
I 
 

 

Drug Delivery Systems for Glioblastoma 
Therapy 

 
 

 

 

 

By 

Mohammad Norouzi 
 

 

 

 

A Thesis Submitted to the Faculty of Graduate Studies of 
The University of Manitoba 

in partial fulfillment of the requirements for the degree of 
 

 

DOCTOR OF PHILOSOPHY 

 

 

Graduate Program of Biomedical Engineering 
University of Manitoba 
Winnipeg, MB, Canada 

Copyright © 2020 by Mohammad Norouzi 



II 
 

 

ABSTRACT 
 

Many chemotherapeutics suffer from an inability to penetrate the blood-brain barrier (BBB) and 

to reach the target site within the brain at the therapeutically levels to treat Gliomas. In the present 

study, various drug delivery systems were developed and characterized with the goal of 

overcoming the BBB and delivering chemotherapeutics (i.e. doxorubicin, and salinomycin) for the 

treatment of glioblastoma multiforme (GBM). 

 In the first scenario, biocompatible magnetic iron oxide nanoparticles (IONPs) with negative and 

positive charge coatings were developed as drug delivery systems of doxorubicin and salinomycin, 

respectively. The drug-loaded IONPs exhibited a gradual release of both doxorubicin and 

salinomycin within 4 days and were found to be effective in ROS induction, and activation of both 

caspases and tumor suppressors (i.e. p53, MEG3 and GAS5) in human GBM cells. Utilizing an in 

vitro BBB-GBM co-culture model, the permeability of both salinomycin- and doxorubicin-loaded 

IONPs through the confluent cell monolayer was significantly enhanced using an external 

magnetic field and transient enhanced permeability of the BBB (using either hyperosmotic 

mannitol or a cyclic cadherin binding peptide).  

In the second scenario, injectable thermosensitive hydrogels were developed as local drug delivery 

systems of salinomycin at the tumor site. The drug-loaded Pluronic released salinomycin over a 

week and decreased GBM cell viability by ca. 90% within 48 hours of treatment, which was 

significantly more effective than that of free salinomycin (cell viability reduction of ca. 50%). 

Animal studies in subcutaneous U251 xenografted nude mice also revealed that salinomycin -
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loaded Pluronic reduced the tumor growth compared to the free salinomycin- and PBS-treated 

mice by 2-fold and 2.6-fold, respectively within 11 days.  

Taken together, it is envisaged that the developed drug-loaded IONPs in combination with an 

external magnetic field and transient enhanced permeability of the BBB can provide an efficient 

approach to overcome the limited BBB permeability and deliver chemotherapeutics at the tumor 

site within the brain. Also, the salinomycin-loaded Pluronic hydrogel provides a local drug 

delivery approach to treat brain tumors by which not only the BBB is bypassed, but also the 

systemic drug exposure and toxicity are diminished and high doses of the chemotherapeutic can 

locally be administered at the tumor site. 
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1.1. Rationale 
 

The blood-brain barrier (BBB) that restricts the penetration of many therapeutic agents into 

the brain remains a major challenge for the development of an efficacious therapeutic regimen for 

brain tumors. In fact, the tight junctions between adjacent brain endothelial cells form a physical 

barrier preventing paracellular diffusion of most therapeutic substances into the brain. Moreover, 

the presence of multiple drug efflux transporters on the brain endothelial cells contributes to the 

barrier function of the BBB by actively effluxing a wide range of therapeutic agents out of the 

BBB. Considering these hurdles, the current standard of care of glioblastoma multiforme (GBM, 

World Health Organization grade IV glioma) is limited to a single-agent chemotherapy with 

temozolomide in combination with radiotherapy. However, this regimen has not been successful 

enough in clinical practice and the median survival of GBM patients receiving the current standard 

of care is only 14.6 months post-diagnosis. Taken together, effective chemotherapy of malignant 

gliomas necessitates efficient drug delivery systems that can overcome the BBB and provide 

therapeutic doses of the chemotherapeutics within the brain. In fact, the clinical failure of many 

potentially effective therapeutic agents arises from the lack of an efficacious delivery system with 

the capability of bypassing the BBB and providing a therapeutic concentration of the drugs at the 

tumor site. 

1.2. Objectives 
 

Considering the limited permeability of the BBB that restricts the available chemotherapeutic 

options for GBM treatment to a single-agent temozolomide, the development of efficient drug 

delivery systems overcoming the BBB and providing therapeutic doses of more potent 

chemotherapeutics within the brain is of significant importance. In this study, we selected two 
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effective and more potent chemotherapeutics (i.e. doxorubicin, and salinomycin), whose 

indications are restricted in GBM chemotherapy ipso facto their inability to penetrate the BBB and 

low bioavailability in the brain. However, not only are doxorubicin (IC50: 330 ng/mL), and 

salinomycin (IC50: 700 ng/mL) more potent than temozolomide (IC50: 9600 ng/mL) in U251 

GBM cells in vitro, but also they can be utilized in combination with temozolomide to show 

synergistic anti-caner effects in GBM cells. 

 In this context, we developed and evaluated two different categories of drug delivery systems, 

enabling the chemotherapeutics to enter the brain. (1) Magnetic nanoparticles that can 

intravenously be administered in combination with the BBB transient disrupting methods (i.e. a 

cyclic ADT peptide or hyperosmotic mannitol solution) and an external magnetic field to enhance 

their penetration into the brain. (2) Thermosensitive hydrogels that can be administered 

intratumorally thereby bypassing the BBB and providing a high concentration of the drug at the 

tumor vicinity. Therefore, the main objectives of the current dissertation are: 

(1) Development, characterization and in vitro evaluation of negatively-charged 

trimethoxysilylpropyl-ethylenediamine triacetic acid (EDT)-IONP as a drug delivery 

system of Doxorubicin in combination with a cyclic ADT peptide as a transient disruption 

agent, and an external magnetic field. 

 

(2) Development, characterization and in vitro evaluation of positively charged 

polyethylenimine (PEI)-polyethylene glycol (PEG)-IONP as a drug delivery system of 

Salinomycin in combination with hyperosmotic transient disruption agent, and an external 

magnetic field. 
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(3) Development, characterization and evaluation (in vitro and in vivo) of injectable 

thermosensitive hydrogels as local drug delivery systems of Salinomycin in the treatment 

of brain tumors.  

This study offers important implications in both nanoparticle-based systems for intravenous drug 

administration and injectable hydrogels for local intratumoral administration of chemotherapeutic 

agents into the brain in order to overcome the BBB and provide a therapeutic level of the dugs at 

the tumor site. 

1.3. Organization 
 

This thesis consists of five chapters. Chapter 1 introduces the motivation and objectives, 

and provides a comprehensive literature review on the application of IONPs in diagnosis and 

therapy of glioma. The literature review on the application of injectable hydrogels in local 

chemotherapy of glioma is provided in Chapter 4 (in order to prevent further extension of Chapter 

1). Chapter 2 presents the development, characterization and in vitro evaluation of DOX-EDT-

IONPs on GBM cells. Chapter 3 describes the development, characterization and in vitro 

evaluation of Sali-PEI-PEG-IONPs on GBM cells. Chapter 4 presents the development, 

characterization and evaluation (in vitro and in vivo) of injectable thermosensitive hydrogels as 

local drug delivery systems of salinomycin in the treatment of GBM tumors. Chapter 5 concludes 

the thesis with a discussion of future work and final remarks.  
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1.4. Literature Review 
 

Iron Oxide Nanoparticles in Glioma Theranostics 

 

1.4.1.Introduction 

Glioma is the most common primary tumor of the central nervous system, derived 

from astrocytes, oligodendrocytes or ependymal cells [1]. Glioma accounts for approximately 

81% of primary malignant brain tumors, with an annual incidence of 6.6 per 100,000 persons in 

the USA [2]. According to the World Health Organization (WHO) classification, glioma is divided 

into four grades. Glioblastoma multiforme (GBM), the most aggressive form of malignant gliomas 

is a WHO grade IV, characterized by diffuse infiltration of the tumor cells into the brain 

parenchyma and a high recurrence rate [3]. The incidence of GBM is 3.19 per 100,000 people in 

the USA, and the median survival of GBM patients receiving the current standard of care is 14.6 

months post-diagnosis [4,5].  

The current standard of care for malignant gliomas is surgical resection of the tumor 

followed by postoperative radiation and adjuvant chemotherapy with temozolomide (TMZ) [5]. 

The infiltrative nature of high-grade gliomas, invading the surrounding brain parenchyma and 

essential neurological structures, renders a complete surgical resection unattainable. Thereof, the 

residual glioma cells at the tumor margins cause tumor recurrence resulting in a relapse of the 

disease [6-10]. Better depiction of the tumor boundaries through improved and multi-modal 

imaging techniques allows for more efficacious surgical removal of the tumor foci, leading to 

better therapeutic responses [7,11]. However, despite the surgical advancements, adjuvant chemo- 

https://www.sciencedirect.com/topics/medicine-and-dentistry/astrocyte
https://www.sciencedirect.com/topics/medicine-and-dentistry/oligodendrocyte
https://www.sciencedirect.com/topics/medicine-and-dentistry/brain-cancer
https://www.powerthesaurus.org/precise/synonyms
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and radiotherapy are of significant importance to keep the essential neurological structures as much 

as possible.  

Chemotherapy also exhibits modest clinical benefits inasmuch as most of the current 

systemically administered chemotherapeutics suffer from an inability to penetrate the blood-brain 

barrier (BBB) at therapeutically relevant levels [12,13]. The BBB is a physiological barrier with 

selective permeability regulating the passage of substances from the bloodstream into the brain. It 

consists of tight junctions between microvascular endothelial cells, the basement membrane, 

astrocytic foot processes, and pericytes [14,15].  

With respect to imaging, although magnetic resonance imaging (MRI) is the current 

mainstay for brain tumor diagnosis, it has some limitations in delineating the brain tumor 

boundaries [16,17]. In fact, the contrast enhancement by the gadolinium (Gd)-based MRI relies on 

the leakiness of the Gd chelates as the contrast agents, out of the BBB into the brain. Since the 

leakiness of the BBB is a key feature in the detection of the brain tumors through the (Gd)-based 

MRI, the Gd chelates cannot enhance the contrast of the most peripheral portions of the tumor 

where the invading tumor cells infiltrate healthy brain parenchyma without an extensive BBB 

disruption and neoangiogenesis [18,19]. Therefore, the normal permeability of the BBB does not 

allow the Gd chelates to leak out into the interstitial tissues, leading to no or minimal enhancement 

within the areas of the peripheral tumor cells [19]. 

To address the limitations of the conventional imaging and chemotherapy of gliomas such 

as limited delivery of therapeutic/contrast agents to brain tumor and the invasive nature of the 

tumor cells, nanomedicines have emerged as promising tools. Generally, nanomedicine can 

enhance the half-life and bioavailability of their payload while preventing them from 

biodegradation and providing a controlled or sustained release of the bioactive agents at the tumor 
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site by conjugation of environmentally sensitive moieties [20-22]. Moreover, nanomedicine has 

the capability of amalgamating therapeutic and diagnostic modalities, serving as theranostic 

platforms [20,23]. Amidst various types of engineered nanocarriers, iron oxide nanoparticles 

(IONPs, magnetite (Fe3O4) or maghemite (γ-Fe2O3)) have received increasing interest in various 

cancer theranostics. This is due to the properties of the IONPs that lend themselves as potential 

contrast enhancers for  MRI, carriers for both small and large molecule drugs and genes as well as 

hyperthermia agents [16,20]. Generally, IONPs incorporate excellent biocompatibility with unique 

and tunable magnetic properties. In addition, IONPs are known to be biodegradable and cleared 

from the body through the endogenous iron metabolic pathway by which the released iron is 

metabolized in the liver and then either incorporated into the hemoglobin of erythrocytes or 

eliminated from the body through renal route [24,25].  

Clinical studies on the safety profile of IONPs have shown no to moderate side effects. 

Various IONP formulations have been used clinically for imaging purposes. One such contrast 

agent of MRI, Ferumoxtran-10, was evaluated on 1777 adult patients using pooled data from 37 

phase I to phase III clinical trials [26]. At least one adverse effect was reported in 23.2% of patients 

receiving Ferumoxtran-10 intravenously, of which 86.3% were mild-to-moderate in severity. The 

most common treatment-related adverse events were back pain, pruritus, headache, and urticaria. 

Only 7 patients (0.42%) reported serious treatment-related adverse events (including anaphylactic 

shock, chest pain, dyspnea, skin rash, oxygen saturation decreased, and 2 cases of hypotension). 

The only death reported from Ferumoxtran-10 imaging studies was due to unintended bolus 

injection of undiluted Ferumoxtran-10. Furthermore, in a 1-year retrospective study on 8666 

patients who received Ferumoxytol intravenously, the total incidence of adverse events and serious 

adverse events was 1.25% and 0.21%, respectively. The most common serious adverse events were 
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hypotension (0.12%), hypersensitivity (0.06%), dyspnoea (0.05%), loss of consciousness (0.03%), 

anaphylactoid reaction (0.02%), syncope (0.02%) and unresponsive to stimuli (0.02%) [27,28]. 

Later, Ferumoxytol (up to 5 mg Fe/kg intravenously) was reported to be well-tolerated on 49 

pediatric and 19 young adult patients suffering from various tumors or kidney transplants without 

major adverse events [29]. 

Currently, Ferumoxytol (Feraheme®) is an FDA-approved IONP formulation 

recommended for the treatment of iron deficiency anemia in adult patients [30,31]. Furthermore, 

several IONP formulations such as Ferumoxytol are under clinical trials as MRI contrast agent. 

NanoTherm®, an aminosilane-coated superparamagnetic IONP, is also an IONP formulation that 

has been introduced by MagForce, Inc., for magnetic hyperthermia treatment mainly in patients 

with recurrent GBM in clinical trials [30]. Although IONPs as drug carriers have not yet entered 

clinical trials, their advantages in site-specific and enhanced drug delivery of chemotherapeutics 

have widely been investigated in pre-clinical studies for glioma treatment [32,33]. This review 

paper focuses on the applications of IONPs in both imaging and therapeutic modalities (i.e. drug 

delivery and hyperthermia therapy) of malignant gliomas. Moreover, recent advances and 

optimizations of the current IONP-based formulations and their efficacy in pre-clinical models are 

discussed, which can pave the way for prospective clinical trials of IONPs in brain cancer 

theranostics. 

