicle control. 

2.19.6 zVAD-fmk 

In order to evaluate if caspases play a role in cell death in U-251 MG cells with the 

synergistic effect of CAP and US, the commonly used general caspase inhibitor zVAD-

fmk was used. zVAD-fmk was reconstituted in 100 % DMSO and frozen at -20 °C with 

a stock concentration of 10 mM and a working concentration of 25 μM in DMEM. 
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Following a 1 h pre-treatment with zVAD-fmk, media were removed from each well. 

Before treatment, 25 µL of fresh medium was added and tumour spheres were exposure 

to CAP and US combination. After treatment, 175 µL of fresh medium was added and 

tumour spheres were incubated for 24 or 96 h, analysed using the alamarBlue cell viability 

test. In addition, tumour spheres were treated with 0.5% DMSO as a vehicle control. 

2.20  Detect ROS production using H2DCFDA Assay  

A cell permeant non-fluorescent probe, 2, 7-dichlorodihydrofluorescein diacetate 

(H2DCFDA) dye (Thermo Fisher Scientific), was used to measure ROS generated by 

CAP and PMB treatments using flow cytometry. H2DCFDA is a chemically reduced 

form of fluorescein that is converted to the highly fluorescent 2', 7’-dichlorofluorescein 

(DCF) after the cleavage of the acetate groups by intracellular esterases and oxidation. U-

251 MG tumour spheres were seeded in a Nunclon Sphera 60 mm dish (Thermo Fisher 

Scientific) at a density of 1 x 105 cells / ml with DMEM high glucose in the absence of 

sodium pyruvate and incubated at 37 ℃ using 5% CO2 for 4 days. Subsequently the 

culture medium was removed and the tumour spheres were washed with 1X PBS. Tumour 

spheres were incubated with replenished DMEM media, without sodium pyruvate and 

phenol red, containing 25 μM H2DCFDA, for 1h at 37 ℃. Tumour spheres were washed 

with fresh medium once, then with 1X PBS, and then exposed to CAP at different time 

points (20 s, 160 s and 320 s) and PMB, (plasma exposed for different time points - 10, 

20, and 30 min). Following CAP or PMB treatment, tumour spheres were incubated for 

3 h at 37 ℃ using 5% CO2. Tumour spheres were trypsinized into a single cell suspension, 

and all liquids, including media, washing PBS, and trypsinized cell suspension, were 

collected and centrifuged at 1200 rpm for 5 min. Cells were re-suspended in 1X PBS, and 

fluorescence was measured using a Beckman Coulter CytoFLEX flow cytometer with a 

488 nm blue laser for excitation and FL1 standard filter for H2DCFDA measurement 
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(quantified using fluorescein isothiocyanate (FITC)-A channel; Ex 488 nm, Em 525-540 

nm). 

2.21 Tumour sphere sonoporation assay 

PI was used to determine the sonoporation capability of the ultrasonic WB. 1 × 104 cells 

were seeded onto a Nunclon™ Sphera™ 96-well low attachment plates to tumour 

spheroid formation. PI (10 μl / ml) was introduced shortly before treatment, and tumour 

spheres were then treated at 25 or 45 kHz frequencies, using 100% power in sweep mode 

at three different time points (1, 3, and 5 min). The tumour spheres were washed with 

PBS and trypsinized into single cell suspension with a 0.25% w/v Trypsin-EDTA 

solution. After that, inactivate trypsin and collect cells from each treatment point into a 

single centrifuge tube for centrifugation at 250 x g for 5 min. The supernatant was then 

aspirated, and the pellet was re-suspended in 1 ml of 1X PBS. PI fluorescence was 

detected using the FL2 A (PE - A) channel on a CytoFlex, Beckman Coulter flow 

cytometer. To measure the resealing of the membrane, the same conditions were applied 

to the tumour spheres as reported before. Tumour spheroids were treated with 25 kHz and 

45 kHz frequencies for 1, 3, and 5 min. After 3 h of incubation, the tumour spheroids 

were trypsinised as explained above. PI was then added to the cell suspension at 10 µg / 

mL and incubated for 3 min in the dark. PI fluorescence was then measured using a 

Beckman Coulter CytoFLEX flow cytometer using the FL2 A channel. 
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2.22 TMZ and DOX induced glioma cytotoxicity 

Stock solutions of compounds were dissolved in DMSO and stored at -20 °C. These 

stocks were subsequently used to make the working solutions in media. The highest 

concentration of DMSO used was 0.5 %. For 2D cell culture, cells were seeded at a 

density of 1 × 104 cells (48 h) and 2.5 × 103 (144 h) exposure time period with 100 µL 

media per well in 96-well plates (Sarstedt). For 3D cell culture, cells were seeded at a 

density of 1x104 cells / well (200 µl of culture medium per well) into Nunclon™ Sphera™ 

96-well low attachment plates (Thermo Fisher Scientific). Plates were incubated at 37 °C 

with 5% CO2 to allow proper adherence (2D) and U-251 MG, U-87 MG, A-172, A431 

tumour sphere formation (3D) as explained above. Existing media were removed from 

each well and cells / tumour spheres were treated with TMZ / DOX at varying 

concentrations (500 – 0.976 µM; 100 µL/well for 2D cells ; 200 µL/well for 3D cells), 20 

% (v/v) DMSO was used as a positive control, and 0.5 % (v/v) DMSO as a negative 

control, and incubated at the appropriate time point. No deleterious effects were observed 

from the negative control solvent. Another set of plates were treated with US using the 

same procedure as in section 2.12. After the post treatment incubation, the cytotoxicity 

of the cells / tumour spheres were measured using the CellTiter-Glo® 3D cell viability 

assay and / or alamarBlue cell viability reagents as mentioned above.  

 

2.23 DOX sonoporation analysis 

Doxorubicin hydrochloride (DOX.H) (Fisher Scientific) is a chemotherapeutic agent with 

intrinsic fluorescence, with excitation / emission of 470 / 585 nm. Stock solutions (1mg / 

5ml) of compounds were dissolved in DMSO and stored at -20 °C. A431 and U‐251 MG 

tumour spheres were seeded in a Nunclon Sphera 60 mm dish (Thermo Fisher Scientific) 
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at a density of 1 × 105 cells / ml using DMEM high glucose in the absence of sodium 

pyruvate and incubated at 37 °C using 5 % CO2 for 3 to 4 days, respectively.  

Subsequently, the culture medium was removed and the tumour spheres were washed 

with 1× PBS. Tumour spheres were replenished with DMEM media, without sodium 

pyruvate and phenol red, containing 10 µg / ml DOX.H. Subsequently dishes with tumour 

spheres were treated with US for 1 and 3 min, as described in the section 2.5. Then all the 

dishes (tumour spheres without US and DOX, with only US, with DOX and without US, 

DOX with 1 min of US, DOX with 3 min of US) were incubated for 24 h at 37 °C using 

5 % CO2. After the post treatment incubation, tumour spheres were trypsinized into a 

single cell suspension and centrifuged at 1200 rpm for 5 min. Cells were re‐suspended in 

1× PBS with fluorescence measured using a Beckman Coulter CytoFLEX flow cytometer 

with a 488 nm blue laser for excitation and FL1 standard filter for FITC measurement. 

2.24 Mitochondrial membrane potential measurement 

Dual-emission potential sensitive fluorescent dye JC-1, was used to measure 

mitochondrial membrane potential of tumour spheres following CAP / PMB and US 

treatment. Stock solutions of JC-1 dye (Biosciences, Ireland) were prepared at 1 mg/mL 

in DMSO, aliquoted out and stored in freezer (–20 °C) until required for use. U‐251 MG 

tumour spheres were seeded in a Nunclon Sphera 60 mm dish (Thermo Fisher Scientific) 

at a density of 1 × 105 cells / ml using DMEM high glucose in the absence of sodium 

pyruvate and incubated at 37 °C using 5% CO2 for 4 days. 

After the tumour sphere growth; during PMB and US study, the growth medium was 

changed to a media containing PMB, and the tumour spheres were exposed to US for 1, 

3, and 5 min. During CAP and US study, 25 µL of fresh DMEM without sodium pyruvate 

was added and tumour spheres were exposure to CAP, US combination. Following US 
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treatment, tumour spheres were incubated at 37 °C for appropriate time point. After the 

incubation, the tumour spheres were trypsinized into single cell suspension as explained 

before, then the media was removed, and stained with 2.5 μg / ml JC-1 dye. After an 

incubation period of 10 min at room temperature, in the absence of light, the cells were 

washed twice with PBS and collected by centrifugation at 1200 rpm for 5 min. The 

supernatant was discarded, and the cells were resuspended in 0.5 ml PBS for flow 

cytometric (Beckman Coulter CytoFLEX) analysis. Fluorescence intensity was measured 

with a blue laser (488 nm) using FITC and phycoerythrin (PE-A) emission filters with 

spectral overlap compensation (52% FITC/PE-A and 10% PE-A/FITC). 

2.25 CFSE Cell Proliferation Assay 

CellTraceTM Carboxyfluorescein succinimidyl ester (CFSE) cell proliferation assay kit, 

for flow cytometry (Thermo Fisher, Ireland) was used for this assay. The kit was kept at 

-20 °C and the CellTraceTM CFSE was reconstituted in 18 μl DMSO (stock solution), 

aliquoted and stored at -20 °C until use (one time use once thawed). As working solution, 

a 1:1000 dilution of the stock solution in PBS at 37 °C was utilised. U-251 MG tumour 

spheres (5 × 105) were harvested by trypsinisation and centrifuged at 300 x g for 5 min. 

The cells were resuspended in 1 ml of working solution, and incubated at 37 °C with 5% 

(v/v) CO2, in dark. Every 5 min, cells were mixed gently. After adding 4 ml of DMEM 

to absorb unbound dye, the mixture was incubated at room temperature for 5 min. The 

cells were then centrifuged for 5 min at 300 x g. The supernatant was discarded, and the 

cells were resuspended in 20 mL in DMEM to seed cells at a density of 5 × 104 cells per 

well in 6-well plates. After tumour sphere formation, the growth media was discarded and 

the tumour spheres were treated with CAP and US, and further incubated for 96 h. Cells 

were collected by trypsinisation and centrifugation at 500 x g for 5 min, and resuspended 

in 0.1 ml PBS for flow analysis (Beckman Coulter CytoFLEX). The fluorescence 
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intensity was measured with a blue laser (488 nm) using FITC. To identify apoptotic cells, 

cells were also co-stained with 0.5 μg/ml PI for 3 minutes in the absence of light, to 

determine apoptotic cells. The Fluorescence intensity was measured with a blue laser (488 

nm) using FITC and PE-A emission filters with spectral overlap compensation (42.80% 

FITC/PE-A). 1 mM of hydrogen peroxide was used as positive control. 

2.26 Statistical analysis 

All the experiments were replicated at least three independent times, unless otherwise 

stated. Prism versions 9.1.0, GraphPad Softwares, Inc. (USA) were used to carry out 

curve fitting and statistical analysis. Dose response curves were measured using non-

linear regression after data been normalized with controls. Data are presented as a 

percentage and error bars of all figures were presented using the standard error of the 

mean (S.E.M), ordinary one-way and two-way analysis of variance (ANOVA) were 

performed accordingly (∗P< 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗p < 0.0001). Multiple 

comparison analysis were performed using Tukey’s test or Šídák’s test unless otherwise 

stated. CytExpert software was used for flow cytometry analysis and fluorescence mean 

of FITC-A or PE-A was use to plot the reading results in columns statistics. 

2.27  Data availability  

Data was planned to be exploited based on advice from TU Dublin technology transfer 

office. Data was collected and saved in various file formats. All original data was stored 

with information on the experimental item, data, location, the experimenter, and the type 

of document, along with a general description of each group in the experiment. The 

original data will be accessible from on-site computers, my personal computer and a 

shared cloud drive. Original data was processed or saved as images, data sheets, or figures 

that could be accessed by Microsoft Office after analysis. Images were saved as .tif (at 
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least 300 dpi). The processed data was uploaded to the internal file server and shared with 

the main supervisor.  

Curating and preserving of data: Original and processed data was preserved in a shared 

cloud-based server and made publicly available on TU Dublin Arrow open data system 

following preprint and peer-review publications. All relevant datasets that support the 

findings of this study will be uploaded into open science framework (OSF) and can be 

accessed using the following DOI link. All processed data in images, figures and original 

data sheets will be available in the published manuscripts and online supplementary 

materials to make data findable, accessible and referable. Usually data will be available 

as least internally before publication, but it may be unavailable if there’s a failure with 

the corresponding software then assistance for accessing the data will be required or 

experiments will be repeated to acquire data. 
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CHAPTER 3 – OPTIMIZATION OF 

THREE-DIMENSIONAL (3D) IN VITRO 

CELL CULTURE MODELS TO 

ENHANCE GLIOBLASTOMA 

RESEARCH 

 

 

A part of this chapter is published in the Journal PLOS One. (See Appendix II – Peer-

reviewed) 

 Wanigasekara J, Carroll LJ, Cullen PJ, Tiwari B, Curtin JF (2023) Three-

Dimensional (3D) in vitro cell culture protocols to enhance glioblastoma research. 

PLOS ONE 18(2): e0276248. https://doi.org/10.1371/journal.pone.0276248 

https://doi.org/10.1371/journal.pone.0276248
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3 Optimization of three-dimensional (3D) in vitro cell culture models to enhance 

glioblastoma research 

 

3.1  Rationale  

 

3D cell culture models can help bridge the gap between in vitro cell cultures and in vivo 

responses by more accurately simulating the natural in vivo environment, shape, tissue 

stiffness, stressors, gradients and cellular response while avoiding the costs and ethical 

concerns associated with animal models [257, 271, 274, 341]. The inclusion of the third 

dimension in 3D cell culture influences the spatial organization of cell surface receptors 

that interact with other cells and imposes physical restrictions on cells in compared to 2D 

cell cultures [246, 257, 271]. Spheroids’ distinctive cyto-architecture mimics in vivo 

cellular structure, gene expression, metabolism, proliferation, oxygenation, nutrition 

absorption, waste excretion, and drug uptake while preserving cell – ECM connections 

and communication, hence influencing molecular processes and cellular phenotypes [106, 

267, 271, 274]. Ultimately, 3D models must have high-throughput application, easy and 

standardized culture protocols and analytic methodologies to get proper outcomes [274, 

342]. In this chapter, we used three different anchorage-independent and anchorage-

dependent methods such as; low attachment plate, hanging drop plate, and cellusponge 

natural scaffold based methods to construct three different in vitro 3D GBM tumour 

spheroid models (U-251 MG, U-87 MG and A-172) and one 3D epidermoid carcinoma 

(A431) to closely mimic the natural in vivo environment, shape, and cellular response 

[271]. The findings of this chapter have confirmed the ability of all these methods to 

create uniform tumour spheres, which we will utilize for further research.  
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3.2  Results and discussion 

 

3.2.1  3D cell culture  

GBM is distinguished by increased vascularization, significant cell heterogeneity, self-

renewing CSCs and the interactions between tumour and microenvironment, all of which 

contribute to tumour progression [218, 257]. Tumour development, metastasis, 

angiogenesis, cytotoxicity resistance, and immune cell modulation are all influenced by 

the TME [106, 219]. There is a gap in mostly accessible GBM pre-clinical models and 

3D cell culture is able to fill this gap by providing more reliable models to study the 

correlation between TME, tumour reoccurrence and therapy resistance. 

Three distinct approaches, such as low attachment plate (Figure 16-II), hanging drop plate 

(Figure 16-III), and scaffold based methods (Figure 16-IV) were used to create U-251 

MG, U-87 MG, A-172 3D human GBM and A431 epidermoid carcinoma cell culture 

models. This facilitated 3D cell–cell and cell–ECM interactions and mirrored the 

diffusion-limited distribution of oxygen, nutrients, metabolites, and signaling molecules 

seen in the microenvironment of in vivo tumours [106]. Most research to date has used 

2D cell culture (Figure 16-I), which has limitations as experimental models to predict 

biological responses, as explained previously. 
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Figure 16: Development of U-251 MG human GBM 3D in vitro cell culture model. I). 

Image of U-251 MG 2D cells in T75 flask II) 3D tumour sphere constructed in low 

adhesion plate. III). 3D tumour sphere constructed in hanging drop plate. IV) 3D tumour 

sphere constructed in hydroxipropylcellulose scaffold. Tumour spheroid formation was 

visually confirmed using an Optika XDS-2 trinocular inverse microscope equipped with 

a Camera ISH500. 
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Figure 17: Development of U-251 MG, U-87, A-172 and A431 3D in vitro cell culture models using low attachment plate, hanging drop plate and 

scaffold based method. I). U-251 MG, II) U-87 MG, III) A-172, IV) A431 tumour spheroids formation after 96 h of incubation using low attachment plate 

method, V) U-251 MG, VI) U-87 MG, VII) A-172, VIII) A431 tumour spheroids formation after 96 h of incubation using hanging drop plate method, IX) 

U-251 MG, X) U-87 MG, XI) A-172, XII) A431 tumour spheroids formation after 96 h of incubation using scaffold based method
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Cell seeding and tumour spheroid construction were carried out as previously explained. 

U-251 MG, U-87 MG, and A-172 human GBM spheroids formation and growth were 

monitored daily by using an inverted phase‐contrast microscope, and their mean 

diameters were analysed using “ImageJ version1.53.e” software for at least three 

independent experiments. U-251 MG tumour sphere growth during the low attachment 

plate method was found to be significantly increased with the incubation time, the size 

ranging from 135 µm, 229 µm, 323 µm and 461 µm (Figure 17-I) for 24 to 96 h incubation 

respectively. U-87 MG tumour spheres were significantly increased with the incubation 

time, the size range from 129 µm, 234 µm, 303 µm and 357 µm (Figure 17-II) for 24 to 

96 h incubation respectively. While, A-172 tumour spheres also showed same behaviour 

with the increasing incubation time and the sizes rage from 71 µm, 191 µm, 240 µm and 

367 µm (Figure 17-III) for 24 to 96 h incubation respectively.  

U-251 MG tumour sphere growth during the hanging drop plate method was shown to be 

considerably enhanced with the incubation time, the size ranging from 105 µm, 139 µm, 

208 µm and 269 µm (Figure 17-V) for 24 to 96 h incubation respectively. U-87 MG 

tumour spheres were significantly increased with the incubation time, the size range from 

92 µm, 143 µm, 224 µm and 252 µm (Figure 17-VI) for 24 to 96 h incubation 

respectively. While, A-172 tumour spheres also showed same behaviour with the 

increasing incubation time and the sizes rage from 63 µm, 131 µm, 207 µm and 265 µm 

(Figure 17-VII) for 24 to 96 h incubation, respectively. The hanging drop plate method 

produced smaller size spheroids compared to low attachment plate method. 

U-251 MG tumour sphere growth in hydroxipropylcellulose 3D scaffold was shown to 

be considerably enhanced with incubation time, with sizes ranging from 22 µm, 49 µm, 

70 µm, and 110 µm for 24 to 96 h incubation, respectively (Figure 17-IX). U-87 MG 

tumour spheres were significantly increased with the incubation time, the size range from 
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28 µm, 55 µm, 90 µm and 143 µm (Figure 17-X) for 24 to 96 h incubation respectively. 

While, A-172 tumour spheres size also significantly enhanced with the increasing 

incubation time and the sizes rage from 17 µm, 51 µm, 69 µm and 97 µm (Figure 17-XI) 

for 24 to 96 h incubation respectively. 

The growth of A431 epidermoid tumour spheres using the low attachment plate method 

was observed to significantly increase with longer incubation times, with sizes ranging 

from 96 µm, 139 µm, 194 µm and 257 µm (Figure 17-IV) for 24 to 96 h of incubation 

respectively. Similarly, the hanging drop plate method also demonstrated a substantial 

enhancement in A431 tumour sphere growth with increasing incubation time, with sizes 

ranging from 57 µm, 103 µm, 153 µm and 194 µm (Figure 17-VII) respectively, for 24 

to 96 h of incubation. Furthermore, A431 tumour sphere growth in the 

hydroxipropylcellulose 3D scaffold was also notably increased with longer incubation 

periods, with sizes ranging from 23 µm, 45 µm, 54 µm, and 79 µm (Figure 17-XII) for 

24 to 96 h incubation. 

These results proved that these protocols have the ability to develop 3D tumour spheres 

and the presence of heterogeneous cellular subpopulations such as actively proliferating, 

quiescent, hypoxic, and necrotic cells [220, 225, 236]. 

3.2.2 Effects of different growth media 

Larger tumour sphere growth was observed when grown in DMEM high glucose media 

with 10% FBS compared to media without FBS. According to the initial seeding density, 

growth medium composition and incubation time, the tumour sphere diameters varied 

from 100 to 650 µm. The largest tumour spheres were observed with 10 000, 15 000 and 

20 000 cells/ml initial seeding densities. It was also observed that exponential growth 

(Log) was achieved within the initial 4 days of growth, after which the growth curve 

became stationary, followed by a second growth phase after 7 days of incubation due to 
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an increased number of dead cells inside the tumour sphere core (Figure 18A and 18B). 

Two-way ANOVA demonstrated that there is a significant difference in tumour sphere 

(grown in serum medium) diameter between the each initial seeding densities as shown 

in Figure 18A. However there was no significant difference between diameters at day 4, 

5 and 6 in 10 000, 15 000 and 20 000 cells / ml seeding densities. In Figure 18B, there 

was no significant difference in tumour sphere (grown in without serum medium) 

diameter between the 10 000 and 20 000 cells / ml initial seeding densities. A full 

description of tukey’s multiple comparisons test is provided in the Appendix I. 

 

  

 

Figure 18: Development of U-251 MG human GBM 3D in vitro cell culture model in 

different media compositions. Growth kinetics analysis of U-251 MG spheroids at 

increasing seeding density in low attachment plate method A) with serum medium. B) 

without serum medium. 
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3.2.3 Optimization of low attachment plate method  

The optimum U-251 MG (Figure 19A), U-87 MG (Figure 19B) and A-172 (Figure 19C) 

tumour spheroids formations were observed within 96 h of incubation for the 10000 cells 

/ ml initial seeding density. One‐way ANOVA demonstrated that there were significant 

differences in tumour spheres diameter during 24 - 96 h incubation, while there was no 

significant difference during 96 - 168 h incubation. It was also observed that exponential 

growth (Log) was achieved within the initial 4 days of growth, after which the growth 

curve became stationary in all these three GBM cell lines. 

For growth analysis, varying numbers of U-251 MG, U-87 MG and A-172 cells (ranging 

from 2000 to 40 000 cells / ml) were seeded in the Nunclon™ Sphera™ 96‐well low 

attachment plates as explained above. The largest U‐251 MG tumour spheres were 

observed with 10 000, 15 000, and 20 000 cells / ml initial seeding densities after 96 h of 

incubation. One-way ANOVA demonstrated that there was a significant difference in 

tumour sphere diameter between each initial seeding densities as shown in Figure 19D. 

However, there was no significant difference between diameters in 10 000, 15 000, and 

20 000 cells / ml seeding densities. The largest U-87 MG tumour spheres were observed 

with 40 000 cells/ml initial seeding densities after 96 h incubation. One-way ANOVA 

demonstrated that there was a significant difference in tumour sphere diameter between 

each of the initial seeding densities as shown in Figure 19E. However, there was no 

significant difference between diameters at 10 000 and 15 000 cells / ml seeding densities. 