1.4.2.Physiochemical Properties of IONPs 

1.4.2.1. Surface Coating of IONPs 

Generally, physicochemical properties of IONPs (like size, shape, surface coating and 

surface charge) can profoundly affect their biocompatibility, biodistribution as well as 
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functionality [34-36]. Surface features of IONPs are one of the prominent characteristics that 

profoundly impact on their pharmacokinetics and biodistribution. Upon intravenous administration 

of IONPs, plasma proteins adsorb non-specifically onto the surface of the nanoparticles. This 

results in formation of a stable protein layer around the surface of the nanoparticle called the 

“protein corona”. The protein corona can markedly change the biodistribution of nanoparticles and 

determines their fate in vivo [37]. Indeed, the protein corona is involved in the fast clearance of 

the nanoparticles by the mononuclear phagocyte system (MPS), particularly macrophages, and the 

reticuloendothelial system (RES), such as the liver and spleen [21,38]. To circumvent this, IONPs 

are often coated with hydrophilic macromolecules such as poly(ethylene) glycol (PEG) [39,40], 

dextran [41,42], chitosan [43], and starch [44], in an effort to reduce the non-specific protein 

adsorption via enhanced hydrophilicity and steric repulsion effects on the surface of the IONPs. 

Such a surface coating can result in prolonging the blood circulation time of the IONPs, preventing 

their intravascular aggregation and augmenting their accumulation in the brain tumor.  

Among various coatings, PEG has been the most common option with an excellent anti-

fouling characteristic to stabilize IONPs via enhancing both steric hindrance and hydrophilicity of 

the nanoparticles. In addition, PEG has the advantage of low molecular weight polydispersity 

index (PDI) compared to the natural polymers such as chitosan and dextran that is essential for a 

more uniform biodistribution of the nanoparticles [45]. IONPs coated with higher molecular 

weights of PEG generally demonstrate longer plasma half-life in vivo. For example, IONPs coated 

with 5 and 20 kDa of PEG exhibited half-lives of 7.29 and 11.75 h, respectively while the non-

PEG coated IONPs had a half-life of 0.12 h [46]. Similarly, in one study, upon surface modification 

of starch-coated IONPs with PEG, glioma tumor concentration of the PEG-IONPs was augmented 
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by 15-fold (0.07% vs 1.0% injected dose/g tissue) under a magnetic field owing to the long-

circulating feature of PEG-starch-IONPs [47].  

With respect to the surface charge, it is believed that IONPs with neutral surface charge 

have a slower rate of opsonization and elimination due to reduced interactions with opsonin 

proteins, compared to either positive or negative ionic surface coatings [48,49]. Although positive 

charge IONPs typically demonstrate a higher cellular internalization compared to the negatively 

charged IONPs [50], their blood clearance is also faster than the negative ones, thanks to the higher 

affinity to adsorb the plasma proteins [51].  

1.4.2.2. Shape of IONPs 

In addition to surface coating and charge, IONP shape can also play an important role in 

their pharmacokinetics and biodistribution. Generally, nanoparticles with elongated shapes exhibit 

more favorable pharmacokinetics and tumor-homing features compared to their spherical 

counterparts [21,52]. In fact, nanostructures with a higher length-to-width aspect ratio exhibit 

longer blood circulation time over the spherical counterparts that can be attributed to reduced 

uptake by macrophages owing to an opsonin-independent phagocytosis phenomenon [52], and 

reduced contact with the macrophage cell membrane [53]. Furthermore, higher surface area of 

elongated nanoparticles facilitates a multivalent interaction with target cell receptors compared to 

the curved shape of spherical particles with a limited number of the available binding sites, leading 

to higher accumulation of elongated nanoparticles within the tumors [52,54,55]. For example, gold 

nanorods were found to be distributed throughout tumors in breast cancer tumor-bearing mice, 

whereas gold nanospheres and nanodisks were only observed on the surface of the tumor [56]. 

Rod-shaped mesoporous silica nanoparticles (MSNs, aspect ratios of 1.5 with length of 185 nm; 

and 5 with length of 720 nm) also revealed different biodistributions in vivo. Indeed, short-rod 
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MSNs were easily trapped in the liver and showed faster clearance by urine and feces compared 

to the long-rod MSNs [57].  

Similarly, in vitro studies on different cells exhibited greater cellular uptake and diffusion 

properties of elongated nanoparticles. For example, iron oxide nanobricks exhibited higher cellular 

uptake in cultured brain endothelial cells than iron oxide nanospheres with similar surface 

coatings, through caveolae-mediated endocytosis [58]. In another comparative study, whereas iron 

oxide nanospheres were found to be located in the vacuole of macrophage cells in vitro as 

aggregates, iron oxide nanorods were spread throughout the cytoplasm and exhibited higher 

necrosis owing to the higher degree of membrane damage and ROS production [59]. This suggests 

that nanoparticles’ shape not only can change their pharmacokinetics and biodistribution, but also 

in turn can affect their cytotoxicity. 

1.4.2.3. Size of IONPs 

Hydrodynamic size is another influential factor determining the characteristics and 

biodistribution of the nanoparticles. Generally, the blood half-life of IONPs is directly dependent 

on their size and typically larger nanoparticles show shorter blood half-life. For example, Roohi et 

al., [60] studied the effect of size on blood kinetics using different-sized IONPs and reported that 

IONPs with sizes of 20 and 70 nm showed t1/2 of 49 and 2.8 min, respectively, that was attributed 

to the less macrophage uptake. It has also been demonstrated that nanoparticles with a 

hydrodynamic size of greater than 100 nm are readily taken up by the RES and sequestered in the 

spleen through mechanical filtration followed by phagocytosis [61,62]. On the other hand, 

nanoparticles with a hydrodynamic size smaller than 10 nm are rapidly eliminated from the blood 

by the kidneys through glomerular filtration [63,64]. Therefore, a hydrodynamic size range of 
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IONPs between 10 and 100 nm is required to minimize their clearance and extend their blood half-

life [65]. 

 Moreover, within this optimum size range, smaller nanoparticles encounter a markedly 

less degree of diffusional hindrance resulting in a deeper penetration into the tumor core as well 

as a more homogeneous distribution within the tumor interstitium [66,67]. For example, gold 

nanoparticles smaller than 10 nm could distribute throughout cytoplasm and nucleus of cancer 

cells in vivo, while larger nanoparticles were found merely in the cytoplasm where they formed 

aggregates [68]. Therefore, it is envisaged that within the optimum size range of 10-100 nm in 

terms of better pharmacokinetic behaviours, smaller nanoparticles (i.e. < 50 nm) can be more 

efficacious options as both contrast agents and drug delivery systems due to their greater tissue 

penetration. 

1.4.3.How IONPs can overcome the BBB  

The BBB is a physiological barrier that controls the passage of substances from the bloodstream 

into the brain. The BBB is made of tight junctions between microvascular endothelial cells, the 

basement membrane, astrocytic end feet, and pericytes [14,15]. In fact, astrocyte end feet, 

spreading over the basal lamina of the brain endothelial cells, contribute to the barrier properties 

of the BBB [69]. The pericytes lie between the astrocyte end feet and capillary wall and show the 

similar function as smooth muscle, control vasculature tone and endothelial growth, and regulate 

BBB-specific gene expression patterns in endothelial cells. Dysfunction of pericytes has been 

shown to be associated with loss of BBB integrity and reduction in regional cerebral blood flow 

in animal models [70].  
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Moreover, the presence of complex tight junctions between adjacent brain endothelial cells 

forms a physical barrier that prevents paracellular diffusion of a majority of substances into the 

brain [71]. While transcellular diffusion of lipophilic solutes can occur, the presence of multiple 

drug efflux transporters including (i) P-glycoprotein (P-gp), (ii) various multidrug resistance-

associated proteins (MRPs), and (iii) breast cancer resistance protein (BCRP) contribute to the 

barrier function of the BBB by actively effluxing a wide range of drugs out of the BBB. Therefore, 

the efflux transporters significantly limit the penetration of the chemotherapeutics into the brain 

even at high administered doses [20,72]. 

Similarly, imaging and treatment of brain tumors with nanoparticle-based formulations face 

the challenges of the BBB restricting their penetration into the brain. Once they entered, efficient 

and homogenous uptake of the nanoparticles by the tumor cells is necessary for an efficacious 

imaging/treatment [73]. This section deals with the mechanisms by which IONPs can overcome 

the BBB, enhancing their penetration into the brain and augmenting their uptake by the cancer 

cells. 

1.4.3.1. Passive Targeting 

Nanoparticle accumulation at tumor sites is typically categorized into passive and active 

targeting strategies, while magnetic targeting can further enhance IONP’s targeting capability [33]. 

In passive targeting, as the brain tumor progresses, both the BBB and the blood–brain tumor barrier 

(BBTB) become compromised structurally and functionally leading to formation of a leaky 

vasculature around and within the tumor, whereby IONPs in sub-100 nm size can extravasate 

through these leaky vessels into the tumor microenvironment via a mechanism known as the 

enhanced permeability and retention (EPR) effect [12,74]. The EPR effect generally provides 

higher local drug concentration at the tumor vicinity when the drug is delivered by nanovectors 
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due to the leaky vasculature around and within the tumor, furnishing extravasation of the 

nanovector with its payload [75]. Structural studies of brain tumor microvasculature in vivo have 

demonstrated that BBTB gaps have an upper limit of somewhere between 20 and 100 nm [76]. 

This gap size of the BBTB highlights the importance of engineering small nanoparticles capable 

of extravasation into the brain. 

Although the BBTB has been reported to be compromised in primary brain tumors and 

would thus be amenable to nanoparticle accumulation via the EPR effect [77,78], studies suggest 

that the capillary leakiness is not uniform throughout the brain tumor [79].  Furthermore, for early 

stage of brain tumors, the EPR effect may not play an important role inasmuch as the BBB is still 

intact, and leakiness is observed at the stages when tumor volume is high and difficult to treat [80].  

In addition, the infiltrating tumor cells are mostly associated with the intact BBB that would 

impede passive targeting of nanoparticles [81]. While there are several reports on improved 

nanoparticle accumulation due to the passive targeting of the EPR effect, this is likely to be more 

important in animal models compared to humans due to the heterogeneous tumor types, the inter-

patient variabilities and the different disease stages in humans [75,77]. 

1.4.3.2. Active Targeting 

To overcome the passive targeting limitations, active targeting approaches can be 

exploited. Such targeting approaches involve decorating the surface of the nanoparticle with 

targeting ligands with the capability of binding to receptors overexpressed by cancer cells or 

angiogenic endothelial cells. Active targeting can enhance cellular uptake and tumor 

internalization of IONPs via receptor-mediated endocytosis, resulting in an augmented antitumor 

activity, and reduced off-target toxicity compared to free drug [82,83]. 
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For glioma theranostic purposes, IONPs have been functionalized with several targeting 

ligands such as Arg-Gly-Asp (RGD) [84,85], epidermal growth factor (EGF) [86], epidermal 

growth factor receptor variant III antibody (EGFRvIIIAb) [87,88], and Transferrin [89] to target 

glioma cells. For example, EGF conjugated-superparamagnetic iron oxide nanoparticles (SPIONs) 

exhibited significantly greater accumulation and higher T2 signal reduction at the tumor site 24 h 

post-intravenous injection, compared to non-targeted SPIONs in C6 intracranial tumor-bearing 

mice [86].  

Furthermore, to mediate transcytosis of IONPs across the BBB and enhance their 

penetration into the brain, IONPs can also be functionalized with various transcytosis-mediated 

ligands targeting angiogenic endothelial cells. To this end, IONPs have been functionalized with 

several ligands such as monoclonal antibodies against vascular endothelial growth factor 

(mAbVEGF) [90], Angiopep-2 [91], Transferrin [92], chlorotoxin [93,94], and lactoferrin [95,96]. 

For example, IONPs decorated with Angiopep-2 showed better permeability via transcytosis 

across the BBB through recognition of the low-density lipoprotein receptor-related protein in an 

ex vivo BBB model [91]. 

However, it is noteworthy to mention that drug delivery by nanoparticle-based 

formulations through active targeting has still not been successful in clinical practice. BIND-014, 

docetaxel-loaded PLGA-PEG nanoparticles decorated with anti-prostate-specific membrane 

antigen (PSMA), and MM-302, HER2-targeted PEGylated liposomal doxorubicin are two 

examples of active targeted nanomedicines for cancer chemotherapy that failed in late-stage 

clinical trials [97]. In this context, the EPR effect was reported to be a greater driver of BIND-014 

access to the tumor cells than PSMA expression [98]. In fact, the expression of target receptors in 

some types of tumors, the tumor heterogeneity and the interpatient variability limit the benefit of 
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active targeted nanomedicines in clinical practice [99-101]. Therefore, other approaches such as 

site-specific magnetic targeting or transiently enhanced permeability of the BBB have attracted 

much attention as more effective platforms for delivery of therapeutic agents to the central nervous 

systems and treatment of malignant gliomas. 

1.4.3.3. Magnetic Targeting 

IONPs uniquely provide a third mode for site-specific targeting due to the magnetic 

responsiveness of the iron oxide core. In terms of magnetic targeting, an external magnetic field is 

applied to draw IONPs to the site of action, regulating their systemic biodistribution and enhancing 

their imaging and treatment efficacy [102]. In fact, magnetic targeting is often utilized in 

combination with passive targeting, active targeting or BBB-disrupting approaches to further 

enhance passage of IONPs across the BBB and augment tumor exposure to the magnetic 

nanoparticles.  