While, the largest A-172 tumour spheres were observed with 40 000 cells / ml initial 

seeding densities after 96 h incubation. One-way ANOVA demonstrated that there was a 

significant difference in tumour sphere diameter between each of the initial seeding 

densities as shown in Figure 19F.  Though, there was no significant difference between 

diameters in 10 000, 15 000, and 20 000 cells / ml seeding densities. 
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U-251 MG, U-87 MG and A-172 cells health analysed after 96 h incubation using 

alamarBlue cell viability reagent as explained above and the fluorescence signals were 

normalized by spheroid size (diameter in µm). A higher ratio suggests that the spheroids 

are healthier. During U-251 MG growth confirmed that 5000 and 10 000 cells / ml initial 

seeding densities were having highest spheroids cell health. One-way ANOVA confirmed 

that there was no significant difference in tumour sphere health during 5000 and 10 000 

cells / ml (Figure 19G). During U-87 MG growth, it was confirmed that 10 000 and 15 

000 cells / ml initial seeding densities were having highest spheroids cell health. One-

way ANOVA confirmed that there was no significant difference in tumour sphere health 

during 10 000 and 15 000 cells / ml (Figure 19H). During A-172 growth confirmed that 

10 000, 15 000 and 20 000 cells / ml initial seeding densities were the ones having the 

highest spheroids cell health. One-way ANOVA confirmed that there was no significant 

difference in tumour sphere health during 10 000, 15 000 and 20 000 cells / ml (Figure 

19I). A full description of tukey’s multiple comparisons test is provided in the Appendix 

I. 
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Figure 19: Development of human GBM 3D in vitro cell culture models using low attachment plate method. A) U-251 MG, B) U-87 MG, C) A-172 

tumour spheres growth (diameter in µm) analysis during different incubations. D) U-251 MG E) U-87 MG, F) A-172 growth analysis after 96 h 

incubation (diameter in µm) at increasing seeding density. The mean of the diameter was used to plot the values on columns and analysed using one-

way ANOVA with tukey's post-test (ns, not significant (p > 0.05); *p < 0.05; **p < 0.01, ***p < 0.001; ****p < 0.0001). G) U-251 MG H) U-87 MG, 

I) A-172 spheroid cell health analysed and a higher ratio indicates healthier spheroids. The mean of the [(fluorescence / spheroid size) x 100] was used 

to plot the values on columns and analysed using one-way ANOVA with tukey's post-test (ns, not significant (p > 0.05); *p < 0.05; **p < 0.01, ***p < 

0.001; ****p < 0.0001). 
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Figure 20: Development of A431 human epidermoid carcinoma 3D in vitro cell culture models using low attachment plate method. A) A431 tumour 

spheres growth (diameter in µm) analysis during different incubations. B) A431 growth analysis after 96 h incubation (diameter in µm) at increasing 

seeding density. The mean of the diameter was used to plot the values on columns and analysed using one-way ANOVA with tukey's post-test (ns, not 

significant (p > 0.05); *p < 0.05; **p < 0.01, ***p < 0.001; ****p < 0.0001). C) A431 spheroid cell health analysed and a higher ratio indicates 

healthier spheroids. The mean of the [(fluorescence / spheroid size) x 100] was used to plot the values on columns and analysed using one-way ANOVA 

with tukey's post-test (ns, not significant (p > 0.05); *p < 0.05; **p < 0.01, ***p < 0.001; ****p < 0.0001).
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The optimum A431 (Figure 20A) tumour spheroids formations were observed within 96 

h of incubation for the 10000 cells / ml initial seeding density. One‐way ANOVA 

demonstrated that there were significant differences in tumour spheres diameter during 

24 - 96 h incubation, while there was no significant difference during 96 - 168 h 

incubation. It was also observed that exponential growth (Log) was achieved within the 

initial 4 days of growth, after which the growth curve became stationary in the epidermoid 

carcinoma cell line. During the growth analysis, the largest A431 tumour spheres were 

observed during the 40000 cells / ml initial seeding densities after 96 h of incubation. 

One-way ANOVA demonstrated that there was a significant difference in tumour sphere 

diameter between each initial seeding densities as shown in Figure 20B. A431 cells health 

analysed after 96 h incubation as explained above and the fluorescence signals were 

normalized by spheroid size (diameter in µm). During A431 growth confirmed that 5000, 

10 000 and 40 000 cells / ml initial seeding densities were having highest spheroids cell 

health. One-way ANOVA confirmed that there was no significant difference in tumour 

sphere health during 5000 and 10 000 cells / ml (Figure 20C). A full description of tukey’s 

multiple comparisons test is provided in the Appendix I. 

We studied tumour sphere growth in low attachment plates with various seeding densities 

and observed tumour sphere growth ranging in diameter from 150 to 650 µm. Our 

findings are correlate with the tumour sphere diameters determined by Singh et al [343]. 

According to the results, 10000 cells / ml initial seeding density was the most suitable 

seeding density for low attachment plate method and all the above GBM cell lines were 

able to produce healthy tumour spheres after 96 h incubation.  Throughout this thesis, we 

used the same protocols to generate U-251 MG and A431 tumour spheres and 

successfully studied plasma or / and US-induced cytotoxicity in 3D tumour spheroids 

[106]. 
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This results also proved low attachment plate’s ability to promote aggregation of cells by 

cell-cell and cell-ECM interactions while blocking the ECM interaction to the plastic 

surface. Which can be used as a pre-clinical model due to its simplicity, efficiency, higher 

reproducibility and also possible to generate a wide range of tumour cell types using the 

same protocol in any laboratory conditions [222, 235, 265, 269]. 

3.2.4 Optimization of hanging drop plate method 

The optimum U-251 MG (Figure 21A), U-87 MG (Figure 21B) and A-172 (Figure 21C) 

tumour spheroids formations were attained after 96 h of incubation for the 5000 cells / 

well initial seeding density by achieving a size range of 251 - 285 µm, 252 - 279 µm and 

217 - 265 µm respectively. One‐way ANOVA indicated that there were significant 

differences in tumour spheres diameter during 24 - 96 h incubation, while, there were no 

significant difference during 96 – 168 h incubation. It was also observed that exponential 

growth (Log) was achieved within the initial 4 days of growth, after which the growth 

curve became stationary in all these three GBM cell lines. 

For growth analysis, varying numbers of U‐251 MG, U-87 MG and A-172 cells (ranging 

from 1000 to 10 000 cells / well) were seeded in the HDP1096 Perfecta3D® hanging drop 

plates and the mean sizes were computed after 96 h of incubation. The largest U‐251 MG 

tumour spheres were observed with 10 000 cells / well initial seeding densities after 96 h 

incubation. As illustrated in Figure 21D, one-way ANOVA revealed a significant 

difference in tumour sphere diameter between each initial seeding density. The largest U-

87 MG tumour spheres were observed with 8 000 to 10 000 cells / well initial seeding 

densities after 96 h of incubation. One-way ANOVA demonstrated that there is a 

significant difference in tumour sphere diameter between each of the initial seeding 

densities as shown in Figure 21E. However, there was no significant difference between 

diameters in 5 000, 8 000 and 10 000 cells / well seeding densities. While the largest A-
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172 tumour spheres were observed with 8 000 to 10 000 cells / well initial seeding 

densities after 96 h of incubation. One-way ANOVA demonstrated that there is a 

significant difference in tumour sphere diameter between each of the initial seeding 

densities as shown in Figure 21F.  Though, there was no significant difference between 

diameters in 4 000 to 5 000, and 8 000 to 10 000 cells / well seeding densities. 

During the U-251 MG spheroids cell health investigation, it was established that the initial 

seeding density of 5000 cells / well had the best spheroids cell health. The substantial 

difference in 4000 to 5000 cells / well and 5000 to 8000 cells / well was verified by one-

way ANOVA, however there was no significant difference in tumour sphere health at the 

other seeding densities (Figure 21G). 

U-87 MG growth confirmed that 5 000 cells / well initial seeding density was having 

highest spheroids cell health. One-way ANOVA confirmed that there was no significant 

difference in tumour sphere health during 4 000, 5 000, 8 000 and 10 000 cells / well 

(Figure 21H). During A-172 growth confirmed that 5 000, 8 000 and 10 000 cells/well 

initial seeding densities were having highest spheroids cell health. One-way ANOVA 

confirmed that there was no significant difference in tumour sphere health during 5 000, 

8 000 and 10 000 cells / well (Figure 21I). A full description of tukey’s multiple 

comparisons test is provided in the Appendix I. 
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Figure 21: Development of human GBM 3D in vitro cell culture model using hanging drop plate method. A) U-251 MG, B) U-87 MG, C) A-

172 tumour spheres growth (diameter in µm) analysis during different incubations. D) U-251 MG E) U-87 MG, F) A-172 growth analysis 

after 96 h incubation (diameter in µm) at increasing seeding density. The mean of the diameter was used to plot the values on columns and 

analysed using one-way ANOVA with tukey's post-test (ns, not significant (p > 0.05); *p < 0.05; **p < 0.01, ***p < 0.001; ****p < 0.0001). 

G) U-251 MG H) U-87 MG, I) A-172 spheroid cell health analysed and a higher ratio indicates healthier spheroids. The mean of the 

[(fluorescence / spheroid size) x 100] was used to plot the values on columns and analysed using one-way ANOVA with tukey's post-test (ns, 

not significant (p > 0.05); *p < 0.05; **p < 0.01, ***p < 0.001; ****p < 0.0001).
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Figure 22: Development of human epidermoid carcinoma 3D in vitro cell culture model using hanging drop plate method. A) A431 tumour 

spheres growth (diameter in µm) analysis during different incubations. B) A431 growth analysis after 96 h incubation (diameter in µm) at 

increasing seeding density. The mean of the diameter was used to plot the values on columns and analysed using one-way ANOVA with 

tukey's post-test (ns, not significant (p > 0.05); *p < 0.05; **p < 0.01, ***p < 0.001; ****p < 0.0001). C) A431 spheroid cell health analysed 

and a higher ratio indicates healthier spheroids. The mean of the [(fluorescence / spheroid size) x 100] was used to plot the values on columns 

and analysed using one-way ANOVA with tukey's post-test (ns, not significant (p > 0.05); *p < 0.05; **p < 0.01, ***p < 0.001; ****p < 

0.0001).  
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The optimum A431 (Figure 22A) tumour spheroids formations were observed within 96 

h of incubation for the 10000 cells / ml initial seeding density. One‐way ANOVA 

demonstrated that there were significant differences in tumour spheres diameter during 

24 - 96 h incubation, while there was no significant difference during 96 - 168 h 

incubation. It was also observed that exponential growth (Log) was achieved within the 

initial 4 days of growth, after which the growth curve became stationary in the epidermoid 

carcinoma cell line. During the growth analysis, the largest A431 tumour spheres were 

observed during the 10 000 cells / ml initial seeding densities after 96 h of incubation. 

One-way ANOVA demonstrated that there was a significant difference in tumour sphere 

diameter between 1000 to 4000 cells / ml initial seeding densities, while there was no 

significant difference during 4000 - 10000 cells/ml as shown in Figure 22B. A431 cells 

health analysed after 96 h incubation as explained above and the fluorescence signals 

were normalized by spheroid size (diameter in µm). During A431 growth confirmed that 

5000, 8 000 and 10 000 cells / ml initial seeding densities were having highest spheroids 

cell health. One-way ANOVA confirmed that there was no significant difference in 

tumour sphere health during 5000 to 10 000 cells / ml (Figure 22C). A full description of 

tukey’s multiple comparisons test is provided in the Appendix I. 

We studied tumour sphere growth in hanging drop plates with various seeding densities 

and observed tumour sphere growth ranging in diameter from 100 to 400 µm. According 

to the results, 5000 cells / well initial seeding density was the most suitable seeding 

density for the hanging drop plate method, and all the above GBM cell lines were able to 

produce healthy tumour spheres after 96 h incubation. This result also proved the hanging 

drop plate’s ability to produce uniform sized spheroids, ability to control the size of 

spheroid by seeding density, higher replicability, lower cost, and ability of tumour sphere 

mass production within a shorter time period [222, 264, 265, 269]. 
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3.2.5 Optimization of 3D scaffolds based method  

The largest U-251 MG and A-172 tumour spheroids formation were attained after 120 h 

incubation by achieving a size range 110 - 156 µm (Figure 23A) and 146 – 174 µm 

(Figure 23C) for the 5000k cells/ml initial seeding density respectively. One-way 

ANOVA indicated that there were significant difference in tumour sphere diameter 

throughout the incubation. The optimum U-87 MG tumour spheroid formation was 

observed within 120 h of incubation (size range from 133 – 191 µm) for the 5000 k cells 

/ ml initial seeding density. One‐way ANOVA indicated that there were significant 

differences in tumour spheres diameter during 24 - 120 h incubation, while, there was no 

significant difference during 48 – 72 h incubation (Figure 23B). 

For growth analysis, varying numbers of U‐251 MG, U-87 MG and A-172 (ranging from 

1x106 to 6x106 cells / ml) were seeded in the hydroxipropylcellulose 3D scaffolds. Fresh 

media were added every third day by replenishing old media in each well without 

disturbing the scaffolds, and the mean sizes were calculated after 120 h of incubation. 

The largest U-251 MG tumour spheres were detected with 5 x 106 and 6 x 106 cells/ml 

initial seeding densities after 120 h of incubation. One-way ANOVA verified that there 

is a significant difference in tumour sphere diameter between 4 x 106 and 5 x 106 seeding 

densities, while there was no significant difference in diameters between 5 x 106 and 6 x 

106 cells/ml initial seeding densities as shown in Figure 23D. The largest U-87 MG and 

A-172 tumour spheres were observed with 5 x 106 and 6 x 106 cells/ml initial seeding 

densities after 120 h of incubation. One-way ANOVA demonstrated that there were 

significant difference in tumour sphere diameter between each initial seeding densities as 

shown in Figure 23E and Figure 23F respectively. However, there was no significant 

difference between diameters in 5 x 106 and 6 x 106 cells/ml seeding densities. 
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Figure 23: Development of human GBM 3D in vitro cell culture model using cellusponge 3D scaffolds. A) U-251 MG, B) U-87 MG, C) A-

172 tumour spheres growth (diameter in µm) analysis during different incubations. D) U-251 MG E) U-87 MG, F) A-172 growth analysis 

after 120 h incubation (diameter in µm) at increasing seeding density. The mean of the diameter was used to plot the values on columns and 

analysed using one-way ANOVA with tukey's post-test (ns, not significant (p > 0.05); *p < 0.05; **p < 0.01, ***p < 0.001; ****p < 0.0001). 

G) U-251 MG H) U-87 MG, I) A-172 spheroid cell health analysed and a higher ratio indicates healthier spheroids. The mean of the 

[(fluorescence / spheroid size) x 100] was used to plot the values on columns and analysed using one-way ANOVA with tukey's post-test (ns, 

not significant (p > 0.05); *p < 0.05; **p < 0.01, ***p < 0.001; ****p < 0.0001). 
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Figure 24: Development of human epidermoid carcinoma 3D in vitro cell culture model using cellusponge 3D scaffolds. A) A431 tumour 

spheres growth (diameter in µm) analysis during different incubations. B) A431 growth analysis after 120 h incubation (diameter in µm) at 

increasing seeding density. The mean of the diameter was used to plot the values on columns and analysed using one-way ANOVA with 

tukey's post-test (ns, not significant (p > 0.05); *p < 0.05; **p < 0.01, ***p < 0.001; ****p < 0.0001). C) A431 spheroid cell health analysed 

and a higher ratio indicates healthier spheroids. The mean of the [(fluorescence / spheroid size) x 100] was used to plot the values on columns 

and analysed using one-way ANOVA with tukey's post-test (ns, not significant (p > 0.05); *p < 0.05; **p < 0.01, ***p < 0.001; ****p < 

0.0001). 
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U-251 MG, U-87 MG and A-172 spheroids cell health were analysed after 120 h of 

incubation as explained above, U-251 MG growth confirmed that 5 x 106 cells / ml initial 

seeding density was having highest spheroids cell health. One-way ANOVA confirmed 

that there were significant difference in tumour sphere health during 4 x 106, 5 x 106 and 

6 x 106 cells / ml. While there was a significant difference between 3 x 106 and 4 x 106 

densities as shown in Figure 23G. 

During U-87 MG growth, it was confirmed that 5 x 106 cells / ml initial seeding densities 

were having the highest spheroids cell health. One‐way ANOVA confirmed that there 

were significant differences in tumour spheres health from 1 x 106 to 6 x 106 cells / ml 

(Figure 23H). During A-172 growth, it was confirmed that 5 x 106 and 6 x 106 cells / ml 

initial seeding densities had the highest spheroids cell health. One-way ANOVA 

confirmed that there was no significant difference in tumour sphere health during 4 x 106, 

5 x 106 and 6 x 106 cells / ml (Figure 23I). A full description of tukey’s multiple 

comparisons test is provided in the Appendix I. 

The optimum A431 (Figure 24A) tumour spheroids formations were observed within 120 

h of incubation for the 10000 cells / ml initial seeding density. One‐way ANOVA 

demonstrated that there were significant differences in tumour spheres diameter during 

24 - 120 h incubations. It was also observed the exponential growth throughout the 

incubations time (from 24 – 120 h) in the epidermoid carcinoma cell line. During the 

growth analysis, the largest A431 tumour spheres were observed during the 6 X 106 cells 

/ ml initial seeding densities after 96 h of incubation. One-way ANOVA demonstrated 

that there was a significant difference in tumour sphere diameter between 5 X 106 to 6 X 

106 cells/ml initial seeding densities as shown in Figure 24B. A431 cells health analysed 

after 96 h incubation as explained above and the fluorescence signals were normalized by 

spheroid size (diameter in µm). During A431 growth confirmed that 5 X 106 and 6 X 106 
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cells / ml initial seeding densities were having highest spheroids cell health. One-way 

ANOVA confirmed that there was no significant difference in tumour sphere health 

during 5 X 106 to 6 X 106 cells/ml (Figure 24C). A full description of tukey’s multiple 

comparisons test is provided in the Appendix I. 

We studied tumour sphere growth in hydroxipropylcellulose 3D scaffolds with various 

seeding densities and observed tumour sphere growth ranging in diameter from 50 to 200 

µm. According to the results, 5 x 106 cells / well initial seeding density was the most 

suitable seeding density for the scaffold based method and all the above GBM and 

epidermoid carcinoma cell lines were able to produce healthy tumour spheres after 120 h 

of incubation. These results also proved the biological scaffold’s higher biocompatibility 

and its possibility to control scaffold’s composition, porosity, and elasticity to get better 

GBM ECM representation [269, 276]. This protocol can be applied to 

hydroxipropylcellulose scaffolds or any other natural scaffold [308] and possible to 

generate wide range of tumour sphere types in any laboratory. It is also possible to 

improve scaffold chemistry and composition to mimic the physiological architecture of 

any GBM tumours. 

3.2.6 Analysis of 3D cell viability  

The effects of TMZ cytotoxicity on the different GBM cell lines were studied using U‐

251 MG, U-87 MG and A-172 tumour spheres. TMZ induced cytotoxicity was studied 

using two different cell viability assays as shown in Figure 25. The CellTiter-Glo® 3D 

cell viability assay quantifies the amount of ATP present, which is a marker for the 

presence of metabolically active cells, to determine the number of viable cells in a 3D 

cell culture [344]. While alamarBlue cell viability, resazurin is used as an oxidation-

reduction (REDOX) indicator that undergoes colorimetric change in response to cellular 

metabolic reduction [345]. TMZ treated tumour spheres (concentration gradient from 500 
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µM to 0.97 µM), were post incubated for 6 days at 37 °C. An IC50 of 143.6 µM (135.2 ± 

152.6 µM), 71.25 µM (66.41 ± 76.44 µM), and 111.0 µM (103.1 ± 119.4 µM) were found 

for U‐251 MG, U-87 MG and A-172 tumour spheres respectively, when analysed by 

using the alamarBlue cell viability assay (Figure 25A). An IC50 of 174.4 µM (160.5 ± 

189.5 µM), 76.06 µM (70.81 ± 81.70 µM), and 134.0 µM (115.5 ± 155.3 µM) were found 

for U‐251 MG, U-87 MG and A-172 tumour spheres respectively, when analysed by 

using the CellTiter-Glo® 3D cell viability assay (Figure 25B).  Two‐way ANOVA 

demonstrated that there were significant differences in viability between the different 

TMZ concentrations and different cell lines (p< 0.0001). A full description of tukey’s 

multiple comparisons test is provided in the Appendix I. According to these results, it was 

postulated that as U-87 MG has the highest TMZ sensitivity, while U-251 MG tumour 

spheres showed highest cell viability with TMZ treatment. TMZ induced cytotoxicity in 

all three cell lines showed similar values, when comparing both cell viability assays. 

However, comparatively higher IC50 values were observed from the CellTiter-Glo® 3D 

cell viability assay, and this may be due to the difference in assay chemistries and 

metabolic targets in viability assays [271].  

The effects of diffusion of the active dyes through the matrices and their subsequent 

bioavailability to the cells can lead to misinterpretation of the results obtained. The 

concern is addressed in the present study by converting tumour spheres into single cells 

before cell viability analysis using the alamarBlue cell viability assay. This method can 

be successfully applied to tumour spheres constructed using low attachment plate and 

hanging drop plate methods since it is possible to collect cells after the growth / treatment. 

Bonnier and colleagues (2015), reported the way to use the alamarBlue cell viability assay 

for tumour spheres constructed using hydrogels or scaffold based methods. During this 

method tumour sphere embedded in gels were incubated with alamarBlue for 24 h instead 
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of 3 h to get high diffusion of the active dyes through the matrices to cells, similar to our 

study [335]. On the other hand, the CellTiter-Glo® 3D cell viability assay is quicker, 

easier to use and directly applies to the tumour spheres constructed using low attachment 

plate, hanging drop plate and scaffold based method. 

Ultimately, these basic 3D cell culture models can be further improved to study the role 

of the BBB and chemotherapeutic resistance in GBM [169], exploring GBM / normal 

tissue interactions. The potential impact of the microbiome, TME, vasculature, infiltrating 

parenchymal and peripheral immune cells on GBM treatment techniques can also be 

further investigated with more advanced 3D co-culture models [346]. In the future, 

advances in 3D cell culture will make it possible to generate whole 3D in vitro GB 

organoids, leading to personalized treatments for GBM [244, 276, 347]. 

 

  

 

Figure 25: TMZ induced cytotoxicity in U‐251 MG, U-87 MG and A-172 tumour spheres 

with 6 days post treatment incubation. A) Cytotoxicity analysis by using alamarBlue cell 

viability assay B) CellTiter-Glo® 3D cell viability assay. 
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3.3  Conclusion 

 

These findings demonstrated that the protocols were capable of developing 3D tumour 

spheres. Larger and healthier tumour spheres were grown in DMEM high glucose media 

with 10% FBS when compared to media without FBS when using the low attachment 

plate method. The optimum formation of GBM tumour spheroids (U-251 MG, U-87 MG, 

and A-172) and the highest spheroid cell health occurred within 96 h of incubation with 

an initial seeding density of 10,000 cells / ml. The optimum formation of epidermoid 

tumour spheroids (A431) and highest spheroid cell health occurred within 96 h of 

incubation with an initial seeding density of 10,000 cells / ml.  

Using the hanging drop plate method, the optimum, largest, and healthiest GBM (U-251 

MG, U-87 MG, and A-172) tumour spheroids were achieved after 96 h of incubation with 

an initial seeding density of 5,000 cells / well. The optimum, largest, and healthiest A431 

tumour spheroids were observed within 96 h of incubation with an initial seeding density 

of 10,000 cells / ml. When using the scaffold-based method, the optimal, largest, and 

healthiest U-251 MG, U-87 MG, A-172, and A431 tumour spheroids were formed after 

120 h of incubation with an initial seeding density of 5 x 106 cells / ml. Furthermore, our 

findings suggested that U-87 MG has the highest sensitivity to TMZ, whereas U-251 MG 

tumour spheres demonstrated the highest cell viability when treated with TMZ. The 

alamarBlue cell viability assay can effectively assess cell viability in tumour spheres 

generated using the anchorage independent methods, while the CellTiter-Glo® 3D cell 

viability assay can be used for both anchorage dependent and independent methods. 
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CHAPTER 4 – PLASMA INDUCED ROS 

DEPENDENT CYTOTOXICITY IN 

GLIOBLASTOMA 3D  

TUMOUR SPHERES 

 

Part of this chapter has been published in Plasma Process and Polymer journal. (See 

Appendix II – Peer-reviewed) 

 Wanigasekara, J., Barcia, C., Cullen, P. J., Tiwari, B., Curtin, J. F. Plasma 

induced reactive oxygen species-dependent cytotoxicity in glioblastoma 3D 

tumour spheres. Plasma Processes Polym. 2022; 19:e2100157. 

 https://doi.org/10.1002/ppap.202100157 

 Wanigasekara, J., Barcia, C., Cullen, P. J., Tiwari, B. and Curtin, J. F. Outside 

Front Cover: Plasma Process. Polym. 4/2022. Plasma Process Polym. 2022; 19: 

2270010. https://doi.org/10.1002/ppap.202270010 
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4 Plasma induced ROS dependent cytotoxicity in glioblastoma 3d tumour 

spheres 

 

4.1  Rationale  

 

GBM is the most common and aggressive adult malignant primary brain tumour and has 

low survival rate as extensively explained in the first chapter [348-350]. Better outcomes 

with the existing standard therapy hampered by poor prognosis, high invasiveness, high 

resistant to chemotherapy and the inability to traverse the BBB [350, 351]. Therefore we 

explore the suitability of novel CAP for efficacious in vivo GBM diagnosis, prognosis, 

and treatment [60]. The CAP device used throughout this research is a promising novel 

therapeutic method for cancer treatment; due to the fact that it operates at atmospheric 

pressure and near room temperature, while having low power requirements [352]. While 

our understanding of the biological and chemical effects of CAP on cancer cells is 

expanding, several gaps remain, for example, the effects of CAP on cells growing in a 3D 

lattice [97, 98, 257]. In the present study, for the first time we used in vitro 3D tumour 

spheroid models to better understand the effects of CAP using pin device on GBM (U-

251 MG) and epidermoid carcinoma (A431) cells [353]. 

This chapter focuses on determining the optimal configuration for a novel pin device and 

assessing its potential for inducing cytotoxicity in 3D tumour spheroids, as well as 

comparing its effect to 2D monolayer cells [225, 242]. Additionally, we investigate the 

impact of RONS on the cytotoxicity triggered by the device on tumour spheres. This study 

provides valuable insights into the cytotoxic effects of the pin-to-plate system, 

highlighting its potential for treating GBM and its feasibility for future combination 

strategies. 
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4.2  Results and discussion 

 

4.2.1 Pin-to-plate discharge presents cytotoxicity towards GBM cells in a time / 

dose-dependent manner 

The TME plays a key role in tumour progression, metastasis, angiogenesis, cytotoxicity 

resistance, and immune cell modulation [354, 355]. We employed a U-251 MG 3D cell 

culture model which enabled cell-cell and cell-ECM interactions in all three dimensions 

and mimicked diffusion-limited distribution of oxygen, nutrients, metabolites, and 

signalling molecules common in the microenvironment of in vivo tumours. Most of the 

research on the effects of CAP on cancer cells have been investigated by using 2D 

monolayer cell cultures [105, 356] and a growing number on animal models [118, 120]. 