Chertok et al., [33] reported a fraction of IONPs that reaches the brain tumor site after 

systemic administration, can actively be retained by applying an external magnetic field, resulting 

in prolonging tumor exposure to the drug carrier. In fact, by applying an external magnetic field, 

overall orthotopic tumor exposure to magnetic nanoparticles was enhanced by 5-fold through the 

EPR effect vis à vis non-magnetic targeted tumors. Similarly, the target selectivity index of 

nanoparticle accumulation in glioma tissue over non-magnetic targeted normal brain parenchyma 

was augmented by 3.6-fold [33].  

The same magnetic targeting effect was also reported in other types of cancers. For 

example, Guo et al.[103] prepared DOX-loaded IONPs and reported that DOX accumulation 

within tumor under an external magnetic field in subcutaneous osteosarcoma-bearing mice to be 

2.3-fold higher than that in the tumors without an external magnetic field guidance and 5.1-fold 
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higher than that of the free administered DOX. In another study, utilizing an external magnetic 

field in rabbits bearing squamous cell carcinoma led to complete tumor remission with reduced 

doses of 20 and 50% mitoxantrone, when the drug was loaded to IONPs, due to holding of the 

drug at the site of action. However, 20 and 50% of mitoxantrone alone did not reduce tumor 

volume, and only at the doses of 75% and 100% of the mitoxantrone alone, tumor remission was 

observed [104]. 

1.4.3.4. Other Methods 

In addition to the passive, active, and magnetic targeting, some strategies have been 

recruited to overcome the BBB barrier functionality and enhance the delivery of IONPs into the 

brain, such as convection-enhanced delivery (CED), focused ultrasound (FUS), and transient 

disruption of the BBB. These strategies will be discussed in detail in section 1.5.  

1.4.4. IONPs Applications in Glioma Imaging 

Effective imaging modalities are essential for preoperative planning, intraoperative tumor 

resection, as well as therapeutic monitoring in malignant gliomas. Depiction of tumor boundaries 

and differentiation of tumor from normal brain tissue are paramount for providing as complete 

surgical removal of the tumor foci as possible and reducing the tumor recurrence rate [7,102]. An 

assortment of imaging modalities is being utilized for the diagnosis of glioma in practice, such as 

MRI, computed tomography (CT), single-photon emission computed tomography (SPECT), and 

positron emission tomography (PET) [105]. MRI is the current mainstay for brain tumor diagnosis 

while it has some limitations particularly in differentiation between necrotic tissue and recurrent 

tumor [16,17]. The PET has also been used to provide additional insights into gliomas including 

malignancy grade, tumor delineation, and differentiation between necrotic tissue and recurrent 

tumor by means of metabolic activity measurement through the higher uptake of radiotracers by 
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the malignant cells [17,106]. A comparison of 3, 4-dihydroxy-6-[18F] fluoro-l phenylalanine (18F-

FDOPA) PET and MRI for detection of glioma tumor recurrence in 35 patients revealed high 

sensitivity to detect recurrent glioma (100% vs. 92.3%) for both techniques, albeit much higher 

specificity of PET to differentiate recurrent glioma from radiation necrosis (88.9% vs. 44.4%) 

[107]. Moreover, PET offers higher spatial resolution (3–5 mm) with greater sensitivity than 

SPECT (spatial resolution: 8–10 mm) [108].  

As mentioned earlier, MRI is still the current gold standard for brain tumor diagnosis, 

characterized by a high spatial resolution based on the detection of proton relaxation in an external 

magnetic field [16,109]. MRI contrast agents are recruited to reduce either longitudinal relaxation 

times, T1 (positive contrast, brighter images, signal enhancement), or transverse relaxations times, 

T2 (negative contrast, darker images, signal destruction) of surrounding water protons under an 

external magnetic field [110]. Currently, gadolinium (Gd) chelates are employed as T1 contrast 

agents, though they suffer from a short plasma half-life, a transient imaging time, a nonspecific 

biodistribution, and potential nephrotoxicity [20]. Although administration of Gd chelates in 

patients with the renal dysfunction is known to be associated with the development of nephrogenic 

systemic fibrosis (NSF) [111], more recent studies have revealed the accumulation of gadolinium 

in various tissues of patients without renal impairment such as bone, brain, and kidneys [112]. In 

fact, whilst gadolinium is mostly eliminated from the body through the kidneys, when it is 

dissociated into free Gd3+, it shows greater deposition in tissues. Kanda et al., [113] reported 

gadolinium accumulation in the brain, particularly in the dentate nucleus and globus pallidus 

(mean 0.44 µg/g of brain tissue ± 0.63), in post-mortem brain tissues of subjects without renal 

disease who received Gd chelates. Similarly, post-mortem neuronal tissue samples from 13 

subjects who underwent at least four Gd-based MRI examinations during the last 14 years revealed 
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Gd accumulation (0.1–58.8 μg/g of brain tissue) in a significant dose-dependent relationship [114]. 

Moreover, femoral head bone samples collected from patients who underwent total hip 

replacement surgery demonstrated Gd deposition 8 years after gadolinium exposure [115]. The 

concerns over the potential long-term toxicity in the central nervous system have led to re-examine 

the risk to benefit ratio of repeated administration of Gd-based contrast agents for MRI [116]. 

Superparamagnetic iron oxide nanoparticles (SPIONs) have an established history of use 

as T2 contrast agents due to their negative contrast enhancement by darkening T2- and T2*-

weighted images. In fact, IONPs with a core diameter of less than 20 nm exhibit super-

paramagnetism that is necessary for applications involving MRI contrast agents. By definition, 

superparamagnetic nanoparticles do not retain magnetization when the external magnetic field is 

removed, allowing their magnetization to be switched on and off by application of an external 

magnetic field [83,117]. Moreover, ultra-small SPIONs (USPIONs) have shown potential as dual 

T1 and T2 contrast agents [102]. Generally, SPIONPs provide several advantages over the 

traditional contrast agents including (i) higher longitudinal and transverse relaxation values (r1 = 

15, r2 = 89 mM −1 second−1  for Ferumoxytol vs r1 = 4, r2 = 6 mM −1 second− 1 for Gadoteridol in 

clinical trials) [118], (ii) slower clearance and longer circulation time (plasma half-life of 14 h for 

Ferumoxytol vs 1.6 h for Gd-DTPA in clinical trials) [119], (iii) improved tumor margin 

delineation due to enhanced cellular internalization by tumor cells, and (iv) relatively low 

cytotoxicity [75]. Furthermore, to augment the efficacy of SPIONs as MRI contrast agents for 

glioma monitoring, the nanoparticles can be functionalized exploiting various tumor biomarkers 

[120].  

Since the last two decades, IONPs have been employed as MRI contrast agents in clinical 

practice [121]. Although some commercial IONP contrast agents such as Ferumoxide (Feridex), 
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and Ferumoxsil (Lumirem/ Gastromark) were discontinued, and Ferumoxtran-10 

(Combidex/Sinerem) and Ferucarbotran (Resovist) applications are limited to a few countries 

[121-124], there are some ongoing clinical trials with IONP formulations for cancer detection.  

They include Ferumoxytol (Feraheme) (ClinicalTrials.gov Identifier: such as NCT03179449, 

NCT03234309, NCT00659126 in brain tumors, and NCT03280277 in rectal cancer) and 

Ferumoxtran-10 (only in the Netherlands, ClinicalTrials.gov Identifier: NCT02751606 in rectal 

and breast cancers, and NCT03223064 in prostate cancer) as MRI contrast agents. Ferumoxytol 

is a superparamagnetic iron oxide nanoparticle, coated with polyglucose sorbitol 

carboxymethylether (hydrodynamic diameter (DH):∼ 30 nm), that has been approved by the 

FDA for treatment of iron deficiency anemia in patients with chronic kidney disease, and is 

employed off-label as an MRI contrast agent [125,126]. 

 In a pilot study on 12 patients with malignant brain tumors, it was found that Ferumoxytol 

shows a delayed T1 enhancement with peak signal at 24–28 h post-injection (Fig. 1.1), while, 

standard Gd-based contrast agents display maximum enhancement within minutes after 

administration [110]. This means that Ferumoxytol did not show early vascular leakage like Gd-

based contrast agent due to the larger size of the nanoparticles. Furthermore, the contrast 

enhancement provided by Ferumoxytol persisted up to 72 h post-injection (Fig. 1.1), which can be 

attributed to the persistence of the IONPs at the tumor vicinity after a single dose of Ferumoxytol. 

The application of Ferumoxytol as both T1- and T2-contrast agent was also reported as a potential 

alternative for GBM patients unable to tolerate Gd [118]. Furthermore, since Ferumoxytol is 

phagocytosed by tumor-associated macrophages, infiltrating the tumor microenvironment, 

Ferumoxytol to gadolinium contrast mismatch ratio in a dual Fe-and Gd-MRI was suggested as a 

biomarker for differentiating neuroinflammation-mediated pseudoprogression from disease 

https://www.sciencedirect.com/topics/medicine-and-dentistry/hypochromic-anemia
https://www.sciencedirect.com/topics/medicine-and-dentistry/chronic-kidney-disease
https://www.sciencedirect.com/topics/medicine-and-dentistry/mri-contrast-agent
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recurrence in GBM patients [127]. Pseudoprogression is a de facto treatment-related reaction with 

a transient contrast enhancement within the site of therapy that might mimic tumor recurrence. 

Due to the lack of diagnostic biomarkers, differentiation of tumor recurrence 

from pseudoprogression has remained a problem in neuro-oncology [128,129].  

 

 

Fig. 1.1. A: The line graph exhibits the average diameter changes of Ferumoxytol enhancement over time (solid line) 
in comparison to that of Gd (dashed) and T2-weighted signal abnormalities (dashed-dotted). MRI images of (B) Gd 
T1-weighted, (C) T2-weighted, and (D-H) post-Ferumoxytol T1-weighted MRI images at five time points (D, 4–6 
h; E, 6–20 h; F, 24–28 h; G, 48–52 h; H, > 72 h). Reproduced with permission from Ref [130]. 

 

Currently, there are many ongoing pre-clinical studies with IONP formulations to improve 

their characteristic and functionality as MRI contrast agents. For example, although IONPs are 

mainly employed as T2 contrast agents, a T1–T2 dual-modal MRI contrast agent can be fabricated 
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by conjugation/doping of T1 chelating agents on the surface of IONPs [131]. In a study, 

PEGylated-Gd-doped IONPs (DH: 6.57 nm) were fabricated via the polyol method, with a 

transverse relaxivity (r2) and longitudinal relaxivity (r1) of 66.9 and 65.9 mM−1 s−1, respectively 

with the capability of contrast enhancement in both T1- and T2-weighted MRI images. In 

preclinical studies, glioma-bearing mice receiving PEG-Gd-IONPs had larger contrast areas in 

the T1 image, than that of the T2 image. This is likely due to the insufficient accumulation and 

retention of PEG-Gd-IONPs in glioma through the EPR effect [132]. 

To improve the selectivity of IONPs as MRI contrast agents for brain tumors, several active 

targeting ligands such as mAbVEGF [90], EGFRvIIIAb [88], RGD peptide [85,133,134], 

lactoferrin [135], and 70-kDa heat shock protein (Hsp70) [136] have been decorated on the 

nanoparticle surface. For example, bovine serum albumin (BSA)-coated IONPs decorated with 

mAbVEGF (DH: 96 nm, T2 relaxivity: 172 mM− 1 s− 1 vs 160 ± 10 mM− 1 s− 1 for  Feridex) were 

found to be more effective than the same doses of Feridex or non-specific murine immunoglobulin 

G (IgG)-BSA-IONPs as T2 contrast agent in rats bearing intracranial glioma C6 [90]. Although 

the signal intensity in the tumor tissue was similar for both targeted and non-targeted IONPs at 

5 min and 2 h post-injection; in the case of mAbVEGF-BSA-IONPs, the signal intensity was 

significantly higher than that of IgG-BSA-IONPs at 24 h post-injection due to the effective 

accumulation of the targeted IONPs in the tumor tissue and the fast elimination of non-targeted 

IONPs and Feridex.  

IONPs can also be utilized in multi-modal imaging via functionalization with other 

imaging probes to enhance visualization of glioma cells and overcome the limitations of a single 

imaging modality. The amalgamation of various imaging modalities can provide complementary 

information for early diagnosis, surgical resection and therapeutic follow-up of malignant gliomas 

https://www.sciencedirect.com/topics/materials-science/polyol
https://www.sciencedirect.com/topics/physics-and-astronomy/glioma
https://www.sciencedirect.com/topics/physics-and-astronomy/glioma
https://www.sciencedirect.com/topics/medicine-and-dentistry/bovine-serum-albumin
https://www.sciencedirect.com/topics/immunology-and-microbiology/murine
https://www.sciencedirect.com/topics/medicine-and-dentistry/immunoglobulin-g
https://www.sciencedirect.com/topics/medicine-and-dentistry/immunoglobulin-g
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[137,138]. For instance, human serum albumin (HSA)-dopamine coated IONPs (DH: 29 nm) were 

labelled with 64Cu-DOTA chelates and Cy5.5 dye and utilized for triple-modal imaging i.e. 

PET/near-infrared fluorescence (NIRF)/MRI in a subcutaneous U87MG human glioblastoma 

xenograft nude mouse model [139]. In another study, PEGylated IONPs (DH: ∼20 nm, r2 

relaxivity:190 mM−1s−1) were labelled with a NIRF dye (IRDye800) and functionalized with a 

RGD peptide [133], possessing a high affinity to αvβ3 integrin receptors overexpressed on 

angiogenic endothelial cells and some tumor cells, such as malignant glioma cells [140]. The 

RGD-IONPs could selectively home to the tumor site compared to IONPs in subcutaneous 

U87MG tumor-bearing mice (Fig. 1.2a,b) showing a clear tumor contrast even after 24 h, while 

causing a significant reduction in T2 signal. However, despite the RGD tumor targeting, the 

biodistribution patterns of both types of nanoparticle in other organs were comparable. In fact, the 

nanoparticles were found in the liver and spleen due to the RES-mediated uptake, while the optical 

intensity in kidneys was attributed to the dissociation of the coating from the iron oxide core (Fig. 

1.2b) [133].  