There are also a few studies carried out using the pin to plate design [105, 336] however 

this is the first time that we are reporting the approach for induced cytotoxicity in 3D 

tumour spheroids. 

We have tested tumour spheres growth with different seeding densities and observed 

tumour sphere growth ranging from 100 to 650 µm in diameter. Our findings correlates 

with the tumour spheres sizes obtained by Singh et al., 2020 [343]. We used this diffusion 

limited 3D cell culture model to explore the diffusion of cytotoxic reactive species 

throughout the tumour sphere, rate of cell death, and effects of single and multiple CAP 

treatment on the cell-cell and cell-ECM interactions.  

The tumour sphere size and resistance to CAP treatment was enhanced when the tumour 

spheres were cultured in media containing serum, which is in agreement with others 

[357]. Previous studies from our research group demonstrated that the optimal discharge 

frequency using the pin to plate reactor was 1000 Hz, producing the highest overall RONS 

within the plasma. Correspondingly, the highest cytotoxic responses were also observed 
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for 1000 Hz [336]. We therefore used a resonant frequency of 55.51 kHz with discharge 

frequency 1000 Hz and duty cycle 73 µs for exploring the technology’s potential for 3D 

cell cultures. 

Firstly, the effects of plasma discharge on the GBM tumour spheres were studied under 

two different media compositions (DMEM high glucose with and without the presence 

of 10% FBS). Plasma treated tumour spheres were post incubated at 24, 48 and 96 h at 

37 0C. An IC50 of 386.3 s (375.9 ± 397.1 s), 460.7 s (449.4 ± 472.4 s), 769.3 s (742.5 ± 

797.0 s) were found for tumour spheres grown in a media with serum, CAP treated and 

post incubated at 24, 48 and 96 h respectively. An IC50 of 82 s (80.68 ± 83.33 s), 172.4 s 

(170.3 ± 174.6 s), 237.4 s (230.5 ± 244.5 s) were found for tumour spheres grown in 

media without serum, CAP treated and post incubated at 24, 48 and 96 h respectively 

(Figure 26A). Two-way ANOVA demonstrated that there is a significant difference in 

viability between the doses of CAP, different post treatment incubations and media used 

for tumour spheres growth (P<0.0001). A full description of tukey’s multiple 

comparisons test is provided in the Appendix I. According to these results, tumour spheres 

grown in high glucose DMEM with 10% FBS showed higher CAP resistance (Figure 

26A) and growth rate (Figure 18A), likely more similarly reflecting the in vivo conditions. 

Hence, we use media supplemented with 10% serum for all further tumour spheres to get 

better representation of the in vivo effects.  

Next, we compare the effects of the plasma discharge on U-251 MG human GBM and 

A431 human epidermoid carcinoma (2D and 3D cells) in DMEM high glucose with 10% 

FBS medium after 24 h incubation time. An IC50 of 386.3 s (375.9 ± 397.1 s) and 160.4 

s (157.0 ± 163.9 s) were found for U-251 MG 3D and 2D cells, respectively and an IC50 

of 125.5 s (123.2 ± 127.9 s) and 50.77 s (49.67 ± 51.90 s) were found for A431 3D and 

2D cells, respectively (Figure 26 B).  Two-way ANOVA shows that there is a significant 



 
 

152 
 

difference in U-251 MG and A431 (2D and 3D) cell viability between the doses of CAP 

and different cell lines (P < 0.0001). A full description of tukey’s multiple comparisons 

test can be seen in the Appendix I. When using a single CAP treatment, U-251 MG 3D 

tumour spheres displayed greater resistance to CAP compared with the 2D cell cultures 

with U-251 MG cells also showing a higher treatment resistance compared to the A431 

cell lines. 

Subsequently, we determine the cytotoxic effects of a single CAP treatment on GBM 

tumour spheres (in DMEM media with and without sodium pyruvate). An IC50 of 355.1 s 

(342.3 ± 368.5 s), 429.8 s (422.7 ± 437.1 s), 490.4 s (475.2 ± 506.1 s) were found for U-

251 MG tumour spheres single CAP treated and post incubated in media without pyruvate 

medium for 24, 48 and 96 h respectively (Figure 27A). An IC50 of 74.82 s (74.10 ± 75.54 

s), 88.05 s (87.45 ± 88.65 s) and 76.74 s (75.42 ± 78.09)  were found for multiple CAP 

treated and post incubated U-251 MG tumour spheres in media without pyruvate medium 

for 24, 48 and 96 h respectively (Figure 27A).  

An IC50 of 386.3 s (375.9 ± 397.1 s), 460.7 s (449.4 ± 472.4 s), 769.3 s (742.5 ± 797.0 s) 

were found for tumour spheres single CAP treated and post incubated in media with 

pyruvate for 24, 48 and 96 h respectively (Figure 27B). An IC50 of 75.01 s (74.05 ± 75.98 

s), 100.1 s (97.85 ± 102.5 s) and 76.24 s (74.25 ± 78.28 s)  were found for multiple CAP 

treated and post incubated U-251 MG tumour spheres in media with pyruvate for at 24, 

48 and 96 h respectively (Figure 27B). These data confirmed that the pyruvate free media 

resulted in greater effects. Depending on the cytotoxicity results (Figure 27), the single 

plasma discharge did not induce full cytotoxicity in the tumour spheres, even at the 

highest dose at 24 h incubation (320 s, cell viability = 49.16 – 58.94% in figure 27B).  

Since the single CAP treatment was not enough to induce higher cytotoxicity and halt 

tumour regrowth, we hypothesised that the use of multiple (3 consecutive daily) CAP 
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treatments would result in more favourable outcomes. The two-way ANOVA 

demonstrated that there is a significant difference in viability between each dose of 

multiple CAP, different post treatment incubations and media used for tumour spheres 

growth (P < 0.0001). A full description of the tukey’s multiple comparisons test can been 

seen in the Appendix I. The differences in IC50 values and significant difference between 

different media used (DMEM high glucose with and without pyruvate) shows a protective 

effect of sodium pyruvate. These experiments identified multiple CAP treatment as a 

most successful way to induce effective cytotoxicity in the target tumour spheres. 

To compare plasma effectivity towards different cell lines, single and multiple CAP 

treatments of both U-251 MG and A431 tumour spheres were carried out. For single CAP 

treatment, cell viability after 24 h was 54.33% (IC50 - 390.6 s) and 18.22% (IC50 -125.5 

s) for U-251 MG and A431 tumour spheres respectively with the highest dose (320 s) 

(Figure 26C). CAP treated tumour spheres incubated for a longer time period (96 h), led 

to cell viability increases in both cell lines. Cell viability with the highest dose was found 

to be 75.83% (IC50 – 777.3 s) and 35.46% (IC50 – 225.0 s) for U-251 MG and A 431 

tumour spheres respectively (Figure 26C).  

The kinetic response to CAP treatment over time was markedly different. For 2D cultures, 

significantly more cell death was evident 96 h after treatment compared with 24 h, with 

cytotoxicity found to be ROS-dependent [105]. Conversely, for both U-251 MG and 

A431 3D tumour spheres, the induced cytotoxicity after 24 h was proportional to the 

plasma dosage but were found to partially recover their RONS damage and regrow, 

similar to previous reports [121] and in contrast to cells grown in the 2D monolayer [105]. 

Our data also shows that the U-251 MG cell line is highly resistant to single dose plasma 

treatments and able to regrow quicker when compared to A431. These results have 
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important implications for future animal model and human trials where single CAP 

treatments may be insufficient to yield significant benefits.   

For the multiple CAP treatments and incubation at 24 h, cell viability with the highest 

dose was 8.22% (IC50 – 70.59) and 0.76% (IC50 - 46.65) for U-251 MG and A431 tumour 

spheres respectively (Figure 26D). With a post treatment incubation of 96 h, cell viability 

was 12.82% (IC50 – 77.38) and 0.59% (IC50 – 51.44) for U-251 MG and A431 tumour 

spheres respectively (Figure 26D). According to the results it confirmed that U-251 MG 

human GBM tumour spheres were more resistant to plasma treatment when compared to 

the A431 human epidermoid carcinoma. However, multiple CAP treatment significantly 

induced cytotoxicity in tumour spheres and it was able to fully / partially inverse tumour 

spheres regrowth ability in A431 / U-251 MG respectively. Multiple CAP doses 

successfully reduced U-251 MG tumour spheres regrowth rates. Two-way ANOVA 

demonstrated that there is a significant difference in the viability between single and 

multiple CAP doses, post treatment incubation period and cell line used for tumour 

spheres growth (P < 0.0001). A full description of the tukey’s multiple comparisons test 

is available in the Appendix I. Based on the analysis it is demonstrated that the pin to 

plate device could induce tumour sphere cytotoxicity in dose and time dependent manner. 
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Figure 26: U-251 MG CAP treatment. A) U-251 MG tumour spheres single CAP 

treatment and post treatment incubation at 24, 48 and 96 h [with serum media 

represented as a (+) and without serum media represented as (-)] B) U-251 MG and A431 

3D, 2D cell cytotoxicity comparison after CAP treatment and 24 h post treatment 

incubation C) Comparison of U-251 MG and A431 single CAP treatments with 24 h and 

96 h incubations. D) Comparison of U-251 MG and A431 multiple CAP treatment with 

24 h and 96 h incubation 
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Figure 27: U-251 MG CAP treatment with and without sodium pyruvate medium. A) U-

251 MG single and multiple (3 consecutive daily) CAP treatment (without pyruvate 

medium) and post treatment incubation at 24, 48 and 96 h. B) U-251 MG single and 

multiple CAP treatment (with pyruvate medium). 

 

4.2.2 Effect of CAP treatment on tumour sphere cell membrane damage 

PI was used to validate the pin-to-plate induced cell death and cytotoxicity in U-251 MG 

tumour spheres. PI is a membrane impermeable, fluorescent, nucleic acid intercalating 

agent, allowing identification of dead cells with compromised plasma membranes in a 

population in tumour spheres. PI uptake was measured 24 h post single (Figure 28A) and 

multiple (Figure 28B) CAP treatments. The PI uptake increased to almost 45% and 90% 

respectively following single and multiple CAP treatments for 320 s as shown in figure 

28C. This also proves that CAP treatment can damage the tumour sphere’s cell membrane 

and induce cytotoxicity. This validates the alamarBlue assay data. Two-way ANOVA 

demonstrated that there was a significant difference in PI uptake between control and the 
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50 s, 100 s, 160 s and 320 s doses (P < 0.0001), while no significant difference was found 

between the control and 20 s for both single and multiple CAP treatment. A full 

description of tukey’s multiple comparisons test can be seen in the Appendix I. 

The outer layer of the spheroid is exposed to the surrounding medium and mainly 

composed of viable, proliferating cells [358]. It is tempting to hypothesise that when 

tumour spheres are exposed to CAP, gas-phase reactive species are first trapped by the 

surrounding medium and then initiate chemical reactions on the outer layer of cells, this 

then leads to cell death in the outer layer of cells, resulting in weakened cell-cell 

interactions and the disassembly of the tumour sphere. It was reported that despite the 

ability of RONS to penetrate throughout the entire depth of 3D tumour spheroids, 

apoptosis was observed only on the outermost layer or surface [116]. However, this is not 

what occurs in our case.  

We used confocal microscopy alongside 3D reconstruction of stacked images to build 3 

dimensional maps of the treated tumour spheres. The distance of each dead cell to the 

nearest surface of the tumour sphere was calculated and colour coded (Figure 29). With 

this analysis, we demonstrated that cytotoxicity, measured by PI uptake, increased 

significantly after multiple treatments. Even after a single CAP treatment, we observed a 

uniform distribution of dead cells throughout the tumour sphere. These data underscore 

the capacity of ROS generated by CAP to diffuse at least 150 m from the surface of the 

tumour without limiting cytotoxicity, and that low doses of CAP (single treatments) cause 

a significant disruption of cell-cell and cell-ECM interactions throughout the tumour 

sphere. 
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Figure 28: PI uptake in pin-to-plate treated U-251 MG tumour spheres. PI uptake was measured by flow cytometry and used as an indicator of cell 

death. Cells were treated at 240 V, 1000 Hz and 73 μs for 0, 20, 50 100, 160 and 320 s. PI uptake was then measured in 24 h post treatment in (A) single 

CAP treatment (B) multiple CAP treatments (C) normalized PI uptake was then measured at 24 h post single and multiple treatments and represented 

as a bar chart. All the data points were statistically significant except Control and 20 s treatment times. (ns, not significant (p > 0.05); *p < 0.05; ****p 

< 0.0001).
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Figure 29: PI uptake in pin-to-plate treated U-251 MG tumour spheres. Fluorescence 

levels of control and 320 s CAP treated, PI stained U-251 MG tumour spheres observed 

by confocal microscopy detected by 3D software. Tumour sphere cell death identified in 

an each spot and distance to ROS border shown. Distance to the ROS border is colour 

coded according to the scale at the bottom 
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4.2.3 CAP induced morphological changes       

Changes in the tumour sphere morphology induced by CAP treatment was studied to get 

better understanding about their mechanism of cell death. Tumour sphere diameter was 

found to be significantly reduced after the third CAP treatment (320 s) for both U-251 

MG (Figure 30A) and A431 (Figure 30B) cell lines. Representative tumour sphere images 

showing the morphological changes induced by 320s CAP treatment for U-251 MG and 

A431 are shown in Figure 30C and 30D respectively. 

Multiple CAP treatments induced significant, cumulative cytotoxicity. This was 

manifested by spheroid shrinkage and markedly reduced tumour regrowth ability which 

was achieved with lower overall doses of CAP. It is therefore likely that multiple CAP 

treatments over a relatively short period of time would be necessary for clinical 

applications, setting constraints on approaches to deliver CAP directly to the tumour site. 

Interestingly, the response of U-251 MG and A431 tumour spheres to multiple CAP 

treatments was visibly different. Whereas U-251 MG tumour spheres (Figure 30A) had 

no appreciable morphological change after the first treatment, swelled significantly at the 

second treatment and broke apart after the third treatment, A431 tumour spheres (Figure 

30B) reduced in size after the first treatment and gradually broke apart on consecutive 

treatments. Overall, the outcome was essentially the same with enhanced cytotoxicity and 

inability to reform tumour spheres after multiple treatments, but the effects suggest that 

the cell-cell and cell-ECM interactions are different for each cell line.  

Finally, to validate the above changes after multiple CAP treatment, we calculated the 

number of cells in the tumour sphere (cells/ml) accompanied by 0, 160 and 320 s CAP 

treatments. The number of cells in a tumour sphere rapid declined during each CAP 

treatment with the lowest cell number observed after a 24 h post treatment incubation 

period. Subsequently, the number of cells increased slightly for the 160 s treatment with 
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the overall cell amount slowly decreasing with the 320 s treatment (Figure 30E). 

Interestingly, U 251 MG tumour sphere diameter increased during the second CAP 

treatment (Figure 30A) while reducing cell number (Figure 30E). It is possible that 

multiple CAP treatments can weaken cell-cell and cell-ECM interactions, and due to this, 

the volume of the densely arranged tumour sphere started to increase, resulting in an 

increased tumour sphere diameter. On the other hand, a higher number of cells were dead 

and detached from the tumour sphere core, which was observed as a reduction in cell 

number. Two-way ANOVA demonstrated that there was a significant difference in the 

number of cells during the 24 h to 96 h incubation period (P < 0.0001). A full description 

of the tukey’s multiple comparison test is available in the Appendix I. 
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Figure 30: U-251 MG and A431 tumour spheres size (diameter) and cell count analysis 

followed by CAP treatment A) U-251 MG B) A431 C) U-251 MG tumour spheres 

morphological changes with CAP treatment D) A431 tumour spheres morphological 

changes with CAP treatment [Converted all of the images in 4C and 4D to greyscale 

and applied a simple linear brightness adjustment (+40%)]. E) U-251 MG tumour 

spheres cell count change with multiple CAP treatment. 
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4.2.4 Quantification of nitrite and hydrogen peroxide on medium 

To gain a better understanding of the RONS present in the media following CAP 

treatments, the quantification of nitrite and hydrogen peroxide were performed. DMEM 

medium was exposure to multiple plasma discharges and incubated for 24 h post 

treatment. To quantify nitrite and hydrogen peroxide levels, Griess reagent and Amplex™ 

Red reagent were used, respectively. The results showed that the plasma discharge 

produced nitrite and hydrogen peroxide in a manner that depended on the dose of CAP 

tested. The highest concentration of nitrite observed was 338.1 µM, while the highest 

concentration of hydrogen peroxide was 454.6 µM during the 320 s CAP exposure, as 

shown in the Figure 31. When compared to previous results of CAP treatment using a 

DBD device, the culture medium in this study produced slightly lower amounts of nitrite 

and hydrogen peroxide by pin-to-plate device [359]. Two-way ANOVA demonstrated 

that there was a significant difference in nitrite and hydrogen peroxide levels between 

control and the 20 s, 50 s, 100 s, 160 s and 320 s doses (P < 0.0001). A full description of 

tukey’s multiple comparisons test can be seen in the Appendix I. 
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Figure 31: Measurement of H2O2 and NO2
– concentrations after 20, 50, 100, 160, and 

320 s CAP treatments using Amplex red hydrogen peroxide/peroxidase assay kit and 

Griess reagent kit. *p < 0.05; **p < 0.01; ****p < 0.0001 
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4.2.5 ROS production in U-251 MG tumour spheres                

We evaluated intracellular reactive oxygen species by using H2DCFDA, a cell-permeable 

probe. Analysis of the histograms show significantly increasing levels of intracellular 

oxidised H2DCFDA and ROS as a function of treatment time (Figure 32A). The mean 

fluorescence levels of 80 s, 160 s and 320 s CAP treated tumour spheres were increased 

by a factor of 1, 1.6, and 3 times, respectively, compared to the negative control (Figure 

32B).  

  

Figure 32: ROS production in U-251 MG tumour spheres. 3D cells were incubated with 

H2DCFDA and treated at three different doses of CAP (A) 3 h post treatment cells were 

collected and analysed using CytExpert software. (B) The mean of FITC channel was 

used to plot the values on columns and analysed using One Way ANOVA with tukey’s 

post-test (Appendix I). All the data points were statistically significant except H2DCFDA 

only and 80s treatment times. (ns, not significant (p > 0.05); *p < 0.05; ***p < 0.001; 

****p < 0.0001). 
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4.2.6 Pin-to-plate presents RONS dependent cytotoxicity 

Tumour sphere response observed in the presence and absence of sodium pyruvate from 

single and multiple CAP treatments may indicate the presence of ROS dependent 

cytotoxic effects. The ROS-induced cytotoxic effect of the pin to plate system was 

evaluated by using different treatment time points (0, 20, 50, 100, 160 and 320 s) with 

NAC employed as a ROS scavenger.  

The highest CAP treatment resistance was evident in the tumour spheres treated in the 

high glucose DMEM with pyruvate and NAC. The second highest cytotoxicity resistance 

was observed in the high glucose DMEM without pyruvate and with NAC. The highest 

cytotoxicity was shown in tumour spheres treated in high glucose DMEM without 

pyruvate or NAC and high glucose DMEM with pyruvate and without NAC respectively 

(Figure 33). This confirms that the cytotoxicity induced by the pin system is mainly 

dependent on RONS. NAC significantly protected the target tumour spheres from CAP 

induced cytotoxicity at each applied dose, post treatment incubation period, media 

compositions and single / multiple treatments (P < 0.0001), whereas sodium pyruvate did 

not significantly protect against cytotoxicity. A full description of Tukey’s multiple 

comparisons test and all the IC50 values and ranges are shown in the Table 7. 

Titration of NAC was performed to confirm the optimum working concentrations. Two-

way ANOVA demonstrated that there was no significant difference between 2 mM, 4 

mM and 8 mM of NAC, showing that increases or decreases in NAC concentration of 

around 2-8 mM does not change the protective effects (Figure 34).  
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Table 7: IC50 Values and ranges of, U-251 MG single and multiple CAP treatment with, 

without NAC in with and without pyruvate media. (S.CAP=Single CAP, M.CAP=Multiple 

CAP, +=with, - =without) 

CAP treatment - 

Incubation  

Media composition IC50  IC50 Range  Hillslope Figure  

S. CAP – 24 h  + NAC, + pyruvate  1053 s 841.2 - 1317 0.1047 32A 

 + NAC, - pyruvate  522.6 s 505.7 – 540.1  0.02177 32A 

 - NAC, + pyruvate  386.3 s 375.9 – 397.1 0.01614 32A 

 - NAC, - pyruvate  355.1 s 342.3 – 368.5  0.01674 32A 

S. CAP – 48 h  + NAC, + pyruvate  1594 s 1275 – 1993  0.05906 32B 

 + NAC, - pyruvate 596.9 s 581.5 – 612.7  0.01666 32B 

 - NAC, + pyruvate 460.7 s 449.4 – 472.4 0.01501 32B 

 - NAC, - pyruvate 429.8 s 422.7 – 437.1  0.01121 32B 

S. CAP – 96 h  + NAC, + pyruvate 3788 s 1839 - 7804 0.1194 32C 

 + NAC, - pyruvate 877.9 s 842.5 - 914.7  0.02204 32C 

 - NAC, + pyruvate 769.3 s 742.5 -797.0  0.01805 32C 

 - NAC, - pyruvate 490.4 s 475.2 - 506.1  0.03920 32C 

M. CAP – 24 h  + NAC, + pyruvate 584.2 s 537.2 – 635.4 0.06834 32D 

 + NAC, - pyruvate 473.2 s  447.2- 500.6 0.03074 32D 

 - NAC, + pyruvate 75.01 s 74.05 – 75.98 0.02804 32D 

 - NAC, - pyruvate 74.82 s 74.10 – 75.54 0.01480 32D 

M. CAP – 48 h  + NAC, + pyruvate 723.0 s 661.4 – 790.3 0.06742 32E 

 + NAC, - pyruvate 630.8 s  580.5- 685.5 0.05223 32E 

 - NAC, + pyruvate 100.1 s 97.85 – 102.5 0.03752 32E 

 - NAC, - pyruvate 88.05 s 87.45 – 88.65 0.01206 32E 

M. CAP - 96 h  + NAC, + pyruvate  695.6 s 627.1 – 771.7 0.05648 32F 

 + NAC, - pyruvate  423.0 s 401.2 – 446.0 0.04369 32F 

 - NAC, + pyruvate  76.24 s 74.25 – 78.28 0.03364 32F 

 - NAC, - pyruvate  76.74 s 75.42 – 78.09 0.02120 32F 
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Figure 33: U-251 MG single and multiple CAP treatment with and without NAC in with and without pyruvate media.  A) single CAP 24 h B) single 

CAP 48 h C) single CAP 96 h D) multiple CAP 24 h E) multiple CAP 48 h F) multiple CAP 96 h incubation. 
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Figure 34: Titration of NAC using 0.5 mM, to 8 mM of NAC. (ns, not significant (p > 

0.05); *p < 0.05; **p < 0.01, ****p < 0.0001). 