Considering the infiltrative nature of GBM cells invading the surrounding brain 

parenchyma, fluorescence-guided surgery can be a technique of significant importance to improve 

intraoperative procedures and ensure the removal of microscopic tumor deposits [141]. For this 

purpose, near-infrared fluorescent silica-coated iron oxide nanoparticles (NF-SIONs, DH: 37 nm) 

were fabricated for intraoperative imaging of GBM by targeting tumor-associated macrophages 

[142]. Immunofluorescence staining of excised brain tissue from orthotopic U87-MG tumor-

bearing mice revealed that most of the NF-SIONs bound to macrophages (CD11b+) or microglia 

(Iba1+, brain macrophages), but not astrocytes (GFAP), indicating NF-SIONs were selectively 

taken up by tumoral region i.e. tumor-associated immune cells 
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(monocytes/macrophages/microglias) compared to non-tumor region i.e. brain parenchyma cells 

(astrocytes) (Fig. 1.3).  

In summary, it is envisaged that IONPs with multi-modal imaging capability of MRI, PET, 

and NIRF can potentially be utilized as a nanoprobe for interoperative imaging, imaging-guided 

surgery of GBM tumor resection as well as therapeutic monitoring in future clinical trials. 

Moreover, IONPs as imaging nanoprobes are likely to overcome the BBB via either magnetic or 

active targeting thus addressing the limitations of current imaging techniques of glioma tumors 

that merely rely on the EPR effect. 
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Fig. 1.2. (a) MRI of U87MG tumor-bearing mice injected with either RGD–TPIONPs or TPIONPs before and 4 h-
post injection. Only RGD–TPIONPs could specifically home to the tumor vicinity and induced significant T2 
reduction. (b) Optical imaging of U87MG tumor-bearing mice injected with either RGD–TPIONPs or TPIONPs at 4 
and 24 h-post-administration. The RGD–TPIONPs injected mice exhibited desirable contrast at tumor vicinity within 
24 h. (c) Ex vivo NIRF imaging of major organs harvested from mice got injection of either TPIONP or RGD–
TPIONP. Higher tumor contrast was seen in RGD–TPIONP injected, while distribution of both nanoparticles in other 
organs was comparable. “TPIONPs” is considered as the synonym of IONPs. Reproduced with permission from Ref 
[133]. 
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Fig. 1.3. Distribution of NF-SIONs in the brain tumor region (A-C) and non-tumor region (D-F), by 
immunofluorescence staining, 8 h post-injection. The samples were stained with two monoclonal antibodies (mAbs; 
green and red) against GFAP (A,C,D and F, astrocyte), CD11b (A,B,D and E, monocytes/macrophages), and Iba1(C 
and F, microglia). In comparison to the non-tumoral region, macrophages and microglial cells extensively appeared 
in the tumor region, while the nanoparticles-binding cells were considerably overlapped with tumor-associated 
macrophages/microglias (CD11b+ or Iba-1+ cells), albeit not with astrocytes (GFAP+ cells). Blue and magenta 
signals indicate the location of cell nucleus and NF-SIONs, respectively. White circles demonstrate co-localization of 
tumor-associated macrophages and NF-SIONs. Scale bar: 50 μm (×40). Reproduced with permission from Ref [142]. 
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1.4.5. IONPs Applications as Drug Delivery System in Glioma Therapy 

IONPs have been employed as efficient nanocarriers for chemotherapeutics, antibodies, 

peptides, DNA, siRNAs, and radionuclides to augment their transportation across the BBB and 

provide a site-specific magnetic targeting for glioma therapy [21,30]. Utilizing IONPs as 

nanocarriers can provide several advantages over conventional systemic administration of the 

therapeutic agents. These include (i) extended circulation time of the bioactive agents without 

being rapidly cleared from the body, (ii) protection of payload therapeutic agents from inactivation 

or biodegradation, (iii) passive, active or site-specific magnetic targeting to the tumor tissue by 

which the therapeutic efficiency is enhanced, while systemic biodistribution and systemic toxicity 

is diminished, (iv) controlled and sustained release of the bioactive agents at the tumor site by 

conjugation of environmentally sensitive moieties (e.g., pH and temperature-sensitive moieties) 

on IONPs, (v) delivery of multiple therapeutic agents for synergistic effects in one platform, (vi) 

overcoming multidrug resistance (MDR) and efflux transporters by masking the drugs entrapped 

within the nanoparticles, and (vii) combining multi-modal theranostic approaches to monitor 

treatment progress and synergistic therapeutic strategies (e.g. chemotherapy and hyperthermia 

therapy) [20-22].  

Generally, drugs can be coupled to nanoparticle’s surface either through chemical reactions 

(e.g., covalent bonding) or physical interactions (e.g., hydrophobic interaction or electrostatic 

attraction). Although the covalent bonding can secure drug molecules remaining on the 

nanoparticle’s surface, this strategy has some limitations including (i) insufficient release of the 

payload drugs once nanoparticles delivered to tumor site, (ii) limited number of active functional 

groups on the nanoparticle’s surface that can restrict the drug loading efficiency, and (iii) 

bioactivity of the loaded drugs might be affected during the chemical reactions [20,21]. To address 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/radioisotope
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the insufficient release issue, a cleavable linkage between the drugs and nanoparticles’ surface can 

be recruited to enable a selective and controlled release of the drug molecules triggered by some 

external stimuli such as acidic pH of tumor microenvironment (pH 6.5–6.8)/lysosomes (pH 4–6), 

temperature or enzymatic reactions [143-145].  

An alternative strategy relies on the encapsulation of both IONPs and therapeutic agents 

within liposomes, polymeric or lipid nanoparticles, serving as magnetic responsive nanocarriers 

[146-148]. This strategy not only enhances the encapsulation efficiency for a wide range of 

molecules within the nanoparticles, but also can ameliorate the IONP stability in the bloodstream 

[149]. In fact, IONP’s surface coatings can be degraded over time, particularly in biological media, 

leading to aggregation and precipitation of the nanoparticles. Loading IONPs into liposomes or 

lipids can protect them from degradation while offering well-defined in vivo behavior, independent 

of size or surface characteristics of IONPs [150,151]. Similar to PEGylated IONPs, lipid-anchored 

PEG stabilizes the liposomes/lipids and prevents them from being rapidly recognized and cleared 

by the MPS [152]. Furthermore, incorporation of magnetic IONPs into liposomes/lipids allows 

controlled release of payload that is triggered with an alternating magnetic field (AMF) [153].  

Thus far, several IONP formulations have been developed as efficacious nanocarriers for 

some anti-cancer therapeutic agents such as temozolomide (TMZ) [154,155], doxorubicin (DOX) 

[95,156,157], paclitaxel (PTX) [158], gemcitabine [159], and cetuximab [160,161] through either 

chemical conjugation or physical entrapment that have been employed in glioma therapy. 

In a study by Kievit et al., [156] DOX was covalently conjugated on amine terminated-

PEG coated IONPs via pH labile hydrazone bonds, exhibiting 50% enhancement in DOX release 

at acidic pH (pH≤5.5), suggesting that DOX can be released preferentially in the 

endosomal/lysosomal compartment of the cell where it is protected from the drug efflux. 
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Therefore, the DOX-IONPs could overcome the MDR associated with overexpression of ATP-

binding cassette (ABC) transporters including ABCB1, ABCB5, ABCB8, and ABCC1, in DOX-

resistant C6 (C6-ADR) glioma cells. This was consequently associated with greater retention of 

DOX-IONPs and reduction of cell viability compared to cells treated with free drug. However, 

DOX sensitive C6 cells were found more sensitive to free DOX that is likely due to the faster 

diffusion of free DOX to the nucleus, in comparison to the DOX-IONPs [156]. In addition, this 

can also be attributed to the fact that when the DOX-IONPs are internalized into cytoplasm, they 

are enclosed into endosomes followed by fusion to lysosomes [162]. Therefore, using DOX-IONPs 

might result in more DOX entrapped within the lysosomes, which cannot get released and diffused 

to the nucleus to induce cell apoptosis.  

 Conjugation of cetuximab, an EGFR inhibitor, with IONPs has already shown greater anti-

tumor effect than that of cetuximab alone in both EGFR- and EGFRvIII-expressing human GBM 

neurospheres and GBM stem-like cells in vitro, owing to more efficient cellular targeting and 

uptake, EGFR signaling alterations, and apoptosis induction [160]. While these in vitro studies are 

promising, as the technology is moved into intracranial tumor models, the nanoparticle formulation 

faces the BBB and BBTB that would potentially limit brain penetration and tumor cell uptake 

efficiency. To address this issue, convection-enhanced delivery (CED) was employed in a pilot 

study in order to bypass the BBB/BBTB limited permeability [161]. CED is de facto an invasive 

stereotactically-guided drug delivery method. In CED, catheter(s) are inserted into the brain 

through burr hole(s) created in the skull and dura and the drug is actively pumped into the brain 

parenchyma through the catheter(s) via the positive hydrostatic pressure [163,164]. This procedure 

bypasses the BBB and allows the local delivery of high-molecular-weight therapeutic agents. The 
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convective nature of the infusion results in a greater volume of distribution than would be achieved 

by the simple diffusion [165,166].  

Bernal et al., [167] reported that CED can significantly enhance IONP distribution even 

distant from the injection site, compared to bolus infusion in the rat brain as confirmed by 

fluorescence imaging, and MRI. Moreover, a single treatment with cetuximab-IONP and CED in 

spontaneously occurring intracranial gliomas in canines after surgical resection was found 

effective to decrease the tumor median size by 54.9% at 1-month, while the median survival after 

surgery was reported to be 248 days [161]. Thence, it was envisaged that this platform in 

combination with fractioned radiotherapy might show further enhanced treatment effect based on 

the preclinical studies [87,161]. In another study, iron oxide nanoparticles administered via CED 

to enhance their intratumoral and peritumoral distribution in the brain. To this end, IONPs were 

conjugated with EGFRvIIIAb, capable of selectively binding to (EGFRvIII) present on GBM cells. 

A significant increase in the median survival of intracranial GBM tumor-bearing mice underwent 

CED was observed from 11 days (no treatment) to 16 and 19 days for mice received IONPs and 

EGFRvIIIAb-IONPs, respectively [88]. 

1.4.5.1. Disruption of the BBB for Drug Delivery 

Alternative and non-invasive strategies to overcome the limited drug delivery into the 

brain, deploy techniques to transiently disrupt the BBB and permit the passage of therapeutic 

molecules into the brain. Moreover, transient disruption of the BBB can address the limitations of 

drug delivery into the brain that merely relies on the EPR effect or the active targeting. These 

transient disruption techniques can be either through chemical (like mannitol solution), molecular 

(like peptides that inhibit interactions of cell-adhesion proteins at the intercellular junctions), or 

physical (like FUS) approaches [168,169].  

https://www.sciencedirect.com/topics/medicine-and-dentistry/injection-site
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1.4.5.2. Mannitol for Disruption of the BBB 

In view of the chemical approaches, infusion of a mannitol solution is the most widely 

studied method for the BBB transient disruption. This hyperosmotically shrinks endothelial cells 

and opens the tight junctions of the BBB, which permits large molecules to passively diffuse into 

the brain across the BBB. Moreover, hyperosmotic treatment has been found to be effective in 

enhancing clathrin-mediated endocytosis and simultaneously attenuating exocytosis [170]. 

Mannitol has extensively been used in combination with anti-tumor agents in clinical trials for 

glioma therapy over the last three decades [171,172]. For example, in a clinical study, mannitol 

infusion prior to nitrosourea nimustine (ACNU) and cisplatin (CDDP) administration exhibited a 

significantly higher median survival time in patients with brain metastases compared to those 

received ACNU and CDDP without mannitol (47 vs 24 weeks) [172]. Mannitol was also studied 

in clinical trials in combination with bevacizumab for patients with recurrent malignant glioma. 

This therapeutic platform was well tolerated and showed a reduction in tumor volume [173].  

Sun et al., [174] utilized mannitol to enhance the passage of IONPs across the confluent 

monolayers of mouse brain endothelial cells (bEnd.3) as a model of the BBB in vitro. Although 

the negatively-charged N-trimethoxysilylpropyl) ethylenediaminetriacetate [EDT]-IONPs were 

not permeable across an intact cell monolayer, using mannitol increased passage of EDT-IONPs 

across the bEnd.3 monolayer by 28% after 24 hours of treatment, which further enhanced to 44% 

when a magnetic field was present. Similarly, effective uptake of IONPs as contrast agents in 

Alzheimer's disease transgenic mice was reported upon intravenous [175] or intracarotid [176] 

injection of mannitol to visualize amyloid plaques in the brain. The intravenous administration of 

mannitol is currently preferred due to less invasive nature, and better tolerance in clinical practice 

[175,177]. However, the intracarotid injection of mannitol is associated with a more disruptive 
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effect on the BBB permeability for large protein and small molecules compared to the intravenous 

route. Moreover, the intracarotid injection of mannitol has been reported to be brain-specific with 

no significant change in extravasation of markers into other organs such as liver [178].  

Generally, the maximum BBB disruption has been reported 5 min after administration of 

mannitol lasting about 20-30 min, in animal studies [177]. However, the major disadvantage with 

osmotic disruption in clinical practice, is the long recovery period required for the BBB to be 

restored to its normal barrier function [179]. This recovery period time has been reported to be 2 

to 6 hours in the clinic, which can increase the risks of neurotoxicity [180]. Moreover, this long 

recovery period can be associated with entrance of immune cells as well as small and large 

molecules to the central nervous system and increased intra-cranial pressure [181].  

1.4.5.3. Focused Ultrasound for Disruption of the BBB 

Focused Ultrasound (FUS) is a physical non-invasive approach for local and transient 

disruption of the BBB, thus enhancing the delivery of therapeutic agents into the brain [168]. For 

example, FUS was reported to augment 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU) delivery 

through the BBB in normal (by 340%) and tumor-implanted (by 202%) brains in rats. 