 

4.2.7 Catalase as a hydrogen peroxide scavenger 

PI uptake was measured 24 h after a single CAP treatment (160 s, 320 s) and compared 

to PI uptake with and without catalase (Figure 35A). Catalase reduced the PI uptake 

slightly from 31% to 23% after 160 s CAP treatment, while it significantly reduced 

cytotoxicity from 51% to 34% after 320 s CAP treatment (Figure 35B). There was no 

significant different between 160 s with and without catalase, while there was a 

significant difference between 320 s with and without catalase. According to this 

experiment catalase is able to slightly reverse the CAP induced cytotoxicity, proving that 
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hydrogen peroxide generated in pin to plate device contributes to the observed tumour 

sphere cytotoxicity.  

Plasma induced apoptosis in tumour sphere was previously shown to depend on H2O2, 

NO2
−, and NO3

− and it is demonstrated that these diffuse longer distances than short-lived 

species such as O2
−, OH•, and ONOOH/ONOO− [219, 356]. In our case, cell-permeable 

NAC is protective, yet catalase was unable to fully protect cells from CAP, indicating 

that reactive species other than hydrogen peroxide also play a role in the 3D tumour 

sphere model. Therefore, the response of U-251 MG tumour spheres to CAP is different 

to previous reports, and indeed to U-251 MG cells grown in 2D cultures where we found, 

using the same plasma system where CAP treatment induced predominantly H2O2-

dependent cytotoxicity [105]. Together, our data indicates a relative resistance of U-

251 MG tumour spheres to hydrogen peroxide during CAP-induced cell death. Cell death 

may instead be mediated by other ROS species we have previously measured in the 

plasma plume or media, including OH, N2 second positive system, N2
+ first negative 

system, nitrate and ozone [336]. Alternatively, direct generation of intracellular ROS may 

account for some of the cytotoxicity observed. 
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Figure 35: PI uptake in CAP treated U-251 MG tumour spheres in the presence and 

absence of catalase. PI uptake was measured by flow cytometry and used as an indicator 

of cell death. PI uptake was measured 24 h post treatment.   
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A) Histograms of negative control, 160 s CAP treated with and without catalase, 320 s 

CAP treated with and without catalase and positive control. B) Normalized PI uptake was 

then measured at 24 h post treatment, represented as a bar chart and analysed using One 

Way ANOVA with tukey’s post-test (Appendix I). (ns, not significant (p > 0.05); **p < 

0.01). 

 

 

4.3  Conclusion 

 

CAP treatment can effectively induce 3D GBM tumour sphere cell death in a time, dose, 

treatment frequency and ROS dependent manner. CAP is also able to reduce 3D GBM 

spheroid growth, cell proliferation and induce damage to the TME. CAP generated from 

the pin to plate device induces cytotoxicity throughout the tumour sphere, likely via long-

lived RONS (H2O2, NO2
-, and NO3

-) and also other reactive species, with multiple 

treatments augmenting this cytotoxic effect. Our results indicate the importance of CAP-

generated long and short-lived species for the growth inhibition and cell cytotoxicity of 

solid GBM tumours, as they are necessary to achieve a sustained reduction of 3D GBM 

spheroids in vitro. Furthermore, our results set important limitations on the likely 

approach needed when translating CAP into a clinical setting, with an approach that 

allows multiple treatments favourable over a single treatment. 
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CHAPTER 5 – ULTRASOUND 

MEDIATED DRUG DIFFUSION, 

UPTAKE, AND CYTOTOXICITY IN 

GLIOBLASTOMA 3D TUMOUR SPHERE 

MODEL 

 

 

A part of this chapter is submitted for publication in the Biomaterials journal. (See 

Appendix II – Non peer-reviewed) 

 Wanigasekara J, Mondala J, Cullen PJ, Tiwari B, Curtin JF. Ultrasound-

mediated drug diffusion, uptake, and cytotoxicity in glioblastoma 3D tumour 

sphere model.  
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5 Ultrasound mediated drug diffusion, uptake, and cytotoxicity in GBM 3D 

tumour sphere model and synergistic effects of US and CAP 

 

5.1  Rationale 

 

GBM is the most prevalent, aggressive, fatal, highly vascularized, and malignant primary 

brain tumour in adults and despite multimodal treatments, glioma recurrence and death 

rates are significant as discussed before in chapter I [40, 257, 360, 361]. Conventional 

chemotherapeutic drugs such as DOX and TMZ may be used to overcome the challenge 

of eradicating metastasized cancer [361, 362]. Researchers are interested in potential non-

invasive adjuvant treatments, including drug delivery technologies using as US, that 

might improve therapeutic efficacy [363], since these chemotherapeutics alone were 

insufficient to meet the end objective [40, 361, 362, 364]. In this study we aim to enhance 

the efficiency of GBM treatment by decreasing TMZ cytotoxicity resistance using US 

[361], and to use DOX as a reporter, to study further the sonoporation effects with a 

theranostic agent.  

US has promise as a cancer therapy since it is feasible to target specific anatomical 

locations with fewer side effects and higher efficacy [362, 365]. US capable of creating a 

transient pores in plasma membrane and through these pores, molecules may access the 

cytosol [87, 363]. Under optimal circumstances, cells survive this process, retaining a 

significant number of intracellular molecules and seeming to regain normal function 

within hours [363, 366]. In some situations, cellular damage is too severe, and cells die 

via necrosis or programmed death [366]. Researchers used the sonoporation capability of 

US in conjunction with several chemotherapeutics [180, 367], short hairpin RNA [180, 

368], antibodies [180, 369], genes [180], and viruses [180, 370] delivery. Due to 
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beneficial biological interactions (explained in chapter I), US has developed a rising 

interest in the subject of drug delivery in recent decades [28, 192, 362, 363, 366, 371-

373].  

3D tumour spheroids provides more accurate models to explore the association between 

TME, tumour reoccurrence, and drug resistance [257]. Hence, in the present study, we 

used 3D tumour spheroid models to better model and study the effects of US on human 

GBM and human epidermoid carcinoma. Typically, drug combination assessments using 

US for the treatment of GBM are performed in 2D cell cultures. In this work, for the first 

time, the therapeutic impact of the US 96-probe device and the synergistic potential of a 

specific drug combination on diffusion through a tumour, uptake by cells in a tumour 

sphere, and ultimately cytotoxicity comparisons in 3D GBM spheroids with 2D cultures 

were examined. 

 

5.2 Results and discussion 

 

5.2.1 US probe presents cytotoxicity towards GBM and epidermoid carcinoma 

cells in a time / dose-dependent manner.    

Tumour development, metastasis, angiogenesis, cytotoxicity resistance, and immune cell 

modulation are all influenced by the TME [106, 219, 257]. Cells in 3D cell culture have 

physiological cell-cell and cell–ECM component interactions that allow cells to grow in 

vitro in a TME resembling in vivo GBM conditions [106, 220, 257]. The low attachment 

plate method was used in this study for the in vitro generation of U-251 MG and A431 

tumour spheroids and we were able to create uniform tumour spheres that closely mimic 

the natural in vivo environment, shape, and cellular response [220, 268]. We used this 

diffusion‐limited 3D cell culture model to explore the diffusion of cytotoxic reactive 
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species and chemotherapeutics throughout the tumour sphere, rate of cell death, and 

effects of single and multiple US treatments on the cell – cell and cell – ECM interactions 

[106]. Most of the research on the effects of US on cancer cells have been investigated 

by using 2D monolayer cell cultures [87, 363] and a growing number of animal models 

[367, 369]. We believe that this is the first time that the US 96 probe approach has been 

reported for drug diffusion through a tumour sphere, uptake by cells in a tumour sphere, 

and ultimately induced cytotoxicity in 3D tumour spheroids compared to 2D monolayer 

cells.  

Firstly, in this research, we compared the effects of the US probe on U‐251 MG human 

GBM and A431 human epidermoid carcinoma (2D and 3D cells) in DMEM high glucose 

with 10% FBS medium after 24 h of incubation. An IC50 of 162.9 min (129.5 ± 205.0 

min), 115.2 min (90.19 ± 147.3 min) and 22.78 min (22.19 ± 23.39 min) were found for 

U‐251 MG 2D cells, while an IC50 of 26.48 min (25.35 ± 27.66 min), 21.80 min (20.95 ± 

22.69 min) and 12.04 min (11.82 ± 12.27 min) were found for U‐251 MG 3D tumour 

spheres during single, double and triple US treatments respectively (Figure 36A). 

During studies of A431 human epidermoid carcinoma, an IC50 of 46.0 min (42.46 ±49.83 

min), 38.05 min (35.07 ± 41.29 min), and 17.05 min (16.77 ± 17.33 min) were found for 

A431 2D cells while an IC50 of 17.14 min (16.87 ± 17.43 min), 11.40 min (11.20 ± 11.60 

min), and 9.239 min (9.018 ± 9.466 min) were found for A431 3D tumour spheres during 

single, double, and triple US treatments, respectively (Figure 36B). Two‐way ANOVA 

shows that there is a significant difference in U‐251 MG and A431 (2D and 3D) cell 

viability between the doses of US and different cell culture models (p <0.0001). A full 

description of tukey's multiple comparisons test can be seen in the Appendix I. 
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Figure 36: GBM cell line U‐251 MG and epidermoid carcinoma cell line A431 US probe 

treatment. A) Comparison of 2D and 3D U‐251 MG US treatments (single, double and 

triple) and post treatment incubation at 24 h  B) Comparison of 2D and 3D A431 cell 

cytotoxicity induced by US (single, double and triple) and post treatment incubation at 

24 h.  

U‐251 MG and A431 3D tumour spheres displayed lesser resistance to US therapies than 

2D cell cultures throughout single, double and triple treatments. This US treatment 

sensitivity in 3D tumour spheres might be influenced by the differences in cellular 

organization, additional dimension, polarity, and geometry of 3D spheroids [222, 257]. 

US treatments were also able to effectively induce 2D cell and 3D tumour sphere cell 

death in a dose and treatment frequency dependent manner in both U-251 MG and A431. 

However, U‐251 MG cells showed a higher treatment resistance compared to the A431 

cell lines. 

Subsequently, we determine the cytotoxic effects of a single and multiple US treatments 

on GBM tumour spheres with different incubation times. An IC50 of 75.22 min (58.16 ± 

97.29 min), and 26.41 min (25.55 ± 27.31 min) were found for U-251 MG tumour spheres 

during single and fivefold US treatments, respectively, with 8 h post treatment incubation 
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(Figure 37A). An IC50 of 24.87 min (24.35 ± 25.39 min), 9.18 min (9.08 ± 9.29 min), 

(Figure 37B) and 30.95 min (29.55 ± 32.42 min), 7.91 min (7.78 ± 8.04 min), (Figure 

37C) and 57.91 min (44.60 ± 75.20 min), 8.46 min (8.33 ± 8.60 min) (Figure 37D) were 

found for U-251 MG tumour spheres during single and fivefold US treatments with 24 h, 

48 h and 72 h post treatment incubations, respectively. Finally, an IC50 of 42.73 min 

(38.81 ± 47.05 min), 7.96 min (7.85 ± 8.08 min), (Figure 37E) and 15.48 min (15.10 ± 

15.87 min), 6.00 min (5.88 ± 6.12 min) (Figure 37F) were found for U-251 MG tumour 

spheres during single and five-fold US treatments with 96 h and 120 h post treatment 

incubations, respectively. A full description of the IC50 values and ranges during 1X, 2X, 

3X, 4X, and 5X US treatments are shown as a Table 8. A two‐way ANOVA demonstrated 

that there is a significant difference in viability between the doses of single and multiple 

US, and different post treatment incubations (p <0.0001). A full description of tukey's 

multiple comparison test is provided in the Appendix I. 

Depending on the cytotoxicity results (Figure 37), the single US exposure did not induce 

full cytotoxicity in the tumour spheres, even at the highest US dose (20 min) at the longest 

incubation (120 h), and the cell viability was 42.56 % according to Figure 37F. Since the 

single US treatment was not enough to induce higher cytotoxicity and halt tumour 

regrowth, we hypothesised that the use of multiple (up to five consecutive daily) US 

treatments would result in more favourable outcomes. The hypothesis proved according 

to the data, the lowest cytotoxicity observed during single US treatment with 8 h post 

treatment incubations, while highest cytotoxicity observed during five consecutive daily 

US treatments with 120 h post treatment incubations.  

This results confirmed that multiple US treatments significantly induced cytotoxicity in 

tumour spheres and it was able to fully / partially inverse tumour sphere regrowth ability 

in U‐251 MG, respectively. These results have important implications for future animal 
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model and human trials where single US treatments may be insufficient to yield 

significant benefits. According to Paškevičiūtė et al., 2020, US has no impact on the 

viability of MDA-MB-231 triple-negative breast cancer cells or A549 non-small cell lung 

cancer cells [363]. Consistent with these findings, we did not observe any significant 

cytotoxicity effect at the single US treatment up to 2 min of US exposure. Our results 

demonstrate that US alone is capable of inducing cytotoxicity when cells / tumour spheres 

are exposed to prolonged durations of US, and that multiple treatments augment these 

effects. US‐treated tumour spheres incubated for a longer time period (120 h) led to cell 

viability decrease and significantly more cell death compared with 8 h. When US 

exposure length and treatment frequency are increased, persistent pore formation in 

membranes, lysis, and ultimately cell death and tumour sphere damage result [87, 363].  

The kinetic response to the US treatment over time was markedly different when 

compared to the CAP treatment [106]. In our previous study, we used U-251 MG tumour 

spheres and CAP treated to evaluate the cytotoxicity response, where significantly more 

cell death was evident in short-term post treatment incubations compared with long-term 

incubations [106]. Ultimately, based on the analysis, it is demonstrated that the US 96-

probe device could induce tumour sphere cytotoxicity in a dose‐ and time‐dependent 

manner. 
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Table 8: IC50 Values and ranges of, U-251 MG single and multiple US treatment with 

different incubations. 

US post  treatment 

incubation  

Treatment 

frequency  

IC50 (min) IC50 Range (min) Hillslope Figure  

8 h  1X  75.22 58.16 to 97.29 0.1079 3A 

 2X  47.25 40.76 to 54.78 0.1173 3A 

 3X  33.55 30.93 to 36.39 0.05671 3A 

 4X  27.91 26.98 to 28.86 0.03511 3A 

 5X 26.41 25.55 to 27.31 0.07038 3A 

24 h  1X  24.87 24.35 to 25.39 0.02533 3B 

 2X  20.35 19.66 to 21.06 0.03761 3B 

 3X  11.91 11.77 to 12.05 0.01649 3B 

 4X  10.39 10.23 to 10.56 0.02537 3B 

 5X 9.186 9.080 to 9.294 0.01730 3B 

48 h 1X  30.95 29.55 to 32.42 0.02445 3C 

 2X  28.93 27.28 to 30.68 0.02901 3C 

 3X  16.36 15.98 to 16.74 0.01490 3C 

 4X  12.11 11.88 to 12.34 0.01912 3C 

 5X 7.907 7.776 to 8.041 0.02260 3C 

72 h  1X  57.91 44.60 to 75.20 0.09236 3D 

 2X  39.33 36.27 to 42.65 0.02985 3D 

 3X  26.21 24.95 to 27.53 0.02611 3D 

 4X  17.15 16.70 to 17.62 0.02527 3D 

 5X 8.468 8.333 to 8.605 0.02142 3D 

96 h  1X  42.73 38.81 to 47.05 0.05389 3E 

 2X  39.30 35.70 to 43.27 0.04173 3E 

 3X  17.54 17.03 to 18.07 0.01626 3E 

 4X  12.52 12.27 to 12.77 0.02337 3E 

 5X 7.969 7.853 to 8.086 0.02794 3E 

120 h  1X  15.48 15.10 to 15.87 0.02266 3F 

 2X  16.90 16.46 to 17.34 0.03330 3F 

 3X  10.12 9.873 to 10.37 0.03132 3F 

 4X  9.154 8.969 to 9.342 0.02958 3F 

 5X 6.002 5.883 to 6.124 0.03623 3F 
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Figure 37: U‐251 MG tumour sphere single and multiple US treatments with different incubations. (A) 8 h, (B) 24 h, (C) 48 h, (D) 72 h, (E) 96 h and 

(F) 120 h post treatment incubations. 
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Figure 38: PI uptake in ultrasound probe treated U‐251 MG tumour spheres. PI uptake was measured by flow 

cytometry and used as an indicator of cell death. Cells were treated for 1, 3, 5, 10, and 20 min. PI uptake was 

then measured 24 h post treatment in (A) single US treatment, (B) double (2X) US treatments, (C) 5X US 

treatment, (positive control: PI uptake in 20% DMSO-treated U-251 MG tumour spheres can be seen in the 

figure) 
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Figure 38: PI uptake in ultrasound probe treated U‐251 MG tumour spheres. PI uptake 

was measured by flow cytometry and used as an indicator of cell death. Cells were treated 

for 1, 3, 5, 10, and 20 min. (D) normalized PI uptake was then measured at 24 h post 

single and multiple treatments and represented as a bar chart. The panel A-C are 

representative of 3 replicates. All the data points were statistically significant except 

control and 1 min treatment times. ns, not significant, *p ≤ 0.05; ****p ≤ 0.0001 

 

5.2.2 Effect of US treatment on tumour sphere cell membrane damage 

PI was used to validate the US 96-probe induced cell death and cytotoxicity in U‐251 MG 

tumour spheres. PI is a membrane‐impermeable, fluorescent, nucleic acid intercalating 

agent that allows identification of dead cells with compromised plasma membranes in a 

population of tumour spheres. PI uptake was measured 24 h post single (Figure 38A), 

double (Figure 38B), and five consecutive daily (Figure 38C) US treatments. The 
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percentage of cells permeable to PI increased to almost 40%, 45% and 80%, respectively, 

following single, double, and five multiple US treatments for 20 min, as shown in Figure 

38D. This also proves that US treatment can damage the tumour sphere's cell membrane 

and induce cytotoxicity. This validates the alamarBlue cell viability assay data. Two‐way 

ANOVA demonstrated that there was a significant difference in PI uptake between 5 and 

10 min US doses for double and five multiple US treatments (p < 0.0001), also a 

significant difference was found in the 20 min for both single and multiple US treatments 

(Figure 38D). A full description of tukey's multiple comparisons test can be seen in the 

Appendix I. Validating our findings, researchers discovered that US inhibited spheroid 

growth, metabolic activity, disrupted spheroid integrity, and increased DNA double 

strand breaks, leading to damage in human prostate cancer (PC-3) and GBM (U-87 MG) 

cell lines [374]. 

 

5.2.3 Tumour spheres morphological changes induced by US probe 

Changes in the tumour sphere morphology induced by US treatments were studied to get 

a better understanding of their mechanism of cell death. U‐251 MG tumour sphere 

diameter was found to be significantly reduced after the first US treatment for both 10, 

and 20 min treatment times (Figure 39B). Representative tumour sphere images showing 

the morphological changes induced by 20 min of US treatment for U‐251 MG as shown 

in Figure 39A. Multiple US treatments induced significant, cumulative cytotoxicity. This 

was manifested by spheroid rupture, shrinkage, and markedly reduced tumour regrowth 

ability, which was achieved with a longer overall US treatment time. It is therefore likely 

that multiple US treatments over a relatively longer period of time would be necessary 

for clinical applications. Interestingly, tumour spheres reduced in size after the second 

US treatment and gradually broke apart on consecutive treatments. The U‐251 MG 
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tumour spheres had no significant morphological change after the first US treatment and 

24 h of incubation (Figure 39A-II), when compared to tumour sphere before treatment 

(Figure 39A-I). Then tumour spheres swelled, ruptured significantly after the second 

(Figure 39A-III) and third (Figure 39A-IV) treatments, and disintegrated after the fourth 

(Figure 39A-V) and fifth (Figure 39A-VI) treatments. 

Overall, the outcome was identical, with enhanced cytotoxicity and an inability to reform 

tumour spheres after multiple US treatments. It is possible that multiple US treatments 

can weaken cell–cell and cell–ECM interactions, and due to this, the volume of the 

densely arranged tumour sphere started to decrease, resulting in a decreased tumour 

sphere diameter. A two way ANOVA demonstrated that there was a significant difference 

in the tumour sphere diameter during each US treatment time (p < 0.0001). A full 

description of tukey's multiple comparison test is available in the Appendix I. 
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Figure 39: U-251 MG tumour sphere morphology and size (diameter) variation analysis 

followed by US treatment. A) U-251 MG tumour sphere morphological changes with 20 

min US treatment (I-before US treatment, II – 24 h after 1st treatment, III – 24 h after 2nd 

treatment, IV – 24 h after 3rd treatment, V – 24 h after 4th treatment, VI – 24 h after 5th 

treatment) B) U‐251 MG tumour sphere size (diameter) followed by different US 

treatments. 

I 

IV 

II III 

V VI 
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5.2.4 Ultrasound presents RONS‐dependent cytotoxicity 

The ROS‐induced cytotoxic effect of the US 96-probe system was evaluated by using 

different treatment time points (0, 1, 3, 5, 10, and 20 min) with NAC employed as a ROS 

scavenger. The highest US treatment resistance was evident in the tumour spheres treated 

in the high glucose DMEM with NAC. While, the highest cytotoxicity was shown in 

tumour spheres treated in high glucose DMEM without NAC (Figure 40 A-F). This 

confirms that the cytotoxicity induced by the US 96 probe system is also dependent on 

RONS. NAC significantly protected the target tumour spheres from US‐induced 

cytotoxicity at each applied dose, post treatment incubation period, and single / multiple 

treatments (p < 0.0001). All the IC50 values and ranges are shown in the table 9. A full 

description of tukey's multiple comparisons test shown in the Appendix I. Titration of 

NAC was performed to confirm the optimum working concentrations. Two‐way ANOVA 

demonstrated that there was no significant difference between 2, 4, and 8 mM of NAC, 

showing that increases or decreases in NAC concentration of around 4–8 mM do not 

change the protective effects (Figure 40G).
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Figure 40: U-251MG single, double and triple US treatment with and without NAC. A) 

8 h B) 24 h C) 48 h D) 72 h E) 96 h F) 120 h post-treatment incubation G) titration of 

NAC. (ns, not significant (p > 0.05); *p < 0.05; ***p < 0.001; ****p < 0.0001). 

 

Table 9: IC50 values and ranges of, U-251 MG single and multiple US treatment with 

different incubations with and without NAC: 

US post  treatment 

incubation  

US treatment 

frequency and 

media composition 

IC50 

(min) 

IC50 Range (min) Hillslope Figure  

8 h  1X with NAC   639.8 153.2 to 2672 0.1396 5A 

 1X without NAC  75.22 58.16 to 97.29 0.1079 5A 

 2X with NAC 78.75 37.05 to 167.4 0.5073 5A 

 2X without NAC  47.25 40.76 to 54.78 0.1173 5A 

 3X with NAC 37.84 32.77 to 43.69 0.2353 5A 

 3X without NAC 33.55 30.93 to 36.39 0.05671 5A 

24 h  1X with NAC   32.33 31.29 to 33.40 0.04158 5B 

 1X without NAC  24.87 24.35 to 25.39 0.02533 5B 
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 2X with NAC 24.89 23.90 to 25.93 0.07036 5B 

 2X without NAC  20.35 19.66 to 21.06 0.03761 5B 

 3X with NAC 16.04 15.89 to 16.20 0.01765 5B 

 3X without NAC 11.91 11.77 to 12.05 0.01649 5B 

48 h 1X with NAC   35.40 33.64 to 37.24 0.04826 5C 

 1X without NAC  30.95 29.55 to 32.42 0.02445 5C 

 2X with NAC 35.56 33.03 to 38.28 0.05722 5C 

 2X without NAC  28.93 27.28 to 30.68 0.02901 5C 

 3X with NAC 24.30 23.33 to 25.30 0.02074 5C 

 3X without NAC 16.36 15.98 to 16.74 0.01490 5C 

72 h  1X with NAC   79.86 48.52 to 131.4 0.1952 5D 

 1X without NAC  57.91 44.60 to 75.20 0.09236 5D 

 2X with NAC 56.79 50.09 to 64.39 0.04775 5D 

 2X without NAC  39.33 36.27 to 42.65 0.02985 5D 

 3X with NAC 30.46 29.03 to 31.95 0.04703 5D 

 3X without NAC 26.21 24.95 to 27.53 0.02611 5D 

96 h  1X with NAC   56.89 48.52 to 66.72 0.07956 5E 

 1X without NAC  42.73 38.81 to 47.05 0.05389 5E 

 2X with NAC 46.66 41.02 to 53.08 0.07191 5E 

 2X without NAC  39.30 35.70 to 43.27 0.04173 5E 

 3X with NAC 25.61 24.67 to 26.59 0.02192 5E 

 3X without NAC 17.54 17.03 to 18.07 0.01626 5E 

120 h  1X with NAC   22.87 22.01 to 23.76 0.04092 5F 

 1X without NAC  15.48 15.10 to 15.87 0.02266 5F 

 2X with NAC 22.47 21.75 to 23.20 0.07362 5F 

 2X without NAC  16.90 16.46 to 17.34 0.03330 5F 

 3X with NAC 17.24 16.58 to 17.94 0.04320 5F 

 3X without NAC 10.12 9.873 to 10.37 0.03132 5F 
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5.2.5 Effect of US on TMZ delivery in human GBM and epidermoid carcinoma 

cell models 

  

  

 

Figure 41: TMZ cytotoxicity analysis with and without US (3 min) combination using U-

251 MG and A431 2D cells and 3D tumour spheroids. A) TMZ cytotoxicity in 3D cell 

cultures after 144 h incubation B) TMZ cytotoxicity in 2D cell cultures after 144 h 

incubation C) TMZ cytotoxicity in 3D cell cultures after 48 h incubation D) TMZ 

cytotoxicity in 2D cell cultures after 48 h incubation. 
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Initially, we explored the effects of the 3 min US exposure on TMZ delivery into U‐251 

MG human GBM and A431 human epidermoid carcinoma after 144 h of post-treatment 

incubation time. An IC50 of 133.0 µM (124.8 ± 141.8 µM) and 18.16 µM (17.34 ± 19.01 

µM) were found for U‐251 MG 3D spheroids during TMZ treatment without and with 

US, respectively (Figure 41A), while an IC50 of 70.63 µM (65.98 ± 75.60 µM) and 13.55 

µM (13.14 ± 13.98 µM) were found for A431 3D spheroids during TMZ treatment 

without and with 3 min US exposure respectively, after 144 h post treatment incubation 

(Figure 41A). 