Correspondingly, median survival increased from 28.5 days (control), 25.5 days (FUS) and 32.5 

days (BCNU) to 53 days for rats underwent FUS+BCNU [182]. The integration of FUS and 

magnetic field was also reported to synergistically enhance the delivery of epirubicin-conjugated 

IONPs across the BBB by which epirubicin deposition increased from 1,336 ± 1,182 ng/gram of 

tissue for FUS treatment alone, to 21,738 ng/gram of tissue with a combination of FUS and 

magnetic field exposure [183]. Recently, FUS has also been employed with microbubbles (MBs) 

to enhance BBB disruption due to the additional mechanical forces produced by the oscillation of 

circulating MBs as a result of the focused ultrasound [184]. For example, PEG-coated gold 
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nanoparticles exhibited over 3-fold higher uptake in right hemispheres upon exposure to FUS and 

MBs, compared to non-sonicated left hemispheres in rat models [185]. Fan et al., [186], prepared 

multifunctional MBs loaded with DOX and conjugated with SPIONs. Deposition of DOX-

SPIONs-MBs in the brain tumor region was enhanced by 2.28-fold, 2.67-fold and 4.04-fold, by 

magnetic field targeting, FUS exposure, and combined FUS exposure and magnetic field targeting, 

respectively. By facilitating the BBB opening, this developed platform can potentially be utilized 

as both drug delivery system, and dual MRI/ultrasound contrast agent.  

However, it is noteworthy to mention that the intensity of the FUS beam decreases along 

gradients that extend out from the center point of the beam [187]. This may result in non-uniform 

opening of the BBB, while in this case, drug concentration gradient will be the only driving force 

to deliver the drug to the invading and metastatic tumor cells at the therapeutic levels. On the other 

hand, this gradient of the drug concentration may lead to rapid propagation of the drug, reducing 

the concentration of the drug to below the therapeutic levels at the tumor site. Last but not least, 

FUS administration relies on the localization of the tumors based on the MRI, while it has some 

limitations in delineating the brain tumor boundaries as well as the invading tumor cells infiltrating 

healthy brain parenchyma [19]. This may result in tumor recurrence after the treatment.  

1.4.5.4. Cadherin Peptides for Disruption of the BBB 

A more novel approach to enhance the BBB permeability relies on the inhibition of the 

cell-adhesion protein interactions at the intercellular junctions. Generally, cadherin peptides can 

inhibit E-cadherin-mediated cell-cell adhesion at the biological barriers (i.e., the BBB and 

intestinal mucosa barrier) [188]. For example, a His-Ala-Val (HAV) peptide (HAV6) derived from 

E-cadherin has shown enhanced delivery of Gd-DTPA and NIRF dye R800 through the BBB into 

the brain in Balb/c mice [188]. In fact, HAV6 can bind to the external domain of cadherin and alter 
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paracellular diffusion of various marker molecules through the BBB. Laksitorini et al., [169] also 

utilized cyclic-ADT peptides to enhance the delivery of marker molecules (e.g., 14C-mannitol, and 

Gd-DTPA) to the brain via the paracellular pathways across the BBB. Cyclic-ADT peptides have 

found to bind to the EC1 domain of E-cadherin, blocking the cadherin–cadherin interactions in 

the adherens junctions of the vascular endothelial cells of the BBB and thus enhancing paracellular 

delivery of molecules into the brain [169]. In a comparative study, ADTC5 was found superior to 

HAV peptides in terms of BBB modulatory activity due to the higher brain deposition of Gd-

DTPA caused by ADTC5 compare to those of HAV peptide [169,179]. Although this approach of 

using cadherin peptides for enhancing permeability of the BBB have been reported for small 

molecules entering the brain [169,179], it has not still been established for enhanced penetration 

of nanoparticle-based formulations into the brain either in vitro or in vivo.  

As mentioned earlier, although the extensive opening of the BBB by mannitol and the long 

recovery time for re-establishment of the BBB integrity, limits its application in clinical practice 

[189], the cadherin peptides are likely to show the advantage of not producing an extensive change 

in permeability of large molecules into the brain. Moreover, the time frame for BBB disruption 

with cadherin peptides was reported to be fast (3–6 min post-injection injection of the peptide), 

and the recovery time for re-establishment of the BBB integrity was reported to be within 60 min 

post-injection of the cadherin peptide in vivo. In addition, no change in cerebral blood flow of mice 

received cadherin peptide was observed [179]. Therefore, it is envisaged that the cadherin peptide 

approach for enhancing the BBB permeability has several advantages over either the osmotic 

disruption or FUS approaches. Moreover, this approach can address the limitations of drug 

delivery into the brain that merely relies on the EPR effect or active targeting in the clinical 

practices, as discussed earlier. This warrants future pre-clinical and clinical studies of utilization 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Laksitorini%20MD%5BAuthor%5D&cauthor=true&cauthor_uid=25640479
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of cadherin peptides for enhancing the BBB permeability in combination with various 

nanomedicines and therapeutic agents for glioma therapy. 

1.4.5.4. Encapsulation of IONPs for drug delivery 

In terms of IONP formulation, nanoparticles and multiple therapeutic agents can be 

encapsulated within liposomes, polymeric or lipid nanoparticles, serving as magnetic responsive 

nanocarriers, as mentioned earlier. To exploit this feature, a dual-targeting, co-delivery platform 

was developed by co-encapsulation of magnetic IONPs, PTX, and curcumin (CUR) within PLGA 

nanoparticle (NP), whose surface was decorated with transferrin receptor-binding peptide T7 for 

ligand-mediated targeting in juxtaposition with the feasibility of magnetic-guided targeting. This 

dual-targeting yielded ~4-fold increment in BBB transport efficiency (Fig. 1.4a) and a greater brain 

accumulation (Fig. 1.4b) compared to the non-targeted PLGA NPs in orthotopic U87 glioma-

bearing mice. Of note, no death was reported in the cohort of mice treated with MNP/T7-PLGA 

NPs (PTX + CUR) + MAG (within 35 days), while the survival rates were 83% and 67% for 

MNP/T7-PLGA NPs (PTX + CUR) without a magnetic field and free combo drugs, respectively 

(Fig. 1.4c) [190]. 
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Fig. 1.4. (a) transporting efficiency across BBB in vitro at 4 h; (b) in vivo distribution of the nanoparticles after 
injection via tail vein at 4 h. The dissected brains showed a tendency of the NP accumulation as follows: MNP/T7-
PLGA NPs + MAG > MNP/T7-PLGA NPs > MNP/PLGA NPs + MAG > MNP/PLGA NPs. (c) overall survival of 
glioma-bearing mice (n = 8). Reproduced with permission from [190]. 

 

In a similar work, polymeric nanocomposite embedding IONPs and TMZ were fabricated 

whose surface was decorated with an antibody against nestin, a marker for glioma stem cells, and 

either transferrin or polysorbate 80 (Ps 80) to permeate the BBB [155]. The transferrin was selected 

since transferrin receptor 2 (TfR2) is highly expressed in GBM cells [191]. In addition, since the 

BBB expresses low-density lipoprotein receptor (LDLR)-related proteins, enhanced accumulation 

of polysorbate-80-coated nanoparticles has been reported in the brain due to adsorption of 

apolipoprotein B or E, which are endocytosed by the LDLR on the endothelial cells of the BBB 
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[192,193]. This polymeric nanocomposite formulation could provide a sustained release with a 

significantly enhanced accumulation and prolonged retention of TMZ in the brain (Fig. 1.5a) as 

well as an augmented tumor cell death (Fig. 1.5b,c) in U-251 MG intracranial GBM tumor-

bearing-mice, with a superiority of anti-nestin antibody-transferrin conjugated nanocomposite 

(STAT) vis à vis the anti-nestin antibody-polysorbate-80 nanocomposite (STAP), nanocomposite 

devoid of anti-nestin antibody (STT) and free TMZ [155].  

1.4.5.5. Theranostic Application of IONPs 

As mentioned earlier, IONPs can be utilized in both therapeutic and diagnostic platforms, 

bridging diagnosis and therapeutic modalities such as imaging, drug delivery, and hyperthermia 

therapy, thus providing imaging-guided synergistic therapies for malignant gliomas [20,23]. 

To integrate the drug delivery capability, magnetic site-specific targeting, and real-time 

MRI imaging in one platform for the glioma theranostic in one study, multifunctional nanoparticles 

were designed with a core of IONPs and a shell made of PEG/PEI/polysorbate-80 encapsulating 

DOX (DH: 58 nm). The nanoparticles enhanced DOX uptake by C6 glioma cells in rats bearing 

intracranial tumors, particularly in the presence of an external magnetic field, indicating effective 

magnetic targeting. In addition, the Ps 80-IONPs served as a contrast agent in T2-weighted MRI 

to monitor real-time therapeutic outcome. Thanks to the magnetic site-specific targeting and Ps 

80-mediated endocytosis, the DOX@Ps 80-SPIONs in the presence of a magnetic field could 

suppress the tumor growth completely within 28 days (Fig. 1.6a,b) and prolonged the survival 

(17.8, 32.4, 38.5 and 79.2 days for saline, DOX, DOX@Ps 80-SPIONs, and DOX@Ps 80-

SPIONs+Magnetic field treated mice, respectively) (Fig. 1.6c). Furthermore, DOX-associated 

heart toxicity was prevented upon administration of DOX@Ps 80-SPIONs, and no toxicity was 

observed in other major organs, i.e. lungs, spleen, kidneys and liver [32]. Therefore, the developed 
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DOX@Ps 80-SPIONs formulation plus magnetic field can potentially be utilized as a theranostic 

tool in glioma. 

 

Fig. 1.5. (a) Representative micro SPECT/CT images of GBM tumor-bearing mice. Distribution of 99mTc-TMZ 
shows rapid clearance from the brain. Distribution of 99mTc-STAT exhibits a significantly extended and localized 
retention at the tumor vicinity compared to 99mTc-STAP. 99mTc-STT demonstrates minimal uptake at the tumor 
site, indicating the necessity of anti-nestin antibody as a targeting moiety. (b) images of GBM tumor-bearing mice; a 
rapid increase in intracerebral tumor volume in the untreated group of animals (control) is observed, while the animals 
treated with STAT exhibited a significantly greater regression in tumor volume compared to TMZ and STAP-treated 
animals over a period of 21 days. (c) graph illustrating the tumor regression volume post-treatment with TMZ, STAT 
and STAP against untreated control. The STAT-treated animals demonstrated better intracerebral tumor regression 
compared to TMZ treated animals. Reproduced partially with permission from [155]. 
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1.4.6. Magnetic Hyperthermia Effect of IONPs  

1.4.6.1. IONPs Applications in Magnetic Hyperthermia Therapy of Glioma  

Hyperthermia therapy relies on the exposure of cancerous tissues to elevated temperatures 

(41 to 46 °C) to kill cancer cells or sensitize them to chemotherapy/radiotherapy 

[194,195]. Furthermore, hyperthermia therapy has been known to enhance drug delivery to the 

brain by inducing reversible BBB disruption [196]. Several techniques including radiofrequency, 

ultrasound, microwave, laser and magnetic nanoparticles can be recruited to provide localized 

hyperthermia effect [197].  

The magnetic feature of IONPs can be harnessed to induce localized hyperthermia by 

applying an alternating magnetic field (AMF), termed as magnetic hyperthermia therapy (MHT). 

In this approach, IONPs that accumulate within the tumor vicinity are subjected to a high-

frequency AMF, by which they absorb energy and generate heat through Néel and Brownian 

relaxations and hysteresis loss mechanisms, leading to a localized MHT [20,198]. The application 

of IONPs in MHT for various cancers such as glioma [197,199], prostate cancer [200], breast 

cancer [201], and lung cancer [202] have been reported in pre-clinical studies. A dose-dependent 

inhibitory effect of IONPs on proliferation of U251 [203], U87-MG [204], and U87-EGFRvIII 

[205] GBM cells has also been reported. Similarly, magnetite cationic liposomes exposed to AMF 

exhibited an anti-tumor effect on subcutaneous T-9 rat glioma models with a complete regression, 

and no regrowth of tumors over a period of 3 months. Moreover, this MHT was accompanied by 

a host immune response mediated by both CD8+ and CD4+ T cells and enhanced tumor-selective 

cytotoxic T lymphocyte activity [206].  
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Fig. 1.6. (a) MRI of tumors in C6 glioma-bearing rats. (b) tumor volumes upon treatment. (The relative tumor volume 
i.e. day 7 vs day 28 in saline, DOX, DOX@Ps 80-SPIONs, and DOX@Ps 80-SPIONs with an MF were 69.78, 60.39, 
50.46 and 0.9, respectively. (c) cumulative survival of animals upon treatment. The animal in saline, DOX, DOX@Ps 
80-SPIONs, and DOX@Ps 80-SPIONs with an MF showed 17.8, 32.4, 38.5, and 79.2 days of survival, respectively. 
Reproduced with permission from Ref [32]. 

 

Currently, IONPs are being utilized in clinical trials for MHT of GBM [207] and prostate 

carcinoma [208]. In addition, the efficacy of MHT with IONPs in conjunction with radiotherapy 

has been reported in clinical studies [207,209]. NanoTherm® (MagForce Nanotechnologies AG, 

Berlin, Germany), aminosilane-coated superparamagnetic iron oxide nanoparticles with DH :17 

nm, has been approved in Europe for clinical trials in combination with radiotherapy in patients 

with recurrent GBM [31,210]. Generally, the superiority of aminosilane-coated IONPs against 

dextran-coated IONPs in MHT following intratumoral injection was reported due to the higher 

tumor uptake of the former in pre-clinical studies. The aminosilane-coated IONPs (with 6–10 °C 

temperature rise) provided 1.7–4.5-fold prolongation in survival time of RG-2 glioma-bearing rats 
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due to their homogeneous and intratumoral distribution, while no significant effect on survival of 

rats receiving dextran-coated IONPs (with a temperature rise of 2 °C) was observed [211]. 

In the first clinical trial, feasibility and tolerability of MHT with intratumorally injected 

NanoTherm® and subsequent heating of the nanoparticles in an AMF was evaluated on 14 GBM 

patients. They received 4–10 thermotherapy sessions (AMF strength of 3.8–13.5 kA/m) and single 

fractions (2 Gy) of radiotherapy (a median dose of 30 Gy, 16–70 Gy). The MHT was well tolerated 

by all patients with minor or no side effects, and the tumor temperature reached 44.6 °C (42.4–

49.5 °C) during the treatment. Although five patients received radiation at the doses less than 60 

Gy (that is the recommended dose for GBM patients), and only five patients received 

chemotherapy, the median survival was reported 14.5 months [209] that is comparable with the 

median survival of 14.6 months for patients receiving the current standard of care (radiotherapy at 

dose of 60 Gy plus temozolomide) [5]. 

In a follow-up phase II clinical study, 66 GBM patients (59 with recurrent GBM) received 

an intratumoral injection of NanoTherm® followed by MHT in combination with fractionated 

radiotherapy (a median dose of 30 Gy). The overall survival after primary tumor diagnosis (OS-

1), increased to 23.2 months [207], which significantly exceeded the median 14.6 months in the 

reference group [5]. In addition, overall survival following diagnosis of first tumor recurrence (OS-

2) was reported to be 13.4 months vis à vis 6.2 months in another study with a similar population. 

The clinical outcomes of this study suggested a remarkable augmentation in the overall survival 

of GBM patients through the combination of thermotherapy with a lower radiotherapy dosage of 

30 Gy [207].  

In a more recent preliminarily study on 6 recurrent GBM patients, NanoTherm® was 

coated on the wall of the cavity after tumor resection, using a hydroxycellulose mesh and fibrin 
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glue, termed as NanoPaste® (Fig. 1.7a), followed by six 1-h hyperthermia sessions and concurrent 

fractionated radiotherapy at a dose of 39.6 Gy. The patients treated at first recurrence showed a 

median OS of 23.9 months, while at second recurrence or later the median OS was found to be 7.1 

months. Moreover, the surrounding tissue exhibited an upregulation of Caspase-3 and heat shock 

protein 70, and a significant increase in CD3+, CD8+ T-cells as well as CD68+ macrophages upon 

the intracavitary thermotherapy (Fig. 1.7b,c). The NanoPaste is currently proceeding to a phase-I 

study on patients at first recurrence GBM who are eligible for re-surgery [212]. Therefore, 

intracavitary thermotherapy with IONPs combined with radiotherapy can be a promising 

therapeutic modality in GBM patients at first recurrence, warranting further clinical studies.  

 

Fig. 1.7. (A) intraoperative picture of NanoPaste application onto the resection cavity wall. (B) representative CT 
scans of a patient prior (left side) and post-thermotherapy (right side) with remarkable edema around nanoparticle 
deposits. (C) Representative pictures from a patient demonstrating enhanced Caspase-3 and HSP70 expression after 
treatment. (D) Representative pictures of immunohistochemical staining. They demonstrate a significant infiltration 
of CD3+, CD8+and CD68+ cells after intracavitary thermotherapy, while the pre-treatment samples do not exhibit T-
cell immune cell infiltrates (magnification × 200). Reproduced with permission from Ref [212]. 



43 
 

Still, many attempts are being made to further improve the functionality of IONPs in MHT 

of glioma, in pre-clinical studies. In one of the recent studies, biologically synthesized iron oxide 

nanoparticles, called magnetosomes were prepared using MSR-1 magnetotactic bacteria. The 

magnetosomes were reported to show improved magnetic properties owing to a high level of 

crystallinity and fewer aggregation thanks to the chain arrangement, leading to homogenous tumor 

temperature distribution [213,214]. The magnetosome mineral core was purified to remove most 

organic material and endotoxins (endotoxin level of 10–100 EU mL−1 mg−1) and coated with poly-

L-lysine (M-PLL). Thence, the antitumor efficacy of the coated magnetosomes was studied in 

intracranial U87-Luc tumor bearing-mice upon their intratumoral administration and followed 

magnetic sessions (AMF of strength 27 mT and frequency 202 kHz., 23-27 magnetic sessions each 

lasting 30 min). In 100% of treated mice, the tumor was fully disappeared within 68 days post-

implantation, confirmed by the absence of tumor cells through histological analysis, and they 

survived whole of the experiment (350 days). However, in the control group with commercial 

IONPs, tumor disappearance was only observed in 20% of the treated mice [213]. In a similar 

work by the same group, magnetosomes with controlled endotoxin release (endotoxin level of 

1400–8400 EU mL−1 mg−1) were prepared demonstrating superior antitumor activity compared to 

commercial IONPs that can be attributed to both larger production of heat and endotoxin release 

under AMF application, which can potentially be replaced by nonpyrogenic substance such as M-

PLA. Of note, magnetosomes occupied only 10% of the whole tumor volume when exhibited 

tumor destruction in the animals. This means that an indirect mechanism such as an immune 

reaction might be involved in the tumor regression [215].  

The prolonged retention time of IONPs localized within tumor enables successful multiple 

MHT upon a single injection of the nanoparticles [216,217]. To impart long-term nanoparticle 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/antitumor-activity
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retention within the tumor, PEG-based magnetic hydrogel was fabricated by incorporating IONPs, 

showing the potential capability of implantation after surgical resection of the GBM tumor or 

injection in situ [194]. Later, an injectable solution of thermosensitive poly(organophosphazene) 

(PPZ) nanocapsules embedded with SPIONs in the core (DH: 177 nm) was prepared. The resulting 

solution could be transformed into hydrogel form at body temperature via the hydrophobic 

interaction. The SPION-loaded nanocapsule hydrogels (SPION-NHs) could extend the SPIONs 

retention within tumors after a single intratumoral injection by more than three weeks leading to 

increase tumor temperature to 45°C for multiple MHT, while in the case of intratumorally injected 

PEG-SPIONs solution as the control, the tumor temperature reduced from 44 °C after the first 

MHT to 38 °C after the fourth MHT ipso facto their fast dissipation. Correspondingly, the tumor 

was significantly eradicated by four cycles of MHT in subcutaneously U-87 MG tumor-bearing 

nude mice treated with SPION-NHs, while in the cohort treated with PEG-SPIONs, no significant 

reduction in tumor size was observed [216].  

1.4.6.2.Magnetic Hyperthermia to Trigger Drug Release from IONPs  

Magnetic hyperthermia also can be utilized as a drug-releasing trigger providing a controlled 

site-specific drug release upon heating the IONP-based formulations [218]. In fact, the heat 

generated by the magnetic IONPs under AMF is recruited as a trigger for on-demand drug release 

from the IONPs at the tumor site [219]. To develop a magnetic hyperthermia-responsive drug 

delivery system, Hayashi et al., [219] synthesized DOX-containing carboxylic polypyrrole 

nanoparticles with glass-transition temperature (Tg) of 44°C, and IONPs were incorporated into 

the nanoparticles.  During exposure to the AMF, the IONPs produced heat above the Tg resulting 

in the softening of the polymer phase that allows the release of DOX (~60% of the DOX content 

was released by 20-min exposure to AMF). Magnetic field-responsive iron oxide-loaded hollow 
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mesoporous silica nanocapsules containing DOX were also synthesized by Lu et al., [220]. 

Exposing to an AMF markedly enhanced the release of DOX by 2.6-fold compared to the non-

AMF-stimulated nanocapsules. This accelerated drug release could be attributed to the temperature 

gradient that generates between the core versus the outside environment of the nanocapsules that 

consequently stimulates the drug diffusion to the surrounding media.  

In another study, positively charged tumor necrosis factor-related apoptosis-inducing 

ligand (TRAIL) and hydrophobic SPIONs were complexed with negatively charged PPZ via ionic 

and hydrophobic interactions, respectively, to form thermosensitive and injectable TRAIL/SPION 

nanocomplex hydrogels providing an MHT-mediated release of TRAIL through hydrogel 

dissolution. Thanks to the synergistic anti-tumor effects of MHT and TRAIL, significant tumor 

reduction was observed after 2 cycles of mild MHT at 43 °C (tumor’s V/Vinital of 15.3, ca. 15.5, 

13.6, and 1.3 for untreated, MHT alone, TRAIL-SPION-NHs alone, and TRAIL-SPION-NHs with 

MHT, respectively) [217].  

1.4.7.Concluding Remarks and Future Prospects 

Engineered IONPs due to their biocompatibility, biodegradability and tunable magnetic 

properties have extensively studied in imaging, drug delivery and magnetic hyperthermia therapy 

in glioma models. Generally, engineered IONPs not only can be employed as T1 and T2 MRI 

contrast agents, but also can be functionalized with other imaging probes allowing multi-modal 

imaging techniques (e.g. PET, NIRF) in one system. IONPs also can be utilized as efficacious drug 

delivery systems to enhance transportation of the chemotherapeutics across the BBB, improve 

their pharmacokinetics, overcome the MDR and efflux transporters of cancer cells, and provide a 

ligand-mediated as well as site-specific magnetic targeting for glioma therapy. Moreover, IONPs 

https://www.sciencedirect.com/topics/engineering/related-factor
https://www.sciencedirect.com/topics/engineering/hydrophobic
https://www.sciencedirect.com/topics/engineering/hydrophobic-interaction
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can be exploited to induce localized magnetic hyperthermia under an alternating magnetic field, 

demonstrating synergistic anti-tumor effects with radiotherapy in glioma models. Taken together, 

IONPs as efficacious theranostic tools, can amalgamate multiple diagnosis and therapeutic 

regimens to provide complementary information for early diagnosis, surgical resection, and 

therapeutic follow-up, while showing synergistic therapeutic effects of multiple drugs/regimens, 

in one system.  

Currently, Ferumoxytol is the only FDA-approved IONP-based formulation, 

recommended for treatment of iron deficiency anemia in adult patients which is also under clinical 

investigations for MRI imaging in brain tumors. Moreover, with respect to the application of 

IONPs in MHT, NanoTherm® in combination with fractioned radiotherapy has shown some 

improvements in the overall survival of GBM patients in the early clinical studies, necessitating 

further investigations. Hitherto, in spite of some promising results in animal models, no IONP-

based drug delivery systems have yet entered clinical studies, highlighting the importance of 

extensive pre-clinical studies to develop more efficacious formulations.  

The IONP-based formulations that have yet been developed for clinical trials mostly rely 

on passive targeting through the EPR effect. While the EPR effect has found applicable in pre-

clinical studies, the EPR effect alone may not be sufficient in clinical trials for all patients.  

Moreover, the EPR strongly depends on size and progression of the tumor while for early stage of 

the brain tumors, the EPR effect does not play an important role. In addition, the EPR effect in 

humans is impacted by tumor heterogeneity as well as interpatient variability. These hurdles 

highlight the importance of developing IONP-based formulations with the capability of ligand-

mediated active targeting and/or transient BBB disruption approaches for clinical applications. 

Moreover, magnetic targeting can simultaneously be applied using an external magnetic field to 
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regulate IONP systemic biodistribution and enhance tumor exposure to the nanoparticles and their 

payloads by holding them at the desired site of action.  

The non-invasive transient disruption of the BBB through either osmotic solutions, 

cadherin peptides or physical approaches like FUS have also been successfully applied in pre-

clinical studies to enhance penetration of therapeutic agents into the tumor site of the brain. The 

applications of both mannitol (egs. NCT02861898, NCT01269853) and FUS (eg. NCT02343991) 

for BBB opening in patients with brain tumors are still under clinical investigations. Moreover, 

cadherin peptides have shown significant enhanced paracellular diffusion of various marker 

molecules through the BBB into the brain in vivo via inhibition of the cell-adhesion protein 

interactions at the intercellular junctions [169].  

In comparison to the systematically osmotic disruption of the BBB, the FUS provides the 

advantages of the local BBB disruption through a physical approach. This local disruption will be 

more important when used in combination with magnetic targeting to draw IONPs to the site of 

action, then augment their penetration into the brain by applying the FUS. Therefore, this local 

approach not only can enhance the tumor exposure to the IONPs, but also reduces systemic BBB 

opening and correspondingly diminish the risk of CNS toxicity or extensive entering various 

substances into the brain. However, as discussed in section 1.5, intensity of the FUS beam 

decreases along gradients extending out from the center point of the beam [187]. This may lead to 

a non-uniform opening of the BBB, while the drug concentration gradient is the only driving force 

to deliver the drug to the invading and metastatic tumor cells at the therapeutic levels. Besides, 

this gradient of the drug concentration may lead to rapid propagation of the drug, reducing the 

concentration of the drug to below the therapeutic level at the tumor site.  
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Alternatively, using cadherin peptides has potentially the advantages of uniform enhanced 

permeability of the BBB leading to the homogenous and sufficient delivery of the drugs into the 

tumor and metastatic sites. Moreover, cadherin peptides have shown a fast time frame for BBB 

disruption (3-6 min) with acceptable recovery time for re-establishment of the BBB integrity (60 

min) in vivo. This acceptable recovery time of the BBB integrity can reduce the risk of an 

uncontrolled influx of low and high molecular weight substances from the blood into the brain and 

consequently decreases the risk of neurological toxicity that might be caused by the conventional 

hyperosmotic disruption method using mannitol. 

Intratumoral administration of IONPs (NanoTherm®, or NanoPaste®) has also successfully 

been employed in clinical practice for MHT to bypass the BBB and provide high doses of IONPs 

at the tumor site, which might have the potential to be utilized in drug delivery. Still, the 

intratumoral injection of IONPs mainly relies on the tumor detection by the MRI. However, the 

MRI is likely not to show most peripheral portions of the tumor where the invading tumor cells 

infiltrate healthy brain parenchyma without an extensive BBB disruption and neoangiogenesis 

[18,19]. In other words, the normal permeability of the BBB does not allow the gadolinium to leak 

out into the interstitial tissues, leading to no or minimal contrast enhancement of the peripheral 

tumor cells [19]. 