After investigating the synergistic effect of US and TMZ on 3D tumour spheres, we then 

looked at its effect in U‐251 MG and A431 on 2D cells with 144 h post treatment 

incubations. An IC50 of 13.06 µM (10.85 ± 15.52 µM) and 10.27 µM (9.086 ± 11.66 µM) 

were found for U‐251 MG 2D cells during TMZ treatment without and with US, 

respectively (Figure 41B), while an IC50 of 10.55 µM (9.728 ± 11.45 µM) and 8.898 µM 

(8.121 ± 9.780 µM) were found for A431 2D cells during TMZ treatment without and 

with 3 min US exposure respectively (Figure 41B). 

Then we reduced the post treatment incubation time to 48 h to investigate the cytotoxic 

effects at shorter incubations (Figure 41C and 41D). An IC50 of 300.1 µM (272.1 ± 331.1 

µM) and 201.8 µM (185.4 ± 219.7 µM) were found for U‐251 MG 2D cells during TMZ 

treatment without and with US, respectively (Figure 41D), while an IC50 of 180.9 µM 

(172.8 ± 189.3 µM) and 98.53 µM (93.59 ± 103.7 µM) were found for A431 2D cells 

during TMZ treatment without and with US, respectively (Figure 41D). Interestingly, an 

IC50 of 707.6 µM (629.5 ± 795.3 µM) and 264.9 µM (256.7 ± 273.4 µM) were found for 

U‐251 MG 3D spheroids during TMZ treatment without and with US, respectively 

(Figure 41C), while an IC50 of 288.7 µM (274.4 ± 303.7 µM) and 195.2 µM (186.3 ± 
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204.5 µM) were found for A431 3D spheroids during TMZ treatment without and with 3 

min US exposure, respectively after 48 h post treatment incubation (Figure 41C). 

It is noteworthy that the sensitivity of TMZ was significantly enhanced after the US 

treatment in the U-251 MG and A431 on 3D tumour spheroids relative to 2D cells. When 

tumour spheroids were incubated with TMZ at the highest concentration (500 µM) for 48 

h after US treatment, cell viability decreased approximately from 59.58% to 14.31% in 

U-251 MG; and from 30.15% to 9.37% in A431 tumour spheres (Figure 41C). This 

pattern of TMZ cytotoxicity intensified after 144 h of incubation. At doses of TMZ greater 

than 15 µM, where a four-fold increase in cytotoxicity can be observed in tumour spheres, 

while only around one-fold increase in cytotoxicity can be observed in 2D cells. When 

tumour spheroids are incubated with TMZ 62 µM for 144 h after US treatment, cell 

viability decreases approximately from 79.11% to 9.21% in U-251 MG and from 55.25% 

to 2.35% in A431 tumour spheres (Figure 41A). 

 It was also found that there was an increase in TMZ cytotoxicity in longer post-treatment 

incubations compared to shorter incubations. This evidence demonstrates the ability of 

US to increase cytotoxicity with TMZ. The intracellular redox status and the decrease and 

activation of antioxidant related signalling molecules determine TMZ resistance. 

Combining TMZ with US seems to minimise this TMZ resistance and may provide a 

solution to TMZ cytotoxicity and resistance [40, 375]. This results also demonstrates the 

important of adopting 3D cell culture models in pre-clinical research to get accurate 

outcome from toxicological assessments. Overall, our findings suggest that the 

combination of US and TMZ is a promising approach to enhance the efficacy of GBM 

and epidermoid carcinoma chemotherapy. 
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5.2.6 Effect of US on DOX delivery in human GBM and epidermoid carcinoma 

cell models 

 

  

  

 

Figure 42: DOX cytotoxicity analysis with and without US (3 min) combination using U-

251 MG and A431 2D cells and 3D tumour spheres. A) DOX cytotoxicity in U-251 MG 

and A431 3D cells with 144 h incubation B) DOX cytotoxicity in 2D cells with 144 h 

incubation C) DOX cytotoxicity in U-251 MG and A431 3D cells with 48 h incubation D) 

DOX cytotoxicity in 2D cells with 48 h incubation. 
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To elucidate the mechanism further, the theranostic chemotherapeutic agent DOX is used 

to correlate cytotoxicity with uptake into tumour cells and distribution throughout the 

tumour sphere. We explore the effects of the 3 min US exposure on DOX delivery into 

U‐251 MG human GBM and A431 human epidermoid tumour spheres after 144 h of post-

treatment incubation time. An IC50 of 44.00 µM (41.80 ± 46.31 µM) and 4.835 µM (4.503 

± 5.190 µM) were found for U‐251 MG 3D spheroids during DOX treatment without and 

with US, respectively (Figure 42A), while an IC50 of 27.18 µM (26.10 ± 28.31 µM) and 

3.045 µM (2.874 ± 3.227 µM) were found for A431 3D spheroids during DOX treatment 

without and with 3 min US exposure, respectively, after 144 h post treatment incubation 

(Figure 42A).  

After investigating the synergistic effect of US and DOX on 3D tumour spheres, we then 

extended our study to compare the activity of U‐251 MG and A431 in 2D cells with 144 

h post treatment incubations. An IC50 of 5.072 µM (4.701 ± 5.472 µM) and 2.454 µM 

(1.965 ± 3.065 µM) were found for U‐251 MG 2D cells during DOX treatment without 

and with US, respectively (Figure 42B), while an IC50 of 3.884 µM (3.721 ± 4.055 µM) 

and 2.922 µM (2.786 ± 3.065 µM) were found for A431 2D cells during DOX treatment 

without and with 3 min US exposure, respectively (Figure 42B). 

Then we reduced the post treatment incubation time to 48 h to investigate the cytotoxic 

effects at shorter incubations (Figure 42C and 42D). An IC50 of 36.02 µM (27.89 ± 45.30 

µM) and 25.33 µM (22.83 ± 27.96 µM) were found for U‐251 MG 2D cells during DOX 

treatment without US and with US, respectively (Figure 42D), while an IC50 of 25.73 µM 

(23.45 ± 28.31 µM) and 21.45 µM (20.06 ± 22.94 µM) were found for A431 2D cells 

during TMZ treatment without US and with US, respectively (Figure 42D). An IC50 of 

159.4 µM (145.0 ± 175.2 µM) and 37.13 µM (35.03 ± 39.35 µM) were found for U‐251 

MG 3D spheroids during DOX treatment without and with US, respectively (Figure 42C), 
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while an IC50 of 93.10 µM (86.89 ± 99.76 µM) and 24.08 µM (22.79 ± 25.45µM) were 

found for A431 3D spheroids during DOX treatment without and with 3 min US exposure, 

respectively, after 48 h post treatment incubation (Figure 42C).  

Increasing the incubation time is the most crucial way to differentiate between the 

effectiveness of DOX with and without US. In some studies, it was determined that US 

did not improve DOX (concentration 10 µM) cytotoxicity in monolayer cultured cancer 

cells and 3D tumour spheroid models with up to a 2 min US exposure and shorter post-

treatment incubations, such as 1 h and 2 h [363]. Similarly, in our work, we observed no 

significant cytotoxicity up to 10 µM DOX with or without US for U-251 MG and A431 

cells / tumour spheroids after 48 h of post-treatment incubation (Figures 42C and 42D). 

However, when the DOX concentration was increased above 10 µM, cytotoxicity was 

enhanced, and the US was able to augment DOX toxicity. We were able to induce 

cytotoxicity even at a lower DOX concentration, once we incubated cells / tumour 

spheroids for a longer period of time (144 h). When tumour spheroids are incubated with 

DOX 10 µM for 144 h after US treatment, cell viability approximately decreased from 

90 % to 20 % in U-251 MG and from 90% to 10% in A431 tumour spheres.   

According to our study, DOX cytotoxicity rises marginally when combined with US 

treatment in U-251 MG GBM and A431 epidermoid cancer in 2D cells, while showing 

considerably increased DOX sensitivity in 3D tumour spheroids. When combined with 

US, the IC50 in 3D GBM spheroids was reduced by more than four-fold; however, the 

reduction in 2D cells was a little bit above one-fold during 48 h of post-treatment 

incubation. This same pattern of DOX cytotoxicity was intensified over a 144 h of 

incubation. When combined with US, the IC50 in 3D GBM spheroids was reduced by 

more than nine-fold; however, the reduction in 2D cells was only two-fold.  
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This study also suggests that US may enhance the cytotoxicity of DOX. In U-251 MG 

and A431 3D tumour spheroids, the sensitivity of DOX was considerably increased after 

US therapy. When tumour spheroids are incubated with DOX at higher concentration 

(500 µM) for 48 h after US treatment, cell viability decreased approximately from 30.15% 

to 1.25% in U-251 MG, and from 13.51% to 2.39% in A431 tumour spheres. This same 

pattern of DOX cytotoxicity was observed over a 6 day incubation period. At doses of 

DOX greater than 125 µM, U-251 MG cytotoxicity increased by more than twentyfold; 

while A431 cytotoxicity increased by more than ten-fold, when exposed to US. When 

tumour spheroids are incubated with DOX 500 µM for 6 days after US treatment, cell 

viability approximately decreased from 30.15% to 1.25% in U-251 MG and from 13.51% 

to 1.13% in A431 tumour spheres.  

 

DOX is one of the most widely used chemotherapeutic drugs used to treat a wide variety 

of neoplasms in humans [376]. It is a sequence selective DNA intercalating agent that 

targets topoisomerase II, resulting in DNA damage and the production of ROS, which are 

principally responsible for its cytotoxic effects [377]. DOX as a drug is cell cycle non-

specific; however, a maximal impact has been recorded during the G0/G1 phase of the 

cell cycle, resulting in damage repair, cell cycle arrest, or apoptosis depending on the 

level of DNA damage [377, 378]. DOX has lower response rates, lower selectivity, and 

higher complication rates. Consequently, it is essential to optimise drug delivery to a 

specific cancer site while reducing the dosage for normal cells and tissues [377].  

Overall, our results indicate that the combination of US and DOX is a potential 

combination therapy for enhancing the efficacy, cytotoxicity of DOX in the treatment of 

GBM and epidermoid cancer spheroids and also demonstrate the significance of 3D cell 

culture models over 2D cells in drug delivery and discovery research.
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Figure 43: Ultrasound enhanced penetration of DOX.H fluorescence analysis using flow cytometry of U-251 MG and A431 tumour spheres. A) U-251 

MG B) A431 C) The normalized % of DOX positive cells was then measured at 48 h post treatment incubation and represented as a bar chart. All the 

data points were statistically significant except DOX with US 1 min and 3 min treatment times. D) The mean fluorescence index was measured at 48 h 

post treatment incubation, used to plot the values on columns to identify the amount of DOX getting into tumour sphere. All the data points were 

statistically significant except U-251 MG DOX with US 1 min and 3 min treatment times. ns, not significant, ****p ≤ 0.0001
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DOX.H is a naturally fluorescent anthracycline antibiotic that has been isolated from 

Streptomyces peucetius var. caesius. It is a hydroxylated derivative of daunorubicin, a 

water-soluble anticancer agent. To verify the US-induced sonoporation in U-251 MG 

tumour spheres, the intracellular fluorescence intensity of DOX.H was evaluated by flow 

cytometry. DOX uptake was measured with and without US after 48 h of incubation by 

using U-251 MG (Figure 43A) and A431 (Figure 43B) tumour spheres. Sonoporation is 

the development of pores in cell membranes produced by US [363]. According to 

estimates, the pore size may range from 1 nm to several micrometres [363]. Pore resealing 

occurs very fast and the duration ranges from a few to 180 s [363]. During this period, 

penetration of DOX into tumour spheres was observed. As seen in Figure 43A, the DOX 

uptake in U-251 MG tumour spheres rose to almost 96.26% and 97.88% following 1 min 

and 3 min US treatments, respectively, compared to DOX without US (34.03%).  While 

in Figure 43B, it can be seen that, DOX uptake in A431 tumour spheres increased to 

almost 98.37% and 99.69% following 1 min and 3 min US treatments, respectively, 

compared to DOX without US (68.60%). The percentage of tumour sphere cells, that 

encounter DOX is shown in Figure 43C and we observed DOX increase with US due to 

the drug's migration through the tumour sphere. Drug diffusion in 3D model is enhanced 

by US (as indicated by % uptake).  

 

Figure 43D depicts the average quantity of DOX entering the cells in a tumour sphere. 

The higher mean fluorescence index values with US treatments indicate that sonoporation 

has occurred in the cells. Ultimately, it demonstrates that the US is increasing both the 

percentage of cells encountering DOX and the amount of DOX going into each cell. This 

leads to improved cytotoxicity in the 3D culture model with US exposure, as we proved 

in the previous section (Figure 42). According to our findings, transient DOX 
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sonoporation augmented by ultrasonic therapy in 3D tumour spheres is a promising 

strategy for enhancing therapeutic efficacy and selective cytotoxicity in the future. 

 

5.2.7 Cold atmospheric plasma and ultrasound presents synergistic cytotoxicity 

towards GBM and epidermoid carcinoma  

 

In the initial stage of our research, we examined how combining CAP with various 

durations of US treatment (1, 3, 10, and 20 min) affected the U-251MG GBM 3D tumour 

spheres with 96 h of post treatment incubation period (Figure 44). We found that the 

highest cytotoxic effect occurred when 20 min of US treatment was combined with a 20 

s CAP treatment (Figure 44A). This resulted in a reduction of cell viability to 62.75% and 

19.14% during single and multiple treatments, respectively. We then increased the CAP 

treatment time to 100 s, while keeping the US treatment dose constant. This led to an 

increase in cytotoxicity, resulting in a decrease in cell viability to 54.86% and 11.57% 

when combined with 20 min of US treatment (Figure 44B). Further increasing the CAP 

treatment time to 160 s resulted in a reduction in cell viability to 42.28% and 4.56% 

during single and multiple treatments, respectively (Figure 44C). Finally, we studied the 

effects of combining 320 s of CAP treatment with different durations of US treatment and 

found that the highest reduction in cell viability was 21.6% and 2.9% during single and 

multiple treatments, respectively, when combined with 20 min of US treatment (Figure 

44D).  

Ultimately, the effectiveness of combining CAP and US appears to improve as the 

duration of US / CAP treatment increases, with the most optimal and highest cytotoxic 

results observed with a 20 min of US combined with 320 s of CAP. Two‐way ANOVA 

shows that there was a significant difference in U‐251 MG cell viabilities between the 
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different combinations of US and CAP, and different treatments (single and multiple) (p 

<0.0001). A full description of tukey's multiple comparisons test can be seen in the 

Appendix I.
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Figure 44: Synergistic effect of CAP and US (1, 3, 10 and 20 min) treatments on U-251MG GBM 3D tumour spheres with 96 h of post treatment 

incubation. A) Combination of 20 s of CAP treatment with different US treatments, B) combination of 100 s of CAP treatment with different US treatments, 

C) Combination of 160 s of CAP treatment with different US treatments, D) combination of 320 s of CAP treatment with different US treatments. (ns, not 

significant, *p ≤ 0.05; ****p ≤ 0.0001).
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Once the synergistic effect of combining CAP and US on U-251 MG GBM tumour 

spheres was established, the objective was to investigate whether this effect would also 

be present in other cell lines. Therefore, A431 epidermoid carcinoma tumour spheres 

were exposed to varying durations of CAP treatment (20, 100, 160, and 320 s) and 

different durations of US treatment (1, 3, 10, and 20 min), followed by a 96 h incubation 

period (Figure 45). Similar to the U-251 MG GBM tumour spheres, the combination of 

20 min of US treatment with a 20 s CAP treatment showed the highest cytotoxic effect. 

This resulted in a reduction of cell viability to 57.56% and 13.64% during single and 

multiple treatments, respectively (Figure 45A). When the CAP treatment duration was 

increased to 100 s without changing the US doses, the cytotoxicity increased, leading to 

a decrease in cell viability to 44.53% and 5.54% when combined with 20 minutes of US 

treatment (Figure 45B). Further increasing the CAP treatment duration to 160 s resulted 

in a reduction in cell viability to 31.97% and 0.55% during single and multiple treatments, 

respectively (Figure 45C). Finally, when the combination of 320 s of CAP treatment with 

different durations of US treatment was examined, the highest reduction in cell viability 

was 14.51% and 1.75% during single and multiple treatments, respectively, when 

combined with 20 min of US treatment (Figure 45D).
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Figure 45: Synergistic effect of CAP and US (1, 3, 10 and 20 min) treatments on A431 epidermoid tumour spheres with 96 h of post treatment 

incubation. A) Combination of 20 s of CAP treatment with different US treatments, B) combination of 100 s of CAP treatment with different 

US treatments, C) combination of 160 s of CAP treatment with different US treatments, D) combination of 320 s of CAP treatment with 

different US treatments. (ns, not significant; ****p ≤ 0.0001)  
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Two‐way ANOVA shows that there was a significant difference in U‐251 MG cell 

viabilities between the different combinations of US and CAP, and different treatments 

(single and multiple) (p <0.0001) (Figure 45). A full description of tukey's multiple 

comparisons test can be seen in the Appendix I. 

The results presented in this study demonstrate the potential of combining CAP and US 

as a viable strategy for GBM therapy, with reproducible synergistic effects observed in 

the U251-MG GBM cell line. Moreover, the findings from the A431 studies indicate that 

the CAP / US treatment approach promotes higher cytotoxicity compared to either CAP 

(chapter 4) [60] or US (chapter 5)[28, 87] alone, regardless of the cell line used. We 

already established that the CAP induced cytotoxicity throughout the tumour sphere, 

potentially through the presence of long-lived RONS (H2O2, NO2
−, and NO3

−) and also 

other reactive species [60, 379]. This study is the first to report on the potential of 

combining US with CAP for cancer therapy using 3D cell culture models, and opens the 

door for future research to validate this synergistic effect in advance models and further 

explore this interactions. 

 

5.2.8 US and CAP promotes synergistic effect dependent of apoptosis, JNK, 

caspases and cysteines 

Given our existing understanding of how CAP and US work together and the contribution 

of RONS to their combined effect, the focus shifted to investigating mitochondrial health 

and the activation of specific pathways involved in programmed cell death. Initially, to 

understand the molecular mechanism underlying the death of GBM tumour spheres in 

response to the combined treatments of US and CAP, an experiment was conducted. U-

251 MG tumour spheres were subjected to various inhibitors, such as zVAD-fmk, which 
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inhibits caspases, SP600125, which inhibits JNK, and E-64, which inhibits cysteine 

proteases. 

ZVAD-fmk is a type of apoptosis inhibitor that can impede caspase-dependent cell death. 

This pan-caspase inhibitor has a wide range of effects and can permeate cells to bind to 

the catalytic site of caspases irreversibly [380, 381]. Furthermore, it can also induce 

necroptosis by inhibiting the activity of caspases 3, 7, and 8 [382]. SP600125 is a potent 

cell-permeable and reversible inhibitor, prevent the activation of JNK, which plays a role 

in both cancer cellular apoptosis and survival [383, 384]. Phosphorylation of JNK is 

inhibited in a dose-dependent manner, which typically leads to the down regulation of 

Beclin-1 and reduced autophagy [385]. E-64 is a type of cysteine protease inhibitor that 

is highly selective and potent, and it irreversibly binds to the active thiol group in many 

cysteine proteases such as papain, cathepsins B, H, D, and L, forming a thioether linkage 

[386, 387]. E-64 is preferred for in vivo studies because of its ability to specifically inhibit 

these enzymes, as well as its permeability in cells and tissues with low toxicity [388, 389]. 

The appropriate, non-toxic concentration of each inhibitor was obtained from most recent 

studies that had investigated the inhibitory effects of cell death in the U-251 MG cell line 

[85, 390-392]. The concentrations used in this study were 25 μM of zVAD-fmk, 12.5 μM 

of SP600125, and 15 μM of E-64. 

Initially, we investigated the impact of using inhibitors with single treatments of 320 s 

CAP and different durations of single US treatments (1, 3, 10, 20 min) on U-251 MG 

GBM tumour spheres with 96 h of post treatment incubation (Figure 46). We found that 

there was no significant difference in synergistic cytotoxicity between tumour spheres 

incubated with the E-64 / zVAD-fmk inhibitor and tumour spheres without an inhibitor 

(Figure 46A). Nevertheless, we observed significant differences in cytotoxicity between 

the tumour spheres that were incubated with SP600125 and the tumour spheres without 
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an inhibitor, but only when the CAP was combined with US treatment durations of 3 min 

or greater (Figure 46A). Finally, we were able to observe significant cytotoxicity 

protection when tumour spheres were incubated with NAC, during all the different 

combinational treatments. 

We subsequently expanded our investigation to determine the protective effect of these 

inhibitors in combination with multiple treatments of CAP and US. Remarkably, we 

observed significant cell viability increase during all the different CAP and US 

combinations, with all the various inhibitors (zVAD-fmk, SP600125, E-64, and NAC) 

when compared to negative control (Figure 46B). This results confirms that the 

cytotoxicity induced by the synergistic US and CAP is also dependent on RONS. 

Furthermore, the outcomes indicated that at single treatments of CAP and US, it had the 

potential to activate the JNK signalling pathway. However, during multiple treatments, it 

appeared to trigger multiple pathways of cell demise, including caspase-dependent, JNK-

dependent, and calpain-mediated cell death. The findings imply that the activation of 

caspase-dependent and JNK-dependent signalling pathways could have initiated 

apoptosis or programmed cell death [393, 394]. Additionally, calpain-mediated cell death 

or cytotoxicity may also contribute to this process by causing lysosome-associated 

membrane permeability, which leads to the release of cathepsin B and cathepsin D from 

lysosomes into the cytoplasm [395-397]. 
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Figure 46: Inhibitor studies of 320 s CAP and different US treated U-251 MG tumour 

spheres with 96 h of post treatment incubation. A) Single CAP and single US treatment 

B) multiple CAP and multiple US treatment. (ns, not significant (p > 0.05); *p < 0.05; 

**p < 0.01, ***p < 0.001; ****p < 0.0001). 

A 

B 
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5.2.9 Mitochondrial membrane depolarisation and cell proliferation assay 

U-251 MG tumour spheres were subjected to staining with JC-1 dye. The purpose was to 

determine the changes in the mean fluorescence ratio of JC-1 monomers and dimers in 

these tumour spheres, following treatment with different doses of CAP alone and in 

combination with US treatment. Figure 47 shows that a reduction in ΔΨm was seen after 

a post-treatment incubation of 96 h with 10.34%, 15.62%, 27.45%, and 36.05% loss 

observed during single 20 s (Figure 47A-II), 100 s (Figure 47A-III), 160 s (Figure 47A-

IV), and 320 s CAP treatments (Figure 47A-V), respectively. The highest loss in ΔΨm 

was observed with 320 s single CAP treatment, where it was 36.05%. Next, the effect of 

combining 320 s CAP treatment with 20 min of US exposure was investigated. During 

this treatment, a loss of 77.11% in ΔΨm was observed (Figure 47A-VI), and this effect 

slightly increased to 77.47% with multiple treatments (Figure 47A-VII). Additionally, 1 

mM H2O2 exposure was used as a positive control (Figure 47A-VIII).  

The results of the One-way ANOVA analysis demonstrated that there was a significant 

difference in viability among the various doses of single CAP treatments (except negative 

control and 20 s CAP treatment), US combinations, and treatment frequencies (single and 

multiple) (p <0.0001) (Figure 47B). A full description of the tukey's multiple comparison 

test can be found in the Appendix I. These findings support the previous alamarBlue and 

PI results and suggest that the depolarization of mitochondria is one of the characteristics 

of cell death induced by the synergistic effect of CAP and US.
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Figure 47: Mitochondrial membrane depolarisation in U-251 MG tumour spheres analysis by JC-1 dye and flow cytometry. A)  JC-1 uptake was then 

measured 96 h post treatment in (I) negative control, (II) single 20 s CAP, (III) single 100 s CAP, (IV) single 160 s CAP, (V) single 320 s CAP, (VI) 

single CAP 320 s and 20 min US, (VII) multiple CAP 320 s and 20 min US (VIII) positive control (1 mM H2O2 used as positive control). B) Percentage 

of cell viability was then measured at 96 h post treatment, represented as a bar chart and analyzed using one‐way ANOVA with tukey's post‐test. (ns, not 

significant (p > 0.05); *p < 0.05; **p < 0.01; ****p < 0.0001).
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The role of mitochondrial membrane potential (ΔΨm) is crucial in mitochondrial function 

and it serves as an early indicator of intrinsic apoptosis [398, 399]. Our findings 

demonstrate that the combined effect of CAP and US generates ROS, which can 

accumulate in cells and cause oxidative stress. This oxidative stress can lead to 

mitochondrial dysfunction. 

In order to verify the results of cell proliferation obtained using a haemocytometer, CFSE 

cell proliferation kit was utilized to track distinct generations of proliferating cells via 

flow cytometry. The CFSE dye was used to label live cells and monitor proliferation as 

the signal weakened due to cell division, resulting in different peaks on a flow cytometry 

histogram. To determine whether apoptosis was responsible for the cessation of cell 

proliferation, PI cell impermeable dye was also used to co-stain the cells. U-251 MG cells 

were stained with the CFSE staining solution and used to develop 3D tumour spheres. 

These tumour spheres were then treated with various single CAP and US combination 

doses, as well as a positive control (20% DMSO), and incubated for 96 h. Finally, the 

tumour spheres were co-stained with PI and analyzed using flow cytometry. 

According to the histograms, it was observed that an increase in the dosages of CAP and 

US led to a reduction in cell proliferation and an induction of apoptosis. The combination 

of 320 s of CAP and 3 min of US resulted in the highest amount of apoptotic cells and 

the highest inhibition of cell proliferation (Figure 48). Results obtained from this study 

show that the synergistic effect of US and CAP is capable of inhibiting the cell 

proliferation of U-251MG GBM tumour spheres. 
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Gating Strategy PI (live/dead) CFSE CFSE-Alive CFSE-Dead 

     

     

C B 

A 

A 

Figure 48: Histograms of CFSE proliferation of U-251 MG tumour spheres with CAP and US treatments. A) Cells without CFSE staining, B) 

negative control (cells with CFSE staining and without treatment). 
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Gating Strategy PI (live/dead) CFSE CFSE-Alive CFSE-Dead 

     

D 

C 

Figure 48: Histograms of CFSE proliferation of U-251 MG tumour spheres with CAP and US treatments. C) 100 s CAP treatment, followed 

by 3 min US treatment D) 160 s CAP treatment, followed by 3 min US treatment 



 
 

217 
 

     

     

E 
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Figure 48: Histograms of CFSE proliferation of U-251 MG tumour spheres with CAP and US treatments. E) 320 s CAP treatment, followed 

by 3 min US treatment F) positive control (PC; 20% DMSO). Shown are the gating strategy conducted; determination of live and dead cells 

using PI – P2 (live cells), P3 (dead cells); cell proliferation; cell proliferation population of live cells; cell proliferation of dead cells.  
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5.3 Conclusion 

 

US treatment can effectively induce 3D GBM and epidermoid carcinoma tumour sphere 

cell death in a time‐, dose‐, and treatment frequency dependent manner. US is also able 

to reduce 3D GBM spheroid growth and cell proliferation and induce damage to the TME. 

Furthermore, our results set important limitations on the likely approach needed, when 

translating US into a clinical setting, with an approach that allows multiple treatments 

favourable over a single treatment. Our findings illustrate the significance of US exposure 

time adjustment in order to achieve cytotoxicity and / or effective drug delivery. Less 

than three min of US exposure duration is optimal for transient sonoporation without 

damaging tumour spheres. When US exposure duration exceeds 3 min and / or treatment 

frequency is increased, enhanced cytotoxicity, persistent pore formation in membranes, 

lysis, subsequent leakage of cellular content, cell inactivation, or cell death occur in the 

tumour sphere.  

The combination of US and TMZ enhanced the efficiency of GBM and epidermoid 

carcinoma treatment by enhancing TMZ induced cytotoxicity in 3D tumour spheres 

compared to 2D cells.  

DOX, as a reporter, indicated that drug diffusion in 3D models and drug uptake into cells 

in tumour spheres are significantly enhanced by US. This leads to improved cytotoxicity 

in the 3D culture models with US, which is not evident in the 2D culture model, in which 

the cells are bathed in drug and the effects of sonoporation are muted. Ultimately, our 

study demonstrates the significance of employing 3D cell culture models for pre-clinical 

research, since 2D cell culture, followed by animal testing and clinical trials, has resulted 

in 95% of clinical trial failures due to inadequate prediction of human efficacy and 

toxicity. 
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The synergistic effect US and CAP promotes higher cytotoxicity dependent on RONS 

compared to either CAP or US alone in 3D cell culture models. This combination 

approach has the potential to be an effective strategy for treating GBM. Our results 

indicate that the single treatments of CAP and US activate the JNK signalling pathway, 

while multiple treatments can trigger multiple cell demise pathways, including caspase-

dependent, JNK - dependent, and calpain - mediated cell death. Additionally, our findings 

demonstrate that the synergistic effect of CAP and US generates ROS, which can cause 

oxidative stress and lead to mitochondrial dysfunction. Furthermore, this synergy is 

capable of inhibiting the cell proliferation of 3D tumour spheres. 
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CHAPTER 6 – SYNERGISTIC 

CYTOTOXICITY EFFECT OF 

ULTRASOUND AND PLASMA 

MICROBUBBLE IN GLIOBLASTOMA 3D 

TUMOUR SPHERE MODEL 

 

 

A part of this chapter is submitted for publication in the Plasma Processes and Polymers 

journal. (See Appendix II – Non peer-reviewed) 

 Wanigasekara J, Cullen PJ, Tiwari B, Curtin JF. Synergistic cytotoxicity effect 

of ultrasound and plasma microbubble in glioblastoma 3D tumour sphere.  
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6  Synergistic cytotoxicity effect of ultrasound and plasma microbubble in 

glioblastoma 3D tumour sphere model 

 

6.1 Rationale  

 

GBM is the most prevalent, malignant, primary brain tumour in adults as explained in 

chapter 1, [400, 401] and despite recent advancements in multimodal treatment, and 

supportive care, the prognosis remains poor, and long-term survival is uncommon [400, 

401]. There is a definite need for improved treatment options, and substantial efforts have 

been made to investigate US and MB approach [28]. Combinational therapy of MB [372] 

and US is capable of achieving efficient chemotherapy [402, 403], gene therapy [404], 

anti-vascular therapy [405], sonodynamic therapy [406], BBB disruption [360, 407], 

contrast imaging [406] and also enhance immune response [408]. However, in our 

research we used PMBs to study the cytotoxicity effect with the combination of US. 

During CAP production, several chemically diverse long- and short- lived RONS are 

generated as explained before [128, 338]. Gas phase plasma discharges through bubbles, 

also known as cold plasma activated MBs / PMB, are especially intriguing given the 

potential for bubbles to improve RONS delivery into liquid phase [128]. Utilizing PMB 

to transport RONS is seen as a viable strategy for enhancing the efficacy of GBM therapy. 

Researchers investigated the effectiveness of PMB in different applications such as 

degrading organic pollutants [409], biofilms [410], in‐situ decontamination of pathogens 

[338] and algal cell inactivation [128]. In our study, we used 3D tumour spheroids with 

cell – cell and cell – ECM component interactions, which enables cells to develop in vitro 

in a TME that closely reflects GBM in vivo conditions [257, 411]. Hence, in the present 

study, we employed in vitro 3D tumour spheroid models to investigate the combinational 

effects of US and PMB on U‐251 MG human GBM and A431 human epidermoid 
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carcinoma under different conditions. We believe that this is the first time that we are 

reporting the US combined PMB approach for induced cytotoxicity in 3D models. 

 

6.2  Results and discussion 

 

6.2.1 US-WB presents cytotoxicity towards GBM and epidermoid carcinoma 

Although extensive pre-clinical research has been conducted in the fields of plasma 

medicine [60, 113, 149] and US [87, 374] for GBM research, there are still unknowns 

regarding the efficacy of these combination therapies in 3D cell culture models. The 

majority of research published in the field of US uses models that do not address the TME 

[87]. This comes at the expense of developing treatments for a 2D model that may not be 

able to inhibit tumour cell proliferation due to its physiological and structural variations. 

To resolve this issue, US and PMB combinational treatments in 3D GBM tumour 

spheroids were investigated for the first time.  

A 3D culture model imitates the TME, cellular organisation, additional dimension, 

polarity, and geometry, which influence cellular functions such as proliferation, 

aggregation, differentiation, survival, morphology, gene / protein expression, 

communication, and responses to external stimuli [222, 257]. Due to this, 3D spheroids 

will provide a better understanding of complex biological / physiological behaviour, cell 

- cell interactions, tumour characteristics, drug discovery, metabolic profiling, and 

representation for toxicological testing, as well as improve the accuracy and safety of 

drug screening, thereby increasing the likelihood of discovering effective therapeutic 

methods [222, 257]. 
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Initially, in this research, we compared the effects of the US-WB alone on U‐251 MG 

human GBM and A431 human epidermoid carcinoma tumour spheres in DMEM high 

glucose with 10% FBS medium after 24 h and 96 h of incubations (Figure 49). In the 

study of the US-WB effect on U-251 MG and A431, with 24 h post treatment incubation, 

45 kHz US with 10 min of treatment showed the highest cytotoxic effect. The cell 

viability reductions of 82.5%, 69.9%, and 60.9% were found for U‐251 MG 3D tumour 

spheres during single, double, and triple 45 kHz 10 min US treatments, respectively 

(Figure 49A). Then we increased the post treatment incubation time to 96 h, and the cell 

viability reduction was 74.7%, 63.2%, and 52.2% found for U‐251 MG 3D tumour 

spheres during single, double, and triple 45 kHz 10 min US treatments, respectively 

(Figure 49B).  

During studies of A431 human epidermoid carcinoma, a cell viability reduction of 73.6%, 

71.6%, and 54.3% were found during single, double, and triple 45 kHz 10 min US 

treatments, respectively, with 24 h post treatment incubation (Figure 49C). While single, 

double, and triple 45 kHz US treatments of 10 min resulted in cell viability reductions of 

74.2%, 60.5%, and 48.5%, respectively, with 96 h post-treatment incubation (Figure 

49D).  A full description of the U-251 MG and A431 cell viability levels during 24 h and 

96 h post US treatment incubations are shown in the Table 10. Two‐way ANOVA shows 

that there was a significant difference in U‐251 MG and A431 cell viabilities between the 

different doses of US, different frequencies, and different post treatment incubations (p 

<0.0001). A full description of tukey's multiple comparisons test can be seen in the 

Appendix I. 

To begin, we investigated the effect of a single US exposure on tumour spheres and 

discovered that the single US exposure (1X) did not induce cytotoxicity in the tumour 

spheres (Figure 49A). Since the single US treatment was not enough to induce significant 
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cytotoxicity, we hypothesised that the use of double (two consecutive daily) and triple 

(three consecutive daily) US treatments would result in more favourable outcomes. The 

hypothesis was proved according to the data, the lowest cytotoxicity was observed during 

a single 25 kHz US treatment for 3 min with 24 h post treatment incubations in both cell 

lines, while the highest cytotoxicity was observed during three consecutive daily 45 kHz 

US treatments for 10 min with 96 h post treatment incubations in both cell lines. This 

finding confirmed that multiple US treatments significantly induced cytotoxicity in 

tumour spheres and were able to fully / partially inhibit tumour sphere regrowth ability in 

U‐251 MG, and A431, respectively. It was also proven that higher frequencies of US, 

longer exposure times, and longer post treatment incubations are favourable conditions 

in cancer treatment. When the duration and frequency of US exposure are increased, 

persistent pore formation in membranes, lysis, and ultimately cell death and tumour 

sphere damage occur [87, 363]. These results have important implications for future 

animal model and human trials where single US treatments may be insufficient to yield 

significant benefits.  

The direct effect caused by US is considerate to be tissue ablation. This is intensively 

studied through the use of high intensity focus US, through its thermal effects, which 

promotes coagulative necrosis and protein denaturation [412]. Mechanical mechanisms 

that result in subcellular fragmentation are also capable of causing tumour ablation. As 

necrosis and potential apoptosis are caused by ablation, it may be sufficient to overcome 

the resistance of cancer cells. Moreover, cavitation may leads to transient membrane 

damage. When the repair is effective, the cells may survive, undergo apoptosis and 

autophagy, or undergo necrosis; when the repair fails or permanent membrane damage 

occurs, the cells may undergo necrosis and lysis [173, 365, 412].
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Figure 49: U‐251 MG and A431 tumour sphere single and multiple US-WB treatments (US treatment time from 3 to 10 min and US frequency 

of 25 kHz and 45 KHz) with different incubations. A) U-251 MG single and multiple US treatments with a 24 h post treatment incubation. B) 

U-251 MG single and multiple US treatments with a 96 h post treatment incubation C) A431 single and multiple US treatments with a 24 h 

post treatment incubation D) A431 single and multiple US treatments with a 96 h post treatment incubation. (ns, not significant (p > 0.05); 

*p < 0.05; **p < 0.01, ***p < 0.001; ****p < 0.0001)
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6.2.2 PMB presents cytotoxicity towards GBM and epidermoid carcinoma 

Next, we compare the cytotoxic effects of the single PMB on U‐251 MG human GBM 

and A431 human epidermoid carcinoma tumour spheres in DMEM high glucose with 

10% FBS medium after 24 h and 96 h of post treatment incubation times. DMEM media 

was treated for a time range of 5−30 min to generate plasma activated MB. An IC50 of 

64.92 min (54.28 ± 77.66 min) and 57.44 min (51.32 ± 64.29 min) were found for U‐251 

MG tumour spheres during 24 h and 96 h post treatment incubations, respectively (Figure 

50A). An IC50 of 37.71 min (35.62 ± 39.94 min) and 27.33 min (26.30 ± 28.39 min) were 

found for A431 tumour spheres during 24 h and 96 h post treatment incubations, 

respectively (Figure 50A). 

Given the positive results obtained in previous study using multiple treatments (three 

individual treatments with a 24 h incubation gap between each treatment), we further 

investigated the cytotoxic effect of multiple PMB exposure on U‐251 MG and A431 

tumour spheres in DMEM high glucose with 10% FBS medium after 24 h and 96 h post 

treatment incubation times. An IC50 of 62.98 min (59.63 ± 66.52 min) and 45.27 min 

(43.09 ± 47.55 min) were found for U‐251 MG tumour spheres during 24 h and 96 h post 

treatment incubations, respectively (Figure 50B). An IC50 of 31.63 min (30.39 ± 32.91 

min) and 26.56 min (25.23 ± 27.96 min) were found for A431 tumour spheres during 24 

h and 96 h post treatment incubations, respectively (Figure 50B). A two-way ANOVA 

reveals a significant difference in U-251 MG and A431 cell viability between post-

treatment incubations and different single and multiple PMB doses (p <0.0001). A full 

description of tukey's multiple comparisons test can be seen in the Appendix I. Overall, 

U‐251 MG tumour spheroids showed higher treatment resistance compared to the A431 

tumour spheres. In both cell lines, PMB treated tumour spheres incubated for a longer 

time period (96 h) resulted in a decrease in cell viability. These experiments identified 



 
 

227 
 

multiple PMB treatments as the most successful way to induce effective cytotoxicity in 

the target tumour spheres. In our prior study using CAP, we found that 3D tumour spheres 

showing significantly more cell death were evident 24 h after treatment compared with 

96 h [60]. However, the kinetic response to PMB treatment over time was markedly 

different.  

Plasma - liquid interaction creates a unique physiochemical environment with highly 

reactive plasma generated species, allowing for several direct chemical reactions at the 

plasma - liquid interface as well as indirect cascade events in the solution [337]. 

According to the latest research, the solution's most stable and abundant ROS and RNS 

are H2O2, NO2
-, and NO3

-. Plasma phase interactions and cross reactions between RONS 

and liquid components are able to generate short-lived molecules such as ozone (O3), 

superoxide anion (O2●−), nitric oxide (●NO), and peroxynitrite anion (ONOO−) [413]. 

High speed image of a discharge forming PMB and plasma chemistry in the bubble can 

be seen in the Figure 51.
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Figure 50: U‐251 MG and A431 tumour sphere single and multiple PMB treatments with different incubations. A) U-251 MG and A431 tumour sphere 

cytotoxicity with single PMB treatment, with 24 h and 96 h post treatment incubations. B) U-251 MG and A431 tumour sphere cytotoxicity with multiple 

PMB treatment with 24 h and 96 h post treatment incubations.  
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Figure 51: High speed image of a discharge forming PMB and plasma chemistry in the 

bubble 

 

6.2.3 PMB and US presents synergistic cytotoxicity towards GBM and 

epidermoid carcinoma 

Further investigate the synergistic cytotoxic effects of US and PMB on U‐251 MG human 

GBM tumour spheres with 24 h and 96 h post treatment incubations. During the study of 

the single US and single PMB effects, the combination of PMB 30 min with 45 kHz US 

for 10 min of treatment showed the highest cytotoxic effect. The cell viability reductions 

of 49.4% (Figure 52A) and 40.3% (Figure 52B) were observed for 3D tumour spheres 

during the 24 h and 48 h post treatment incubations, respectively. Similarly, during the 

study of the multiple US and multiple PMB effects, the combination of PMB 30 min with 

45 kHz US for 10 min treatment showed the highest cytotoxic effect. The cell viability 

reductions of 7.2% (Figure 52C) and 2% (Figure 52D) were observed for 3D tumour 

spheres during 24 h and 48 h post treatment incubations, respectively. The two‐way 
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ANOVA demonstrated that there was a significant difference in viability between each 

dose of single / multiple US and PMB combinations, different post treatment incubations 

(p<0.0001). A full description of tukey's multiple comparisons test can be seen in the 

Appendix I. Based on the analysis, it is demonstrated that the synergistic effect of US and 

PMB could induce tumour sphere cytotoxicity in a dose‐ and time‐ dependent manner. 

These results have important implications for future animal and human trials where the 

combinations of single US and PMB treatments may be insufficient to yield significant 

benefits and need to focus more on multiple consecutive treatments.  

Using a GBM 3D cell culture model, researchers revealed that low intensity pulsed 

focused US decreased spheroid growth metabolic activity and enhanced DNA double-

strand breaks [374]. We were unable to elicit substantial cytotoxic effects, growth 

metabolic decreases, or DNA double strand breakage with the use of low intensity US 

alone, but we were able to do so using a multiple treatments and combination of PMB.  

 



 
 

231 
 

  

  

Figure 52: Synergistic effect of US and PMB treatment on U‐251 MG tumour sphere with different incubations. A) U-251 MG single US and 

PMB treatments with 24 h incubation B) U-251 MG single US and PMB treatment with 96 h incubation C) U-251 MG multiple US and PMB 

treatment with 24 h incubation D) U-251 MG multiple US and PMB treatment with 96 h incubation. (ns, not significant (p > 0.05); *p < 

0.05; **p < 0.01, ***p < 0.001; ****p < 0.0001). 

U251MG U251MG 

A431 A431 
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6.2.4 Effect of US and PMB treatment on tumour sphere cell membrane damage 

PI was used to validate the US and PMB induced cell death and cytotoxicity in U‐251 

MG tumour spheres. PI is a membrane impermeable, fluorescent, nucleic acid 

intercalating agent that allows identification of dead cells with compromised plasma 

membranes in a population of tumour spheres. PI uptake was measured 96 h post single 

(Figure 53A) and multiple (Figure 53B) US or / and PMB treatments. 

The PI uptake increased to almost 17% and 42%, respectively, following a single US 25 

kHz 10 min treatment combined with 30 min single plasma treated MB (Figure 53A). 

When a single US 45 kHz 10 min treatment was combined with a 30 min single plasma 

treated MB, PI uptake increased from 28% to 54% (Figure 53A). During multiple US and 

PMB treatments, the PI uptake increased to almost 24% and 87%, respectively, following 

multiple US 25 kHz 10 min treatments combined with a 30 min plasma treated MB 

(Figure 53B). While, PI uptake increased from 47% to 95%, when US 45 kHz 10 min 

treatment combined with 30 min plasma treated MB (Figure 53B). This also proves that 

a combination of US and PMB treatments can damage the tumour sphere's cell membrane 

and induce cytotoxicity. This validates the alamarBlue assay data.  

 

A two‐way ANOVA demonstrated that there was a significant difference in PI uptake 

between single and multiple US or / and PMB treatments (p < 0.0001), while no 

significant difference was found between the controls for both single and multiple 

treatments (Figure 53C). A full description of tukey's multiple comparisons test can be 

seen in the Appendix I. 

 

 



 
 

233 
 

 

      

 

      

A

 

B

 



 
 

234 
 

 

Figure 53: PI uptake in US and PMB treated U‐251 MG tumour spheres. PI uptake was 

measured by flow cytometry and used as an indicator of cell death. Tumour spheres were 

treated for 10 min with 25 kHz and 45 kHz US with and without PMB as shown above. 

PI uptake was then measured 96 h post treatment in (a) single US and PMB treatment, 

(b) multiple US and PMB treatments, (c) normalized PI uptake was then measured at 96 

h post single and multiple treatments and represented as a bar chart. All the data points 

were statistically significant except control. (ns, not significant, *p ≤ 0.05; **p < 0.01, 

****p ≤ 0.0001) 
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6.2.5 US and PMB induced morphological changes 

Changes in the tumour sphere morphology induced by US or / and PMB treatments were 

studied to get a better understanding of their mechanisms of cell death. Representative 

tumour sphere images showing the morphological changes induced by different US and / 

or PMB treatments for U‐251 MG as shown in Figure 54A. 

U‐251 MG tumour sphere diameter was found to be significantly increased after 10 min 

of both 25 kHz (Figure 54A-II) and 45 kHz (Figure 54A-III) US treatments. It is possible 

that US treatments can weaken cell – cell and cell – ECM interactions, and due to this, 

the volume of the densely arranged tumour sphere started to increase, resulting in an 

increased tumour sphere diameter. On the other hand, tumour sphere diameter was found 

to be significantly reduced after the PMB treatment (Figure 54A-IV) compared to the 

control (Figure 54A-I) and a higher number of cells detaching from the tumour sphere 

core can be observed during PMB treatment. 

The combination of US and PMB induced significant, cumulative cytotoxicity. This was 

manifested by spheroid rupture, shrinkage, and markedly reduced tumour regrowth 

ability, which was achieved with a 25 kHz single US and single PMB treatment (Figure 

54A-V), This outcome was enhanced with a 45 kHz single US and single PMB treatment 

(Figure 54A-VI). Tumour spheres broke apart during the combination of 25 kHz multiple 

US and multiple PMB, causing damage to TME (Figure 54A-VII), and this effect was 

amplified when multiple PMB were combined with 45 kHz multiple US (Figure 54A-

VIII). It is therefore likely that the combinational effect of multiple US and PMB 

treatments would be necessary to significantly induce cytotoxicity, induce spheroid 

shrinkage, reduce 3D GBM spheroid regrowth, reduce cell proliferation, and induce 

damage to the TME. Finally, to validate the above changes with each US and / or PMB 

treatment, we monitored tumour spheres after treatments by using an inverted phase-
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contrast microscope, and the sizes of the spheroids (diameters) were measured as 

explained above for at least three independent experiments. The tumour sphere diameter 

rapidly declined during combination treatment of single PMB and US compared to 

PMB or US treatments alone, while this difference increased with multiple treatments 

(Figure 54B). Two‐way ANOVA demonstrated that there was a significant difference 

in the tumour spheres sizes during the single and multiple treatments of 25 kHz US 

and PMB; 45 kHz US and PMB; and 30 min of PMB (p < 0.0001) (Figure 54B). A 

full description of Tukey's multiple comparison test is available in the Appendix I. 