Taken together, it is envisaged that systemic administration of IONPs in combination with 

magnetic targeting and the non-invasive transient disrupting methods of the BBB, in particular the 

cadherin peptides can effectively address the current limitations of applying nanoparticles and will 

offer more efficacious theranostic platforms for patients suffering from brain tumors. In this 

context, systematically drug delivery with IONPs concomitant with transient disruption of the 
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BBB can potentially overcome the clinical shortcomings of the current approaches that merely rely 

on the EPR effect or active targeting.  
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Doxorubicin-loaded Iron Oxide Nanoparticles for 
Glioblastoma Therapy 

 
 

ABSTRACT 

Although doxorubicin (DOX) is an effective anti-cancer drug with cytotoxicity in a variety of different 

tumors, its effectiveness in treating glioblastoma multiforme (GBM) is constrained by insufficient 

penetration across the blood-brain barrier (BBB). In this study, biocompatible magnetic iron oxide 

nanoparticles (IONPs) stabilized with trimethoxysilylpropyl-ethylenediamine triacetic acid (EDT) were 

developed as a DOX’s carrier for GBM chemotherapy. The loaded DOX was entirely released within 4 

days with the capability of an accelerated release in acidic microenvironments. The DOX-loaded EDT-

IONPs (DOX-EDT-IONPs) demonstrated an efficient uptake in mouse brain-derived microvessel 

endothelial, bEnd.3, Madin–Darby canine kidney transfected with multi-drug resistant protein 1 (MDCK-

MDR), and human U251 GBM cells. The DOX-EDT-IONPs could augment DOX’s uptake in U251 cells 

by 2.8-fold and significantly inhibited U251 cell proliferation, while the loaded DOX was entirely released 

within 4 days with the capability of an accelerated release in acidic microenvironments. Moreover, the 

DOX-EDT-IONPs were found to be effective in apoptotic-induced GBM cell death over 90% within 48 

hours of treatment. Gene expression studies revealed a significant downregulation of TOP II and Ku70, 

crucial enzymes for DNA repair and replication, as well as MiR-155 oncogene, concomitant with an 

upregulation of caspase 3 and tumor suppressors i.e., p53, MEG3 and GAS5, in U251 cells upon treatment 

with DOX-EDT-IONPs. An in vitro MDCK-MDR-GBM co-culture model was used to assess the BBB 

permeability and resulting tumor activity of the DOX-EDT-IONPs and DOX treatments. The DOX-EDT-

IONP showed improved permeability compared to DOX alone, however cytotoxicity was similar in both 

treatment groups. Using a cadherin binding peptide (ADTC5) to transiently open tight junctions further 

enhanced DOX-EDT-IONP permeability. Combining transient modulation of tight junctions with 

application of an external magnetic field was most effective in enhancing permeability and cytotoxicity in 
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the MDCK-MDR-GBM co-culture model. Therefore, the combination of the magnetic enhanced 

convective diffusion and the cadherin binding peptide for transiently opening the BBB tight junctions are 

expected to enhance the efficacy of GBM chemotherapy using the DOX-EDT-IONPs. In general, the 

developed approach enables the chemotherapeutic to overcome both BBB and multidrug resistance (MDR) 

glioma cells while providing a site-specific magnetic targeting.  

Keywords: Iron oxide nanoparticles; Doxorubicin; Glioblastoma; Drug delivery; Blood-brain barrier; 

Magnetic field. 
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2.1. Introduction 
Glioblastoma multiforme (GBM) is the most common and aggressive form of malignant 

gliomas whose current standard of care involves surgical recession followed by chemotherapy and 

radiotherapy [1,2]. Nevertheless, the median survival of GBM patients who receive the current 

standard of care is 14.6 months post-diagnosis, with a 5-year survival rate of 9.8% [3,4]. The 

extensive infiltration of GBM tumors in addition to the presence of the blood–brain barrier (BBB) 

limits therapeutic options. The BBB is made of tight junctions between endothelial cells and 

surrounding astrocyte foot processes, controlling the passage of substances from the bloodstream 

into the brain [5,6]. Besides the tight junctions that restrict the paracellular passage of drugs, brain 

endothelial cells also express a number of efflux transporters such as P-glycoprotein (P-gp) and 

breast cancer resistance protein (BCRP), thus limiting drug penetration into the brain [7]. In this 

respect, a majority of the current chemotherapeutics available to treat GBM have BBB liabilities 

that impedes their therapeutic efficacy. As a result, the chemotherapeutic options are limited and 

those drugs that are used often require high doses that pose severe systemic toxicity to the normal 

tissues [6,8,9].  

To address these issues, numerous engineered nanoparticles (e.g. iron oxide nanoparticles, 

gold nanoparticles, nanoliposomes) have been used as drug delivery systems capable of 

penetrating the BBB and delivering therapeutic agents to the GBM cells [10-12]. Iron oxide 

nanoparticles (IONPs, magnetite (Fe3O4) or maghemite (γ-Fe2O3)), inter alia, have found 

extensive applications in cancer theranostics by virtue of their tunable size-dependent magnetic 

properties. Moreover, IONPs are biocompatible and biodegradable, which can be incorporated into 

the body’s iron cycle upon degradation [6,13,14]. The surface of IONPs can be further modified 

in order to (i) improve their biocompatibility and aqueous dispersibility, (ii) prolong their 

https://www.powerthesaurus.org/pursuant_to/synonyms
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circulating time in blood through minimizing nonspecific phagocytosis by the reticuloendothelial 

system (RES) and also, (iii) provide plenty of active sites for drug loading [11,15]. To this end, a 

variety of biopolymers such as poly(ethylene glycol) (PEG) [16], poly(ethylene imine) (PEI) [17], 

dextran [18] and chitosan [19] have been employed for surface modification of IONPs. 

Generally, the inherent magnetic properties of the IONPs make them a promising option 

for both magnetic resonance imaging (MRI) as a contrast agent, and for site-specific magnetic 

targeting using an external magnetic field [13,14]. Several types of IONPs have been developed, 

hitherto, as MRI contrast agents in clinical trials such as Ferumoxide (Feridex®), Ferumoxytol 

(Feraheme®), Ferucarbotran (Resovist®) and ferumoxtran-10 (Combidex®), thanks to their 

effective reduction of T1, T2, and T2* relaxation times [11,20]. Moreover, several IONPs have 

been fabricated as an efficacious nanocarrier for anti-cancer drugs such as DOX [21,22], paclitaxel 

[23] and 5-fluorouracil [24], albeit none of these have progressed to clinical trials yet in the U.S.  

Doxorubicin (DOX) is an anthracycline antibiotic with potent antitumor activity in a 

variety of cancer cells [25]. Generally, DOX intercalates base pairs of the DNA strands, thus 

inhibiting the synthesis of DNA as well as RNA through blocking the replication and transcription 

processes. In addition, DOX inhibits topoisomerase II (TOP2), an enzyme regulating DNA under- 

and over-winding, further preventing DNA replication, transcription and repair. Generation of free 

radicals is another mechanism of DOX activity that induces oxidative damage resulting in cleavage 

or degradation of DNA [25,26]. DOX is considered as one of the most effective chemotherapeutics 

and is currently indicated by the FDA for a variety of neoplastic conditions such as leukemia, 

neuroblastoma, soft tissue and bone sarcoma, breast carcinoma, ovarian carcinoma, bladder 

carcinoma, thyroid carcinoma, gastric carcinoma, Hodgkin's disease, malignant lymphoma and 

bronchogenic carcinoma [25]. Intravenous (i.v.) administration of DOX, however, exhibits several 
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adverse effects including dose-limiting cardiotoxicity and myelosuppression [25,27]. The 

underlying mechanisms of cardiotoxicity are mainly attributed to the overproduction of reactive 

oxygen species (ROS) and inhibition of topoisomerase IIβ (Top2β)[28]. Whilst DOX is one of the 

most effective chemotherapeutics in vitro against cell lines derived from malignant gliomas (IC50 

of is DOX 0.5 µM vs temozolomide, as the standard agent in glioma chemotherapy, with an IC50 

of 35 µM on U251 GBM cell line)[29,30], its inadequate penetration into the BBB severely 

constrains i.v. administration of DOX in GBM patients. However, the therapeutic efficacy of either 

pegylated liposomal DOX [31] or its intratumoral administration [32] in patients with malignant 

gliomas has been corroborated.  

Taken together, development of drug delivery systems for DOX with a capability of site-

specific drug release and improved BBB penetration would represent a significant improvement 

for treatment of GBM. Thus far, several nanotechnology-based DOX formulations have been 

developed. Doxil® is a pegylated liposomal formulation of doxorubicin approved by the FDA for 

administration in a variety of human cancers [33,34]. In addition, other nanotechnology-based 

DOX formulations such as NK-911® (DOX-conjugated poly-aspartic acid/polyethylene glycol 

micelles, phase II, metastatic pancreatic cancer) and Livatag® (DOX-loaded 

polyalkylcyanoacrylate nanoparticles, phase III, primary liver cancer) are under clinical trials [25].  

In this study, EDT-coated IONPs were developed as the delivery system for DOX and the 

anti-cancer effects of the formulation were investigated in vitro on GBM cells. In this study, 

cadherin binding peptide was utilized for the first time as a transient disruption agent to enhance 

the permeability of IONPs across the BBB. Therefore, this combinational approach of using a 

cadherin binding peptide and an external magnetic field together not only enhanced the penetration 

https://www-sciencedirect-com.uml.idm.oclc.org/topics/pharmacology-toxicology-and-pharmaceutical-science/reactive-oxygen-metabolite
https://www-sciencedirect-com.uml.idm.oclc.org/topics/pharmacology-toxicology-and-pharmaceutical-science/reactive-oxygen-metabolite
https://www-sciencedirect-com.uml.idm.oclc.org/topics/medicine-and-dentistry/topoisomerase
https://www.powerthesaurus.org/constrains/synonyms
https://www.powerthesaurus.org/thus_far/synonyms


66 
 

of the nanoparticles but also augmented therapeutic response and induced more apoptosis in GBM 

cells.   

2.2. Materials and methods 

2.2.1. Materials 

The chemical reagents were acquired from Sigma Aldrich (St. Louis, MO), and the cell 

culture and biochemical reagents were purchased from Thermo Fisher Scientific Inc, USA, unless 

otherwise specified. 

2.2.2. Synthesis and characterization of EDT-IONPs 

Iron oxide nanoparticles were fabricated under mild conditions at room temperature as 

previously described [35]. Briefly, Fe(acac)3 (2.83 g, 8 mmol) was dissolved in ethanol/DI water 

(6:4) and purged with nitrogen for 1 h, followed by adding NaBH4 (3.03 g, 80.0 mmol) in 

deoxygenated DI water under stirring (1000 rpm). When the color of the reaction mixture changed 

from red to black, it indicates the formation of IONPs (approximately 20 min). For coating, 

(Trimethoxysilylpropyl)-ethylenediamine triacetic acid (EDT, 16 mL) was added, and the reaction 

mixture was stirred overnight at room temperature. The blackish brown solution was filtered, and 

the solvent was evaporated at 50°C under low pressure. The obtained viscous mixture was 

dissolved in 200 mL of cold ethanol and left until excess NaBH4 became crystallized, which was 

removed by filtration. Finally, ethanol was completely removed, the product was dissolved in 50 

mL DI water and dialyzed against DI water to remove the unreacted EDT, followed by 

centrifugation at 4000 rpm for 30 min [35]. The dark reddish-brown supernatant was collected and 

stored for further use. 
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The size distribution of EDT-IONP in DI water was measured by dynamic light scattering 

(DLS) using a Photocor Complex system. The FTIR spectrum was taken using a Thermo Nicolet 

iS10 FTIR spectrometer. Transmission electron microscopy (TEM) images of the EDT-IONPs 

were obtained using a Philips CM 10 electron microscope (FEI, Hillsboro, USA).  

2.2.3. Drug loading on EDT-IONPs 

To load DOX on the EDT-IONPs, EDT-IONPs (20 µg) and DOX (20 µg) in 200 µL 

phosphate-buffered saline (PBS, pH 6) was combined and incubated overnight under ambient 

conditions. Afterwards, the mixture was centrifuged at 12,000 rpm for 10 min and the solution was 

completely withdrawn. Then, the nanoparticles were washed with PBS (pH 7.4) twice to remove 

free DOX and the nanoparticles were centrifuged again to collect the DOX-loaded EDT-IONPs 

(DOX-EDT-IONPs). 

2.2.4. Biocompatibility assessment of EDT-IONPs  

To assess the biocompatibility of the synthesized EDT-IONPs, a mouse brain-derived 

microvessel endothelial cell line, bEnd.3 (American type tissue culture collection, Manassas, VA) 

was employed as a cell culture model for the BBB. The Madin–Darby canine kidney (MDCK) 

transfected with multi-drug resistant protein 1 (MDR) was also used. MDCK is an epithelial cell 

line originally derived from the normal dog kidney and transfected with MDR, expressing P-gp 

and tight junction proteins. Therefore, the MDCK-MDR has been reported as a model for the BBB 

permeability [36,37]. Furthermore, an authenticated human U251 GBM cell line was used for 

biocompatibility evaluation of EDT-IONPs. The bEnd.3, MDCK-MDR and U251 cells (cells at 

passage number 20–30) were cultured at a density of 2×104 (bEnd.3, MDCK-MDR) and 1×104 

(U251) cell/cm2 in 96-well plates, and incubated overnight at 37 °C allowing the cells to attach. 

Next day, the cells were treated with EDT-IONPs (0.25 to 50 µg/mL) suspended in the cell culture 

https://www.powerthesaurus.org/assessment/synonyms
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medium for 48 h. Thereafter, the culture medium was removed, and the cells were washed with 

PBS followed by incubation with fresh medium containing 0.5 mg/mL of 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazoliumbromide (MTT, 0.5 mg/mL) reagent at 37 °C. After 3 hours, the 

medium was withdrawn, and blue crystals were dissolved in pure DMSO [38-40]. The absorbance 

of the solutions was measured using a Synergy HT plate reader (BioTek, Winooski, VT) at the 

wavelength of 570 nm and the relative cell viability was calculated as [OD]test/[OD]control, upon 

five measurements.    