Exposed to the surrounding media, the outer layer of the tumour spheroid is mostly 

composed of viable, proliferating cells [257]. With the assistance of PMB, a plasma-

liquid interaction produced reactive species [337]. As we hypothesize previously, 

these species dissolve in the medium, initiate chemical reactions on the outer layer of 

the tumour sphere, which ultimately led to cell death in the outer layer of cells, which 

in turn resulted in a reduction of the tumour sphere's diameter [60]. It is possible that 

longer US treatments can permanently open the membrane and also weaken cell – cell 

and cell – ECM interactions [87]. As a consequence of this, the volume of the densely 

arranged tumour sphere started to increase, which resulted in an increase of the tumour 

sphere's diameter. The synergistic effect of US and PMB, which proves previous findings 

[60], shows its ability to reduce cell – cell and cell – ECM interactions, damage cell 

membranes, and enhance the ability of RONS to penetrate throughout the entire depth of 

3D tumour spheroids with the aid of aquaporins [149], which in turn increases 

cytotoxicity and apoptosis. 
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Figure 54: U-251 MG tumour sphere morphology and size (diameter) variation analysis 

followed by US and PMB treatments. A) U-251 MG tumour sphere morphological 

changes with different US (10 min) / PMB (30 min of plasma exposure) treatments and 

24 h post treatment incubation (I- Control; II – 25 kHz single US treatment; III – 45 kHz 

single US treatment; IV – Single PMB treatment; V – 25 kHz single US and single PMB 

treatment; VI – 45 kHz single US and single PMB treatments; VII – 25 kHz multiple US 

and multiple PMB treatment; VIII – 45 kHz multiple US and multiple PMB treatments) 

(converted all of the panels [a] to grayscale and applied a simple linear brightness 

adjustment [+40%]).  B) U‐251 MG tumour sphere size (diameter) followed by different 

US and PMB treatments. (ns (p > 0.05); **p < 0.01, ***p < 0.001; ****p < 0.0001).



 
 

239 
 

6.2.6 ROS production in U-251 MG tumour spheres 

We evaluated intracellular reactive oxygen species by using H2DCFDA, a cell‐permeable 

probe. Analysis of the histograms shows significantly increasing levels of intracellular‐

oxidized H2DCFDA and ROS as a function of plasma treatment time in the MB (Figure 

55A). The mean fluorescence levels of 10, 20, and 30 min PMB treated tumour spheres 

were increased by a factor of 1.6, 3.1, and 6.8 times, respectively, compared to the 

negative control (Figure 55B). One‐way ANOVA demonstrated that there was a 

significant difference in the mean fluorescence levels during all the different PMB 

treatments (p < 0.0001); while there was no significant difference between the control 

and the PMB 10 min treatment (Figure 55B). A full description of Tukey's multiple 

comparison test is available in the Appendix I.
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Figure 55:  ROS production in U-251 MG tumour spheres. A) 3D cells were incubated 

with H2DCFDA and treated at three different doses of PMB, 3 h post treatment cells were 

collected and analyzed using CytExpert software. B) The mean of the FITC channel was 

used to plot the values on columns and analysed using one‐way ANOVA with tukey's post‐

test. All the data points were statistically significant except cells and PMB 10 min 

treatment times. ns, not significant (p > 0.05); ****p < 0.0001 
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6.2.7 PMB presents RONS ‐ dependent cytotoxicity 

Tumour sphere grow in a DMEM medium in the presence and absence of sodium 

pyruvate, which used to study the cytotoxic responses to multiple PMB treatments. The 

ROS induced cytotoxic effect of PMB was investigated using different treatment time 

points (1, 3, 5, 10, 15, 20, 25, and 30 min) with NAC employed as a ROS scavenger. An 

IC50 of 63.69 min (53.9 ±75.25 min), 89.46 min (71.53 ±111.9 min), 131.0 min (91.03 

±188.4min), and 170.8 min (111.0 ±262.9 min) were found for multiple PMB treated 

tumour spheres in a media without pyruvate without NAC, with pyruvate without NAC, 

without pyruvate with NAC, and with pyruvate with NAC, respectively, at 24 h post 

treatment incubation (Figure 56A). While, an IC50 of 44.45 min (40.21 ± 49.98 min), 

54.23 min (47.71 ± 63.12 min), 127.5 min (99.6 ± 172.4 min), and 206.0 min (137.7 ± 

350.4 min) were found for multiple PMB treated tumour spheres in a media without 

pyruvate without NAC, with pyruvate without NAC, without pyruvate with NAC, and 

with pyruvate with NAC, respectively, at 96 h post treatment incubation (Figure 56B). 

According to the data, the highest PMB treatment resistance was evident in tumour 

spheres treated in the high glucose DMEM with pyruvate and NAC. The second highest 

cytotoxicity resistance was observed in the high glucose DMEM without pyruvate and 

with NAC. The highest cytotoxicity was shown in tumour spheres treated in high glucose 

DMEM without pyruvate or NAC and high glucose DMEM with pyruvate and without 

NAC, respectively (Figures 56A and 56B).  

Then, using different US and PMB combinations in DMEM with / without pyruvate and 

with/without NAC, we assessed the ROS induced synergistic cytotoxic effect of the PMB 

and US.  We were able to observe a significant reduction in cytotoxicity in the U-251 MG 

tumour spheres treated with NAC in all the different combination treatments during the 

24 h (Figure 56C) and 96 h (Figure 56D) post treatment incubations. A two‐way ANOVA 
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demonstrated that there is a significant difference in viability between the different 

combinations, doses, and post treatment incubations (p <0.0001). A full description of 

tukey's multiple comparison test is provided in the Appendix I. 

This confirms that the cytotoxicity induced by PMB is mainly dependent on RONS. NAC 

significantly protected the target tumour spheres from PMB induced cytotoxicity at each 

applied doses, post-treatment incubation periods, media compositions, and different 

combinations of multiple treatments (p < 0.0001), whereas sodium pyruvate did not 

significantly protect against cytotoxicity. A full description of tukey's multiple 

comparison test and all the IC50 values and ranges are shown in the Appendix I. Titration 

of NAC was performed to confirm the optimum working concentrations. Two‐way 

ANOVA demonstrated that there was no significant difference between 2, 4, and 8 mM 

of NAC, showing that increases or decreases in NAC concentrations of around 2 – 8 mM 

do not change the protective effects (Figure in the Appendix I). 

In our case, cell‐permeable NAC is protective, and PMB induced cytotoxicity is ROS 

dependent. Our findings correlate with the previous studies [60, 113, 414], which also 

characterised plasma induced RONS in both the gas and liquid phases of the system [113, 

414]. 
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Figure 56: U-251 MG tumour sphere multiple US and PMB treatment with and without NAC and sodium pyruvate. A)  Multiple PMB treatment with 24 

h incubation B) multiple PMB treatment with 96 h incubation. 
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Figure 56: U-251 MG tumour sphere multiple US and PMB treatment with and without NAC and sodium pyruvate. C) synergistic cytotoxicity with 

different multiple US and PMB treatment with 24 h incubation D) synergistic cytotoxicity with different multiple US and PMB treatment with 96 h 

incubation. (ns, not significant (p > 0.05); *p < 0.05; **p < 0.01, ***p < 0.001; ****p < 0.0001).
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6.2.8 Catalase as hydrogen peroxide scavenger 

PI uptake was measured 24 h after a single PMB treatment (5, 10, 20, and 30 min plasma 

treated) and compared to PI uptake with and without catalase (Figure 57A). Catalase 

reduced the PI uptake to 5.9% from 16.3% with 5 min treated PMBs and to 10.3% from 

18% with 10 min treated PMBs. While it significantly reduced PI uptake to 18.8% from 

28.2% and to 27.1% from 37.7% with 20 min and 30 min treated PMBs, respectively 

(Figure 57A). There was no significant difference between 5 min treated PMBs with and 

without catalase, while there was a significant difference between all the other treatments 

with and without catalase. According to this experiment, catalase is able to slightly 

reverse the PMB‐ induced cytotoxicity, proving that hydrogen peroxide generated in the 

PMB generator contributes to the observed tumour sphere cytotoxicity. 

Hydroxyl radicals, which emerge from the interactions of liquid with energetic electrons 

or excited species, are crucial components of the plasma - liquid interface process and 

play crucial roles in the formation of secondary reactive species [337, 415]. It has been 

discovered that the combination of OH radicals is responsible for the majority of the 

formation of H2O2 in plasma–liquid interactions. This occurs primarily as a result of three 

different pathways: the transfer of gaseous H2O2 (g) from the combination of gaseous OH 

radicals, the recombination of dissolved OH radicals, and plasma - induced UV photolysis 

of water [337, 415]. Consistent with our findings, researchers also reported that H2O2 

plays an important partial role in GBM cytotoxicity induction by using 2D [113] and 3D 

[60, 149] cell culture models. Similar to what we discovered in our earlier research [60], 

we discovered that catalase was unable to provide complete protection to cells against 

PMB. This finding suggests that reactive species other than hydrogen peroxide also play 

a role in the tumour sphere’s cytotoxicity.  
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Similar to our results, it has been proven that, plasma induced cytotoxicity in tumour 

sphere is depend on long lived RONS such as H2O2, NO2
−, and NO3

−, and that these 

species diffuse more widely throughout the tumour sphere than short lived species, such 

as O2
−, OH•, and ONOOH/ONOO− [60, 113, 149]. 
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Figure 57: PI uptake in PMB treated U‐251 MG tumour spheres in the presence and 

absence of catalase. PI uptake was measured by flow cytometry and used as an indicator 

of cell death. PI uptake was measured 24 h post treatment. (a) Histograms of negative 

control, 5, 10, 20, and 30 min plasma treated MB with and without catalase, and positive 

control. (b) normalized PI uptake was then measured at 24 h post treatment, represented 

as a bar chart and analyzed using one‐way ANOVA with tukey's post‐test (Appendix I). 

ns, not significant (p > 0.05); *p ≤ 0.05; ****p ≤ 0.0001. 
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6.2.9 Mitochondrial membrane potential analysis 

Mitochondrial membrane potential (ΔΨm) is an important factor of mitochondrial 

function and can be an indicator of early intrinsic apoptosis. Mitochondria play an 

important role in ROS mediated cell death by both producing and augmenting cellular 

responses to reactive species [416]. The accumulation of ROS in cells can result in 

oxidative stress, which leads to mitochondrial dysfunction, and plasma is known to cause 

the loss of the mitochondrial membrane potential (Δψm). We therefore investigated 

whether PMB and US affected mitochondrial membrane depolarization. U-251 MG 

tumour spheres were stained with JC-1. To determine the changes in the JC-1 monomer 

/ dimer mean fluorescence ratio in U-251 MG tumour spheres, 30 min of PMB treated 

media alone and in combination with US treatment were evaluated.  

As shown in Figure 58, loss in ΔΨm was observed after 96 h of post treatment incubation 

with only 47% and 54% cell viability, during single PMB with 25 kHz of 10 min US and 

single PMB with 45 kHz of 10 min US respectively (Figure 58A). During multiple 

treatments, 89.8% and 94.5% loss in ΔΨm were observed, during multiple PMB with 25 

kHz of 10 min US and multiple PMB with 45 kHz of 10 min US respectively (Figure 

58B). The extent of membrane depolarization by multiple PMB with multiple 45 kHz of 

10 min US was almost similar to that observed when tumour spheres are exposed to 1 

mM H2O2 treatment as a positive control. Two‐way ANOVA demonstrated that there is 

a significant difference in viability between the different combinations, and treatment 

frequencies (single and multiple) (p <0.0001). A full description of tukey's multiple 

comparison test is provided in the Appendix I. The findings corroborate the alamarBlue 

and PI findings, indicating that depolarization of the mitochondria is one of the features 

of cell death caused by the synergistic effect of PMB and US.
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Figure 58: Mitochondrial membrane depolarisation in U-251 MG tumour spheres 

analysis by JC-1 dye and flow cytometry. JC-1 uptake was then measured 96 h post 

treatment in (A) single US and PMB treatment, (B) multiple US and PMB treatments and 

1 mM H2O2 used as positive control. C) percentage of cell viability was then measured at 

96 h post treatment, represented as a bar chart and analyzed using two‐way ANOVA with 

tukey's post‐test. ns, not significant (p > 0.05); ****p ≤ 0.0001. 
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6.3 Conclusion  

 

The present work highlighted the potential of PMB and US application for the treatment 

of GBM and epidermoid carcinoma spheroids. The combinational treatment of US and 

PMB can effectively induce 3D GBM and epidermoid tumour sphere cell death in a time‐

, dose‐, treatment frequency, and ROS‐ dependent manner. It was also demonstrated that 

the synergistic treatment elicited substantial cytotoxic effects, growth metabolic 

decreases, damage to the tumour sphere's cell membrane, and DNA double strand 

breakage. Synergistic effect of PMB and US were able to significantly reduce 3D GBM 

spheroid regrowth and cell proliferation, while induce cytotoxicity, spheroid shrinkage, 

and damage to the TME. PMB induces cytotoxicity throughout the tumour sphere, likely 

via long lived RONS (H2O2, NO2
−, and NO3

−) and also other reactive species, with 

multiple treatments augmenting this cytotoxic effect. Mitochondrial depolarization is one 

of the hallmarks of cell death caused by the synergistic treatment. In addition, our findings 

impose significant limits on the probable method required to translate US and PMB into 

a clinical context, with multiple treatments being favoured over a single treatment. 
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CHAPTER 7 - GENERAL DISCUSSION 
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7 General Discussion 

 

GBM, an adult-type diffuse grade 4 glioma (IDH wild type), is the most prevalent, 

aggressive, fatal, highly vascularized, malignant primary brain tumour in adults with a 

poor prognosis [417-419]. Despite existing therapies such as surgical resection, radiation 

therapy and chemotherapy like TMZ, patient survival remains largely unchanged over the 

last three decades [52, 420, 421]. The high failure rate of clinical trials, due to inefficient 

treatment methods and imperfect pre-clinical models that limit our ability to predict 

efficacy and toxicity in humans [257, 422]. GBM remains the most difficult to treat due 

to various factors such as its location in the brain tissue, the existence of the BBB, GBM 

stem cells, multidrug resistance, complex heterogeneity, and aggressive infiltrative 

growth [257, 423, 424]. Novel and effective therapeutic strategies are urgently needed 

that can overcome GBM resistance, cross the BBB and minimize off-target side effects 

on patient’s quality of life [257, 425]. In order to tackle the problem of inefficient 

treatment methods, we are exploring the potential of non - thermal techniques such as 

CAP and US for the treatment of GBM in this study [28, 60]. Additionally, to address the 

challenge posed by imperfect pre-clinical models, we have developed and employed 3D 

tumour spheroid models in our research [271]. 

In our study, we are exploring the potential of CAP as a novel therapeutic method for 

treating GBM [60]. CAP's ability to selectively target cancer cells compared to normal 

cells makes it a promising candidate for treating GBM [426]. One reason for this 

selectivity is that cancer cells are more sensitive to oxidative stress than normal cells 

[427]. Another factor is that cancer cells have a higher number of aquaporins in their 

membranes, which can transport higher amounts of charged particles, RONS (including 

hydroxyl, hydrogen peroxide, superoxide, hydroxyl radical, singlet oxygen, ozone, nitric 
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oxide, nitrogen dioxide, dinitrogen tetroxide, nitrogen trioxide, nitrous oxide, and 

peroxynitrite), excited atoms, electrons, free radicals, and other species produced by CAP 

into cancer cells compared to normal cells [60, 84, 428]. This increased concentration of 

RONS and oxidative stress ultimately leads to apoptosis, or programmed cell death [429, 

430]. US possesses the capability of penetrating deep into the body and delivering energy 

to a specific location [28, 431]. Additionally, it induces inertial cavitation, resulting in 

sonoporation, which disrupts the bilayer of the cell membrane and forms transient pores 

[28, 432, 433]. This cavitation effect has been investigated for its potential to temporarily 

open the BBB and to enhance the anti - tumour effects [193, 434]. This approach targets 

several hallmarks of cancer, overcoming resistance to cell death by inducing coagulative 

necrosis, apoptosis, and reducing tumour growth, proliferation, invasion, and metastasis 

[28, 435, 436]. Moreover, it inhibits tumour neovascularization, promotes thrombosis, 

and prevents metastasis while also enhancing immune responses [437, 438]. Initially, we 

investigated the cytotoxicity induced by CAP alone, and then examined the potential of 

US to enhance drug diffusion, uptake, and cytotoxicity. Based on the characteristics of 

these two therapeutic modalities, we hypothesized that combining CAP and US would 

offer a promising treatment approach for GBM. We then delved further into exploring the 

synergistic effects of CAP and US on inducing cytotoxicity and apoptosis. Subsequently, 

we utilized MB devices to create PMB in a liquid medium, which we reasoned would be 

more effective in penetrating tissue than direct CAP treatment, and studied the synergistic 

effects of PMB and US. In order to tackle the second challenge, of inaccurate pre-clinical 

therapeutic outcomes resulting from imperfect pre-clinical models, we have optimized 

and implemented the use of 3D tumour spheroid models in our research [271]. A major 

concern is the widespread usage of models that do not consider the TME, such as the 

widely used 2D cell culture model [222, 439]. These 2D model that are not be able to 
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control tumour cell growth in natural conditions due to physiological and structural 

differences [440, 441]. Therefore, 3D culture systems have been developed to provide a 

more accurate representation of treatment outcomes under 3D conditions, resembling the 

nutrient and oxygen gradients and architecture of solid tumours [257, 271]. These 3D 

culture systems promise more accurate therapeutic models of GBM - TME, which 

includes unique anatomical, cellular, and molecular features of human GBM [257, 442, 

443]. Ultimately, 3D cell culture can overcome the limitations of conventional 2D cell 

culture, and compared to animal testing, using 3D cell culture models for in vitro GBM 

treatment offers a broader selection of techniques, better measurements of outcomes, 

better control of variables, scalable testing, comparatively lower cost, avoidance of ethical 

issues, and a reductionist approach to accurately model a particular aspect of a disease 

[241, 444, 445].  

 

In the third chapter of my PhD, I optimized three distinct methods for constructing in 

vitro 3D GBM tumour spheroid models and 3D epidermoid carcinoma model using both 

anchorage - independent and anchorage - dependent approaches [271]. These methods 

included low attachment plates [270], hanging drop plates [273], and cellusponge natural 

scaffold - based methods [279]. The objective was to closely mimic the natural in vivo 

environment, shape, and cellular response [446]. The results of the study demonstrated 

that these protocols were capable of developing uniform 3D tumour spheres and could 

facilitate the presence of heterogeneous cellular subpopulations, such as actively 

proliferating, quiescent, hypoxic, and necrotic cells [257, 271]. Additionally, these 

methods were found to be suitable for use in any laboratory conditions without the need 

for expensive laboratory equipment [271]. Recently, several 3D bio-mimicking human 

GBM cell culture models have been established employing technologies distinct from 



 
 

258 
 

those we investigated, including synthetic scaffolds [447, 448], hydrogels [449, 450], 

microfluidic devices [451, 452], 3D bio printers [453, 454]. To date, no studies have 

compared the appropriateness of available viability methods such as alamarBlue and 

CellTiter-Glo® 3D, for evaluating 3D GBM cell culture models. Additionally, many 

researchers have utilized image analysis techniques to evaluate cytotoxicity instead of 

using cell viability assays [149, 455]. Previous studies have shown that alamarBlue cell 

viability assays require longer incubation times when used with 3D spheroids [456]. This 

is due to the limited diffusion of active dyes through the matrices and reduced 

bioavailability, which can lead to inaccurate representation of overall cytotoxicity [271, 

456, 457]. To address this issue, we converted tumour spheres into single cells prior to 

cell viability analysis, a technique similar to that used in flow cytometric analysis [222, 

458]. Ultimately, our study found that the alamarBlue cell viability assay, using the 

protocols we optimized, is effective for evaluating cell viability in tumour spheres 

generated through anchorage - independent methods [271]. Additionally, the CellTiter-

Glo® 3D cell viability assay can be used for both anchorage - dependent and -independent 

methods [459]. 

 

The fourth chapter aimed to address the gaps and unknowns in the efficacy of CAP 

treatments for 3D GBM spheroids [60]. While significant pre-clinical work has been 

conducted on 2D monolayer cell cultures [105, 336, 356] and an increasing number of 

animal models [118, 120, 460], the effectiveness of these treatments in 3D GBM 

spheroids remains uncertain [97, 98, 257]. Therefore, this study investigated the 

cytotoxicity induced by a pin-to-plate CAP device in 3D GBM tumour spheroids, 

representing the first attempt to fill this knowledge gap. Our decision to utilize the pin-

to-plate device in this study was based on its promising therapeutic outcomes in previous 
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2D GBM research [87, 113, 414] and its ability to operate at atmospheric pressure and 

near room temperature, with low power requirements [352, 414, 461, 462]. On the other 

hand, the array of pins and plate electrode in this device provide a stable and diffuse 

discharge over the surface, making it a suitable option [414, 461, 462]. Additionally, the 

discharge is known to diffuse to a larger area than just the pin tip [414, 461]. This results 

in a focusing effect, generating a more energetic and dense plasma with a higher number 

of streamer channels [414, 462]. The increased gas collision and excitation rates from 

these channels produce higher levels of reactive species [414]. As a result, there are more 

opportunities for interactions between the reactive species and the treated samples, 

leading to faster treatment processes and enhanced cytotoxic and apoptotic outcomes [60, 

113]. Our research group's prior studies indicated that the pin-to-plate reactor produced 

the greatest overall RONS and cytotoxicity in the plasma at a discharge frequency of 1000 

Hz [113, 336]. Therefore, to assess the CAP technology's potential for 3D cell cultures, 

we utilized a resonant frequency of 55.51 kHz, with a discharge frequency of 1000 Hz, 

voltage 240 V and a duty cycle of 73 µs [60]. To begin the CAP induce cytotoxicity 

studies, we compare the impact of the plasma discharge on 2D and 3D cell culture models 

of human GBM and epidermoid carcinoma. Our results showed that the 3D tumour 

spheres were more resistance to CAP compared to the 2D cell cultures [60]. 3D tumour 

spheres have a more complex and heterogeneous microenvironment that better mimics 

the in vivo TME [463, 464]. This complexity can result in regions of low oxygen and 

nutrient availability (hypoxic core), as well as enhanced intercellular interactions [257, 

445, 465], which can affect the effectiveness of CAP treatment. Also, due to the 

architecture and cell - cell, cell - ECM interactions in spheroids can affect the uptake, 

penetration, and distribution of the reactive species into the core of the spheroid, making 

it more resistant to the CAP treatments compared to 2D cells [60, 465, 466]. Furthermore, 
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the 3D TME can promote the formation and maintenance of CSCs through hypoxia, 

nutrient deprivation, and increased intercellular interactions [467-469]. Due to this, 3D 

tumour spheroids have a higher numbers of CSCs compared to 2D cells [444, 470]. These 

self-renewing and differentiating CSCs play a crucial role in tumour initiation, 

progression, and therapeutic resistance [444, 471, 472]. Moreover, the GBM cell line 

exhibited greater treatment resistance in comparison to the epidermoid carcinoma cell 

lines. These findings suggest that treatment of GBM is a greater challenge compared to 

epidermoid carcinomas [30, 60]. The impact of a single CAP treatment on GBM tumour 

spheres was assessed using alamarBlue cell viability assay, and the use of sodium 

pyruvate, a H2O2 scavenger revealed differences in cytotoxic effects, suggesting the 

involvement of reactive species and it’s activating of the Akt signalling pathway [473-

475]. The study established evidence for the role of RONS in the observed cytotoxicity 

and concluded that pin to plate was a suitable approach for further exploration [105]. The 

single plasma discharge did not result in significant cytotoxicity in the tumour spheres, 

necessitating the use of multiple CAP treatments to achieve significantly induced 

cytotoxicity throughout the tumour spheres [60]. Another study involving the use of CAP 

also showed that multiple treatments are more effective compared to single treatments 

[149]. The results showed that the pin-to-plate device could induce cytotoxicity in tumour 

spheres and damage the tumour sphere’s cell membrane in a dose- and time-dependent 

manner [60, 113]. There was a marked difference in the kinetic response to CAP treatment 

over time. Previous studies have shown that for 2D cultures, longer incubation times 

result in significantly more cell death compared to shorter incubation times [105]. In 

contrast, for 3D tumour spheres, the induced cytotoxicity after a shorter incubation time 

was higher and proportional to the plasma dosage but showed partial recovery from 

RONS damage and regrowth, similar to previous reports [121] and in contrast to cells 
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grown in the 2D monolayer [105]. We hypothesise that the ability of tumours to regrow 

during longer incubation might be due to the presence of a higher population of CSCs in 

tumour spheres [472, 476, 477]. However, after multiple treatments, we observed a 

weakening of both cell-cell and cell-ECM interactions, resulting in a higher number of 

dead cells detaching from the tumour sphere core [60]. This ultimately led to an inability 

to reform tumour spheres after multiple treatments. Our study highlights the significance 

of reactive species delivered by the CAP in reducing 3D GBM spheroids size similar to 

Maldonado et al., (2018) [149]. The results of our study shed light on the findings of Chen 

et al., (2017) [120] in nude mice, where CAP treatment was shown to reduce the size of 

GBM tumours in immuno-compromised mice [120]. It is possible that this reduction was 

achieved through a combination of the effects described in our work, such as damage to 

the TME, induction of cell death, and reduction of cell proliferation [60]. The spheroid's 

outer layer, which primarily consists of viable and proliferating cells, is in direct contact 

with the surrounding medium, gas - phase / liquid - phase reactive species from the CAP 

[149, 358, 478]. This exposure may increase the likelihood of initiating cell death only in 

the outer layer of spheroid [116, 149]. To determine whether the cytotoxic effects of the 

CAP are limited to the outer layer or extend throughout the spheroid, used confocal image 

analysis. Our findings demonstrate that the CAP is capable of diffusing RONS throughout 

the tumour sphere, rather than being limited solely to the surface [60, 479]. Additionally, 

we observed a uniform distribution of dead cells throughout the tumour sphere contradict 

Zhang et al., (2019)’s previous findings [116]. We measured intracellular levels of ROS 

and observed a significant increase as a function of treatment time. However, short-term 

exposure to CAP did not enhance intracellular levels of ROS [60]. Higher exposure time, 

on the other hand, indicated higher levels of ROS. Our extracellular analysis revealed that 

the CAP device produced RONS even during the shorter plasma exposures. The absence 
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of intracellular ROS levels for shorter exposure times suggests that intracellular 

antioxidants effectively reduce RONS levels when exposed to CAP [480, 481]. Therefore, 

short - lived reactive species that are not reduced by intracellular antioxidants may play a 

crucial role in the observed cytotoxic effects in GBM cells [482]. The researchers 

discovered that exposing cancer cells to direct CAP for a shorter duration is adequate to 

trigger their sensitivity to ROS and RNS in 2D cell culture [82, 84, 113]. However, in our 

study using 3D cell culture models, this was not observed. The analysis of ROS scavenger 

(NAC) and H2O2 scavenger (catalase) during the pin system's cytotoxicity assessment 

indicates that the cytotoxicity induced by the system primarily depends on RONS and its 

diffusion to the intracellular compartment aided by aquaporins [143, 483]. The results 

show that NAC effectively protected the target tumour spheres from CAP induced 

cytotoxicity, while catalase only slightly reverses the CAP induced cytotoxicity [60]. 

Ultimately, indicated that ROS plays a major role, while H2O2 plays a partial role in CAP 

induced cytotoxicity in tumour spheres [60]. This suggests that in the 3D tumour sphere 

model, reactive species apart from hydrogen peroxide also have a part to play, which 

differs from the 2D cultures [60]. In the 2D cultures, CAP treatment resulted mainly in 

cytotoxicity that depended on H2O2 [105]. It has been established that plasma induced 

apoptosis in tumour spheres is dependent on H2O2, NO2
−, and NO3

− and that these species 

diffuse longer distances than short-lived species such as O2
−, OH•, and ONOOH/ONOO− 

[60, 219, 356]. Clinical trial carried out for treating head and neck cancer and they found 

that CAP treatment not only reduced contamination of ulcerations caused by the cancer 

but also inhibited tumour growth and resulted in visible local destruction after two weeks 

of treatment [163]. The CAP treatments showed low side effects and brought benefits to 

patients in various aspects, such as providing an easy-to-handle treatment, alleviating 

cancer-related pain, promoting weight gain, and potentially prolonging survival [163]. In 
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another study, researchers have reported successful clinical applications of CAP to treat 

squamous cell carcinoma patients. Tumour reductions were reported by CAP treatment, 

along with increased tumour decontamination and reductions in tumour mass [164]. 

These applications demonstrates the potential future utility of CAP in clinical trials [123].  

 

In the fifth chapter, our study was then shifted to the investigating the impact of the US 

probe device's capabilities on enhancing cytotoxicity and improving GBM treatment 

efficiency by reducing TMZ cytotoxicity [361, 484]. Additionally, we sought to 

investigate the effects of sonoporation in conjunction with a theranostic agent. The 

research compared the effects of the US probe on human GBM and epidermoid carcinoma 

in both 2D and 3D cells. The US treatments were effective in inducing cell death in both 

2D and 3D cells in a dose and treatment frequency dependent manner. On the contrary to 

the observed response during CAP treatment, the study revealed that 3D tumour spheres 

were more susceptible to US therapies compared to 2D cell cultures [60]. This sensitivity 

in 3D tumour spheres may be due to differences in cellular organization, additional 

dimension, polarity, and geometry [222, 257, 485]. Based on the cytotoxicity outcomes, 

a single exposure to US did not result in increased cytotoxicity or halt tumour regrowth 

in tumour spheres, similar to the previous findings with CAP [60]. However, with 

multiple US treatments, we were able to achieve these outcomes. Our findings indicate 

that US alone can induce cytotoxicity and damage the tumour sphere's cell membrane, 

when cells or tumour spheres are exposed to prolonged durations of US, and multiple 

treatments can enhance these effects. US has the ability to create transient pores in the 

plasma membrane, enabling the entry of molecules into the cytosol, while cells can 

typically withstand this process [486, 487]. However, with prolong exposure, this could 

be attributed to the persistent formation of pores in the membranes, weaken cell – cell 
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and cell – ECM interactions, resulting in lysis and eventual death of cells and damage to 

the tumour sphere and cells die via necrosis or programmed death [87, 363]. Additionally, 

in confirmation of our results, researchers found that US hindered spheroid growth, 

metabolic activity, disrupted spheroid integrity, and increased DNA double - strand 

breaks, leading to apoptosis [374, 488]. The drug delivery studies performed using 

diffusion‐limited 3D cell culture model to investigate the induction of cytotoxicity and 

diffusion throughout the tumour sphere [271]. To the best of our knowledge, this is the 

first report on the use of the US 96 probe approach to examine drug diffusion through a 

tumour sphere, cellular uptake by cells within a tumour sphere, and a subsequent 

comparison of cytotoxicity between 3D spheroids and 2D monolayer cells.  

US was able to increase the cytotoxicity with TMZ / DOX and the sensitivity was 

significantly enhanced after the US treatment in the 3D tumour spheroids relative to 2D 

cells. This results also evident the advantage of using 3D cell culture models in pre-

clinical research to get accurate outcomes [257]. It was also found that there was an 

increase drug induce cytotoxicity in longer post-treatment incubations compared to 

shorter incubations. Combining TMZ / DOX with US seems to minimise this chemo-

resistance and may provide a promising approach by increasing cytotoxicity [40, 375]. 

This enhanced effectiveness and cytotoxicity may be the result of US enhancing TMZ / 

DOX delivery to tumour cells by increasing cell permeability, which in turn increases 

drug uptake [28, 489]. On the other hand, US can induce mechanical effects, alter the 

cellular structure of the tumour sphere, and induce thermal effects; this could increase the 

ability of DOX / TMZ to cause DNA damage and initiate cell death. Additional research 

was conducted to investigate the US assisted sonoporation of drugs via pores in cell 

membranes, the uptake into tumour cells, and the dispersion throughout the tumour sphere 

[363]. The results indicate that US increases both the percentage of cells encountering 
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DOX and the quantity of DOX entering each cell. As a result, exposure to US leads to 

enhanced cytotoxicity in the 3D tumour spheroid models.  

Following an exploration of CAP and US independently, further investigation was 

required to assess the synergistic cytotoxicity and apoptotic effects on 3D tumour 

spheroids. The objective was to determine whether the sonoporation that occurs when 

cells are exposed to an US field can augment the effects induced by CAP [60]. The 

outcome demonstrate the potential of combining CAP and US as a viable strategy for 

GBM therapy, with reproducible synergistic effects and also promotes higher cytotoxicity 

via RONS compared to CAP [60] or US [28, 87] alone, regardless of the cell line used. 

This study is the first to report on the potential of combining US with CAP for cancer 

therapy using 3D cell culture models, and opens the door for future research to validate 

this synergistic effect in advance models and further explore this interactions. The 

research focus has shifted towards mitochondrial health and the activation of specific 

pathways involved in programmed cell death, given our current understanding of how 

CAP and US work together and the contribution of RONS to their synergistic effect [399, 

490]. The preliminary inhibitor studies performed using caspase, calpain - cathepsin and 

JNK inhibitors to determine cell death mechanism(s) involved has revealed that the single 

treatments of CAP and US activate the JNK signalling pathway. However, with multiple 

treatments, multiple pathways for cell demise are triggered, including caspase - 

dependent, JNK - dependent, and calpain - mediated cell death. These findings suggest 

that a combination treatment may induce cell death, where the involvement of caspases, 

calpain-cathepsins, and stress kinase is dependent on the frequency of US and CAP 

exposure [393-397]. The results of our study indicate that inhibition of cell proliferation 

and mitochondrial dysfunction in 3D tumour spheres after combined treatments. This 

effect may be attributed due to the accumulation of ROS produced by CAP, which induces 
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oxidative stress in cells. Such oxidative stress can then cause mitochondrial dysfunction 

[398, 399]. ROS - mediated oxidative damage has been identified as a primary mechanism 

of apoptosis in cancer cells [491, 492]. The promotion of apoptosis in U-251 MG cells 

via ROS was also investigated and reported [493]. US appears to enhance the cellular 

interaction of CAP by promoting sonoporation, enabling cells to uptake higher levels of 

RONS. Moreover, US deliver local energy to facilitate chemical reactions [28, 494], 

which can amplify the impact of even small quantities of RONS produced by the pin-to-

plate device. Lastly, this synergistic effect can be particularly beneficial for treating 

GBM. Using direct pin to plate CAP device, we have demonstrated the capability to 

effectively inducing apoptosis in cancer cells, and have the advantage of being able to be 

used in vivo [123, 125]. Researchers are investigating the capabilities of PAM devices 

that generate plasma within a liquid medium, that can be administered to cancer cells 

[126, 127, 495, 496]. PAM device have been proven to be efficacious in stimulating 

apoptosis in cancer cells [126-128, 495, 496]. PAM devices have a limitation in terms of 

their ability to dissolve RONS in the liquid medium, which can potentially reduce their 

effectiveness in inducing apoptosis [495, 496].  

 

In the sixth chapter, to address this issue, we have decided to investigate the use of a 

PMBs as a means to enhance the solubility of RONS in liquid phase [128, 337] and to get 

the added benefit of better tissue penetration capabilities [497, 498]. The interaction 

between plasma and liquid generates a distinctive physiochemical environment 

characterized by reactive species generated by the plasma [99, 499]. This, in turn, enables 

various chemical reactions to take place directly at the interface between the plasma and 

liquid, as well as indirect cascade events within the solution [337, 497]. PMB - treated 
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liquids can penetrate targets that cannot be directly treated with direct plasma, and they 

are also a safer alternative as they do not require direct exposure to high voltages [500]. 

In this study, US device known as the US-WB system was employed to explore the effects 

of various US modes and frequencies on both cytotoxicity and sonoporation [87, 432, 

501]. Since the frequency of the US field can influence its impact, two different 

frequencies (25 kHz and 45 kHz) were tested to determine the optimal frequency [501]. 

Lower frequencies also increase the likelihood of cavitation [501, 502]. Additionally, a 

US sweep mode was employed to improve the uniformity of the US field by eliminating 

low performance zones, standing waves, and dead spots [503]. Similar to our previous 

findings with the US probe, the US-WB was also able to induce significant cytotoxicity 

and partially inhibit the regrowth ability of tumour spheres following multiple US 

treatments. We have demonstrated that higher frequencies of US, longer exposure times, 

and longer post - treatment incubations are favourable conditions for the cytotoxicity due 

to persistent pore formation in membranes, lysis, TME damage, and ultimately cell death 

and necrosis [87, 173, 363, 365, 412]. Subsequently, we researched the synergistic 

cytotoxic effects of US and PMB and we believe that we are reporting the first time of 

utilizing a combined US and PMB approach to induce cytotoxicity in 3D models. It has 

been discovered that the combined treatments of US and PMB can induce cytotoxicity 

and apoptosis in tumour spheres in a dose‐, time‐, and ROS‐ dependent manner. By 

utilizing a 3D cell culture model of GBM, scientists demonstrated that US decreased 

metabolic activity in spheroid growth while also increasing DNA double - strand breaks 

[374, 504]. The application of US alone failed to induce significant cytotoxic effects, 

cause damage to the cell membrane of the tumour sphere, or enhance DNA double strand 

breakage. However, through the utilization of multiple treatments and combining it with 

PMB, we were able to achieve these results. The combinational treatments, resulting in a 
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significant reduction in 3D GBM spheroid regrowth and cell proliferation, along with 

inducing cytotoxicity, spheroid shrinkage, and damage to the TME. Synergistic effect 

induce cytotoxicity across the entire tumour sphere, most likely by means of long - lasting 

RONS such as H2O2, NO2
−, and NO3

−, as well as short-lasting species, such as O2
−, OH•, 

and ONOOH/ONOO− [60, 113, 149]. Recent studies indicate that the most abundant and 

stable RONS are in the solution are H2O2, NO2
-, and NO3

- [60, 379, 505]. When plasma 

and liquid components interact, they create cross reactions that produce short - lived 

molecules like ozone, superoxide anion, nitric oxide, and peroxynitrite anion [413, 506].  

One of the key markers of cell death caused by this combined treatment is mitochondrial 

depolarization. Our hypothesis is that by combining PMB with US, we can enhance the 

effectiveness of RONS generated by the plasma - liquid interaction [337]. The RONS 

can dissolve through PMB and initiate chemical reactions on the outer layer of the tumour 

sphere, leading to cell death [60]. In addition, the US-WB can facilitate the uptake of 

ROS by promoting membrane opening, a process called sonoporation [433, 507]. By 

combining PMB with US, we can sonoporate the RONS into the core of the tumour 

sphere, which can induce cytotoxicity throughout the tumour sphere. This approach may 

be more effective than using direct plasma treatment alone, as PMB - treated liquids can 

penetrate targets with the assistance of US, which cannot be directly treated with direct 

plasma [60].  
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8 Conclusion and future work 

 

8.1  Conclusion  

 

To address the research question of inaccurate pre-clinical therapeutic outcomes resulting 

from imperfect pre-clinical models, my first objective was to construct and optimise 

different in vitro 3D GBM tumour spheroid models. I was able to complete this objective 

and integrated the usage of 3D tumour spheroid models throughout the research. Our 

research revealed that the optimized procedures enabled the growth of 3D tumour spheres. 

The optimum formation of GBM / epidermoid tumour spheroids and the highest spheroid 

cell health was observed after 96 h of incubation with an initial seeding density of 10,000 

cells / ml using the low attachment plate method. When compared to media without 

serum, larger and healthier tumour spheres were grown in serum containing media. The 

hanging drop plate method produced the most optimal, largest, and healthiest GBM 

tumour spheroids after 96 h of incubation at an initial seeding density of 5,000 cells per 

well. For epidermoid carcinoma, the optimum, largest, and healthiest tumour spheroids 

were achieved after 96 h of incubation with an initial seeding density of 10,000 cells per 

well. On the other hand, utilizing the scaffold-based method resulted in the formation of 

the optimal, largest, and healthiest GBM / epidermoid tumour spheroids after 120 h of 

incubation at an initial seeding density of 5 x 106 cells / ml. Additionally, our research 

results indicated that U-87 MG displayed the greatest susceptibility to TMZ, while U-251 

MG tumour spheres exhibited the highest cell viability after exposure to TMZ. Also, we 

discovered that alamarBlue cell viability assay is a suitable method for evaluating cell 

viability in tumour spheres generated through anchorage - independent techniques. 

Alternatively, the CellTiter-Glo® 3D cell viability assay can be used for both anchorage-

dependent and independent techniques. 
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Then I concentrated on the research question of developing novel and more effective 

GBM treatment methods. My second and third objectives were to biologically 

characterize a novel CAP, US and PMB devices, determining its optimum settings and 

effectively induce cytotoxicity in 3D GBM tumour spheres. We find out that the use of 

CAP (alone), US (alone), and the combination of US and CAP / PMB treatments can 

effectively induce 3D GBM and epidermoid tumour spheroid cell death, and this effect is 

dependent on factors such as time, dosage, treatment frequency, and the presence of ROS. 

Additionally, these single or synergistic treatments were also able to significantly reduce 

3D GBM spheroid regrowth cell proliferation, growth metabolic and while induce, 

cytotoxic effects, DNA double strand breaks, damage to the tumour sphere's cell 

membrane, spheroid shrinkage, and damage to the TME.  

We also find out that CAP (alone), PMB (alone) and in combination of US treatments 

were able to induce cytotoxicity throughout the tumour sphere, likely via long - lived 

RONS (H2O2, NO2
-, and NO3

-) and also other reactive species. Our findings suggest that 

these reactive species are crucial for inhibiting growth and inducing cytotoxicity in solid 

GBM tumours and are necessary to achieve sustained reduction of 3D GBM spheroids in 

vitro. In addition, our findings impose substantial limits on the anticipated methods 

required to translate CAP / PMB / US into a clinical context, with a strategy that favours 

multiple treatments over a single treatment.  

My fourth objective was to evaluate the synergistic effect of CAP and US cavitation on 

3D GBM models and to find out the apoptotic mechanism inducing cytotoxicity. The 

combination of US and CAP has a synergistic effect that leads to higher cytotoxicity in 

3D tumour sphere models compared to either CAP or US alone, and this effect is 

dependent RONS. Our findings suggest that this combined approach has the potential to 

be an effective strategy for treating GBM. Single treatments of CAP and US activate the 
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JNK signaling pathway, while multiple treatments can trigger multiple cell demise 

pathways, including caspase-dependent, JNK-dependent, and calpain-mediated cell 

death. Moreover, our results demonstrate that the synergistic effect of CAP and US 

generates ROS, leading to oxidative stress and mitochondrial dysfunction. Additionally, 

this synergy can effectively inhibit the proliferation of 3D tumour spheres. 

One of my objectives was to determine the optimum US probe device parameters for 

induction of cytotoxicity and US guided drug delivery to the 3D GBM models. Our study 

on drug delivery highlights the importance of adjusting the duration of US exposure to 

achieve effective drug delivery and cytotoxicity. We found that an exposure duration of 

less than three minutes is optimal for inducing transient sonoporation without causing 

damage to tumour spheres. However, when the duration of US exposure exceeds three 

minutes and / or the treatment frequency is increased, it results in enhanced cytotoxicity, 

persistent pore formation in cell membranes, lysis, leakage of cellular contents, cell 

inactivation, or cell death in the tumour sphere. Our study also demonstrated that 

combining US and TMZ enhances the cytotoxicity of GBM and epidermoid carcinoma 

in 3D tumour spheres compared to 2D cells. We used DOX as a reporter to show that US 

improves drug diffusion in 3D models and drug uptake into cells in tumour spheres, 

leading to enhanced cytotoxicity that is not observed in 2D culture models, where the 

cells are exposed to drug directly and the effects of sonoporation are minimal. These 

results emphasize the importance of using 3D cell culture models in preclinical research, 

as relying solely on 2D cell culture models followed by animal testing and clinical trials 

has resulted in a 95% failure rate due to inadequate prediction of human efficacy and 

toxicity.  
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8.2  Future work / new research questions 

 

This study has identified exciting potentials of using basic 3D cell models to successfully 

enhance the therapeutic effectivity during pre-clinical studies involving CAP, US and 

PMB. It also raises several new research questions. Based on my findings during PhD 

research, the future focus can be shifted towards developing advanced 3D cell models 

that can facilitate the discovery and development of treatments for brain cancer. 

 

8.2.1 First new research question 

Microbiome play an important role in the human immune system's induction, preparation, 

regulation, and function, while specific microbiota may also lead to immune suppression 

[328, 329, 508]. Gut microbiota generates metabolites such as short chain fatty acids, 

which inhibit pro-inflammatory cytokine release, promote regulatory T cell growth and 

IL10 secretion [328, 329, 509]. A portion of the circulating short chain fatty acids may 

potentially enter the CNS [329]. Furthermore, the integrity of the BBB is compromised 

during neuro-inflammation due to the actions of IL1, IL6, and TNFα [328, 329]. It has to 

be established if the microbiome - induced mediators or metabolites also affect the BBB 

disruption and elicit immune suppression in the brain [329, 510]. The brain, glands, gut, 

immune cells, and gastrointestinal microbiota are all part of the microbiota – gut – brain 

axis. Gut microbiota also influences brain function and behaviour through neuronal, 

endocrine, and immunological pathways [329, 330, 510]. Researchers revealed that the 

gut microbiome influences the anticancer immune response and reduces the effectiveness 

of chemotherapeutic cancer treatment [330, 511].  

The potential impact of the microbiome on brain tumour treatment techniques should be 

investigated with more advance 3D co-culture models with tumour-resident bacterial 
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strains and the first new research question will be to explore this research gap. This can 

be addressed by establishing standardize 3D microbiome model using 3D tumour spheres, 

semi permeable membranes, 3D bio printing, and CSCs. In this thesis, we have 

demonstrated the capability of developing in vitro 3D tumour spheroids and cancer stem 

cells using the low attachment plate, hanging drop plate, and cellusponge natural scaffold 

based methods and also confirmed the ability of all these methods to create uniform 

tumour spheres. A schematic of this 3D microbiome model, which can be developed in 

the future, has been indicated in Figure 59. Using my findings as a solid preliminary 

study, a semipermeable membrane will be able to develop to encapsulate a microbiome, 

allowing only metabolites to flow through the barrier into 3D cells. Further, these models 

will be able to be used to identify the potential impact of the microbiome on brain tumour 

treatment. 

 

  

Figure 59: A schematic of the proposed 3D microbiome model. 
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8.2.2 Second new research question 

BBB prevents several chemotherapeutic drugs from accumulating to effective 

concentrations in GBM and other brain tumours [512-514]. In this new research question, 

we will be able to develop 3D bio printed GBM and BBB models, focusing on the TME 

compositions of GBM and BBB, appropriate biomaterials to imitate the in-vivo tissue 

architecture, and bio - printing methodologies for model fabrication. This model will offer 

potential systems for more reliable mechanistic research, preclinical drug screens, 

excellent for therapeutic discovery and development [257]. This will be able to develop 

standardize vascular monolayer model (BBB model) using 3D tumour spheres, human 

hepatoma, 3D bio printing, 3D printers and cancer stem cells as show in Figure 60. These 

models will be able to use to, measure BBB permeability, study effect of BBB on drug 

diffusion in to GBM site and further will be able to study the application of US to enhance 

drug delivery through BBB using these models. 

 

8.2.3 Third new research question 

Cells in a 3D spheroids have varying microenvironment conditions due to the non-

homogeneous vascular supply as extensively explained in chapter 1 [233-235, 257]. The 

third new research question will be to develop a standard chemical gradient 3D 

multicellular spheroid model to further investigate proliferation rate, drug delivery rate, 

interstitial pressure, perfusion, access to O2, nutrients and acidity in different zones [220, 

225, 236, 257]. 
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8.2.4 Fourth new research question 

This research has discovered the promising potentials of CAP, US, and PMB for 

developing novel treatments for GBM [28, 60]. As mentioned earlier, GBM is known for 

its resistance to treatment, which is partly attributed to the presence of CSCs [515, 516]. 

Exploring CSCs in GBM can yield important insights on the underlying resistance 

mechanisms as well as potential strategies for overcoming them [515-517]. Therefore, 

studying CSCs in GBM is a crucial novel field of research that has the potential to 

enhance our comprehension of resistance mechanisms, improve the efficacy of novel 

treatments, and facilitate the selection of targeted combined therapies, such as CAP and 

US. However, additional investigation into the combined effects of CAP and US using 

more advanced 3D stem cell culture models is required to fully explore their potential 

synergy. 
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Figure 60: A schematic of the proposed standardize vascular monolayer model 
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9 Appendix  

 

 

9.1 Appendix I All the Data and statistical outcomes 

 

All relevant datasets and statistical outcomes that support the findings of this study are 

uploaded into OSF.io and can be accessed using the following DOI link: 

https://doi.org/10.17605/OSF.IO/28CHK PhD thesis - Novel Therapeutic Approaches to 

Treat Brain Cancer Combining 3D Cell Culture Models, Cold Atmospheric Plasma and 

Airborne Acoustic Hosted on the Open Science Framework doi.org. 
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