2.2.5. Drug release from EDT-IONPs 

The release of DOX from the EDT-IONPs was measured in PBS (pH 7.4 mimicking 

physiological pH, and 4.5 mimicking pH of acidic intracellular compartments such as endosomes) 

at 37 °C. For this purpose, the DOX-EDT-IONPs were suspended in 1 mL PBS in Eppendorf tubes 

and at various time points, the tubes were centrifuged at 12,000 rpm for 10 min to pellet the 

nanoparticles and the solution was completely collected followed by re-suspension of the 

nanoparticles in 1 mL of fresh PBS. The concentration of the released DOX in the solution was 

determined by fluorescence measurement (excitation and emission wavelengths of 485 nm and 

590 nm, respectively) using a Synergy HT plate reader. The concentration of the released DOX 

from DOX-EDT-IONPs was calculated using a serial dilution of a DOX standard solution. 

2.2.6. Cellular uptake of EDT-IONPs and DOX 

To study the cellular uptake of DOX-EDT-IONPs; bEnd.3, MDCK-MDR, and U251 cells 

were grown in 24-well culture plates to reach a confluent monolayer and then they were treated 

with cell culture medium containing either EDT-IONPs or DOX-EDT-IONPs (10 and 20 µg/mL) 

for 4 h at 37 °C with and without a static magnetic field (rare-earth circular magnets, diameter: 20 

mm, Lee Valley, Winnipeg, CA). Then the cells were washed with cold PBS to remove non-
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adhered nanoparticles, and lysed with 0.1% triton solution in PBS overnight at -20 °C. The content 

of IONPs was determined based upon the Ferrozine assay as previously reported [41]. Briefly, HCl 

(500 µL of 12 M) was added to wells, and were incubated at room temperature for 1 h with gentle 

shaking to digest the IONPs, followed by neutralization with NaOH (500 µL of 12 M). Then, 

hydroxylamine hydrochloride (120 µL of 2.8 M) in 4 M HCl was added, and the samples were 

incubated for 1 h at room temperature with gentle shaking. Afterwards, ammonium acetate solution 

(50 µL of 10 M, pH 9.5) and ferrozine (300 µL of 10 mM) in 0.1 M ammonium acetate solution 

were added sequentially to each well, and the absorbance of the solutions was determined at 562 

nm by a Synergy HT plate reader. The concentration of EDT-IONPs was quantified based upon 

an iron chloride standard solution. The protein content of the lysed cells was also measured using 

a BCA protein assay kit. 

The localization of EDT-IONPs in the cell organelles was also studied using TEM as 

previously described [42,43]. For this purpose, U251 cells were treated with either EDT-IONPs or 

DOX-EDT-IONPs in accordance with the uptake study, and after washing with PBS, the cells were 

disassociated using a 0.25% trypsin EDTA solution (Hyclone, Logan, UT). After centrifugation of 

the collected cells (5 minutes at 1500 g), the cell pellet was resuspended in 3% glutaraldehyde in 

0.1 M phosphate buffer (pH 7.3) for 3 hours at room temperature. Then the samples were fixed for 

2 h at room temperature in 1% osmium tetroxide in 0.1 M phosphate buffer, dehydrated in 

ascending concentrations of ethanol and embedded in Epon resin. Thin sections were stained with 

uranyl acetate and lead citrate, and photographed by TEM.  

To measure the cellular uptake of DOX, U251 cells were grown in 6-well plates as 

described earlier and treated with cell culture media supplemented with an equal drug 

concentration of either DOX or DOX-EDT-IONPs to initiate the cellular drug accumulation. After 

https://www.powerthesaurus.org/sequentially/synonyms
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2 h, the cells were washed with cold PBS three times and lysed with 0.1% triton solution in PBS 

as described somewhere else [44]. The concentration of DOX in the cell lysates was measured as 

delineated in section Drug release from EDT-IONPs and normalized with the protein content of 

the lysed cells.  

2.2.7. Cytotoxicity of DOX-EDT-IONPs in GB cell line 

The cytotoxicity of DOX-EDT-IONPs against U251 cells was studied using MTT and flow 

cytometry analyses. For MTT assay, the cells were cultured as described in section 2.2.4. Next 

day, the medium was changed with fresh medium (negative control), medium containing free DOX 

with equivalent concentrations corresponding to DOX released from EDT-IONPs at the same 

period of time (positive control), EDT-IONPs and DOX-EDT-IONPs. After a 48-h treatment, 

viability of the cells was determined by MTT assay as described in section Biocompatibility 

assessment of EDT-IONPs. 

Moreover, cell apoptosis/necrosis was investigated using Annexin V-FITC/PI apoptosis 

Kit. For this study, the cells were treated with either  EDT-IONPs, free DOX or DOX-EDT-IONPs 

over a 48-h period, followed by incubation in fresh cell culture media without any treatment for 

24 h. Afterwards, the cells were stained with Annexin V-FITC and PI in accordance with the 

manufacturer’s protocol, and consequently were analyzed using flow cytometry (BD FACSCanto 

II Flow Cytometer instrument (BD Bioscience)). In addition, to study the effect of various 

treatments on cell proliferation, U251 cells were stained with a fluorescent carboxyfluorescein 

succinimidyl ester dye (CFSE, 50 mM), for 20 min at 37°C. Thereafter, the medium was removed, 

and the cells were washed and treated with either free DOX, EDT-IONPs, or DOX-EDT-IONPs 

for 48 h followed by changing the media and leaving the cells without further treatment for 24 h. 

Then, the fluorescence intensity of the cells was determined using flow cytometry. In fact, during 

https://www.powerthesaurus.org/consequently/synonyms
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each cell division, the cellular content of CFSE decreases that results in a sequential halving of the 

cellular fluorescent intensity with each mitotic event [45]. 

To observe any changes in morphology, the U251 cells were treated for 48 h as mentioned 

above, followed by washing with PBS, fixating with paraformaldehyde (4% v/v) for 20 min at 

room temperature and permeabilization with Triton X-100 (0.2% v/v) for 10 min. The specimens 

were then blocked with BSA solution (3% w/v) for 1 h at room temperature, washed with PBS, 

and the cells incubated with primary phosho-H2AX antibody solution (1:500 in 3% BSA, 0.3% 

Triton X-100 in PBS) at 4°C overnight. Afterwards, the primary antibody was withdrawn, and a 

goat anti-rabbit secondary antibody labeled with Alexa 488 dye (1:500 in the same buffer as the 

primary antibody) was added to each well and incubated at room temperature for 1 h. Then, the 

cells were washed with PBS and the actin cytoskeleton was stained with ActinRed for 30 min 

followed by the nucleus staining with DAPI solution (100 nM) for 5 min at 37 °C. Finally, the 

samples were washed with PBS and visualized by a fluorescence microscope (Zeiss Axio observer 

Z1, Germany). 

2.2.8. Reactive oxygen species measurement 

The extent to which the various treatments resulted in ROS generation in the U251 cells 

was evaluated via the peroxide-dependent oxidation of the non-fluorescent 2′,7′-

dichlorofuorescein diacetate (DCFDA). In this cell-based assay, DCFDA freely diffuses into the 

cells. Once inside, the DCFDA is transformed to the highly fluorescent and cell impermeable 2′,7′-

dichlorofluorescein (DCF) through ROS mediated metabolism [46]. For this study, the cells were 

cultured in black 96 well plates at a density of 5000 cell/cm2. Next day, the cells were washed with 

PBS and exposed to 50 μM DCFHDA in PBS for 45 min at 37 °C. Afterwards, the DCFHDA 

solution was removed, and the cells were washed and treated with either EDT-IONPs, DOX or 
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DOX-EDT-IONPs in cell culture media over 72 h. At various time points, cellular accumulation 

of ROS in response to the treatments was calculated by measuring the oxidation of DCFDA to the 

fluorescent DCF using a Synergy HT fluorescent plate reader at Ex/Em 485/590 nm.  

2.2.9. Quantitative RT-PCR 

The gene studies were conducted on U251 cells upon a 48-h treatment with either EDT-

IONPs, DOX or DOX-EDT-IONPs. To this end, total RNA of the cells was extracted using 

TRIZOL reagent (Invitrogen, USA) according to the manufacturer’s protocol. Then, the purity and 

concentration of the extracted RNA were determined by UV-VIS spectrophotometry (NanoDrop, 

Thermo Fisher Scientific Inc, USA). Afterwards, the level of mRNA encoding Top II, Ku70, p53, 

Caspase 3, Wnt 1, MEG3, GAS5, and MIR155 was determined by quantitative reverse-transcript 

polymerase chain reaction (qRT-PCR). The RT-PCR was implemented using iTaq Universal 

SYBR Green Supermix kit (Bio-Rad, USA) in an Applied Biosystems 7300 Real-Time PCR 

system and β-actin was employed as the housekeeping gene. The following thermal cycles were 

designed for the reactions: 1 cycle of 10 min at 50 °C for the reverse transcription reaction, 1 cycle 

of 1 min at 95 °C for polymerase activation, 40 cycles consisting of 15 sec at 95 °C for denaturation 

and 1 min at 60 °C for annealing. The expression of the target genes was normalized to the β-actin 

expression and relative gene fold changes were calculated using the comparative Ct method 

(2−ΔΔCt) as mentioned previously [38]. The primer sequences are shown in Table 2.1. 
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Table 2.1. Sequences of human primers 

 Forward 

 

Reverse 

TOP2 ATTCCCAAACTCGATGATGC CCCCATATTTGTCTCTCCCA 

Ku70 CTGTCCAAGTTGGTCGCTTC CTGCCCCTTAAACTGGTCAA 

p53 TCTGAGTCAGGCCCTTCTGT GTTCCGAGAGCTGAATGAGG 

Caspase 3 CTCTGGTTTTCGGTGGGTGT CGCTTCCATGTATGATCTTTGGTT 

Wnt1 CAACAGCAGTGGCCGATGGTGG CGGCCTGCCTCGTTGTTGTGAAG 

GAS5 TGGTTCTGCTCCTGGTAACG AGGATAACAGGTCTGCCTGC 

MEG3 GCTGAAGAACTGCGGATGGA CATTCGAGGTCCCTTCCCAC 

MIR 155 AATCGTGATAGGGGTTTTTGCC ATGTAGGAGTCAGTTGGAGGC 

β-actin AATGCCAGGGTACATGGTGG AGGAAGGAAGGCTGGAAGAGTG 

 

2.2.10. In vitro BBB-GBM model  

Nanoparticles as a drug carrier for brain tumor therapy need to first overcome the limited 

permeability of the BBB as well as the efflux transporters such as P-gp expressed on the brain 

endothelial cells, which are responsible for low drug permeation into the brain. The Madin–Darby 

canine kidney epithelial cell line stably transfected with human multi-drug resistant protein 

1 (MDCK-MDR) cells overexpress P-gp, and have reduced paracellular diffusion due to the 

complex tight junction proteins. Together these properties make MDCK-MDR cells a reproducible 

and accurate in vitro cell culture model for examining and predicting the penetration of drugs and 

solutes across the BBB [36,37]. In the present study, MDCK-MDR cells (passage number 20-30, 

cell density 100,000 cell/cm2) were plated on the apical side of a porous polycarbonate 

TranswellTM membrane inserts (4.6 cm2, pore size: 3.0 μm, Corning Inc., USA). Once a confluent 

MDCK-MDR monolayer was obtained (typically in 6 days), U251 cells were cultured in the 

basolateral side of the well plates. Free DOX (1 µg/mL) or DOX-EDT-IONPs was added to the 
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apical media compartment of the insert along with an IRdye 800CW PEG as a permeability marker. 

In addition, a cyclic ADTC5 peptide (Cyclo(1,7)Ac-CDTPPVC-NH2), which was synthesized as 

previously reported [47] was added to the apical media compartment of the insert to block the 

cadherin–cadherin interactions and thus enhancing drug delivery through the MDCK-MDR 

monolayer. The cells were then incubated at 37°C for 4 h in both the presence and absence of a 

static magnetic field (rare-earth circular magnet, diameter: 30 mm, Lee Valley, Winnipeg, CA). 

Afterwards, the apical media and the inserts were removed and the GBM cells with the basolateral 

cell culture media were incubated for an additional 48-h after which the basolateral media was 

collected to determine IONP (Ferrozine assay) and IR dye permeability as well as the cell viability 

(MTT assay).  

2.2.11. Statistical analysis 

The studies were conducted in triplicate and the results were reported as the mean 

±standard deviation (SD). Statistical analysis was conducted in GraphPad Prism using one or 

mixed two-way ANOVA (each applicable), with multiple post-hoc analysis of Tukey and with an 

adjusted p-value. The hypotheses were based on H0: All groups should have the same mean 

measurement values, and H1: All groups do not have the same mean measurement values. The 

adjusted p-value<0.05 (adjusted based on the entire family of comparisons) was considered as the 

significant level to reject the null hypothesis, as previously reported [48-50]. 
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2.3. Results and discussion 

2.3.1. Characterization of EDT-IONPs  

Photographs of the EDT-IONP and DOX-EDT-IONP suspensions were shown in Fig. 2.1a. 

Both suspensions were stable and the reddish of the DOX-EDT-IONP is attributed to the presence 

of DOX. The TEM image illustrates EDT-IONPs (Fig. 2.1b) and DOX-EDT-IONPs (Fig. 2.1c) 

with a quasi-spherical morphology and a core size of 4.76±0.7 nm (Fig. 2.1d). The hydrodynamic 

diameter (DH) and zeta potential (ζ) of the EDT-IONPs were measured to be 51.8±1.3 nm, and -

27.3±1.0 mV, respectively. The FTIR spectrum of the EDT-IONPs is shown in Fig. 2.1e. The Fe-

O-Fe stretching of the core was observed at 594 cm-1 and the Si-O-Si stretching band of the 

aminosilane shell was found at 991 cm-1. The carbonyl stretching band of EDT coating and the C-

H stretching (of propyl group) bands were observed at 1600 cm-1 and 2927 cm-1, respectively. EDT 

is generally a biocompatible coating that provides many negative charged sites on the surface of 

the nanoparticles [43,51], which can be utilized for ionic interaction with positively charged DOX 

molecules. Also, we previously reported the biocompatibility of the EDT-IONPs in Female Balb/c 

healthy mice [43]. Magnetic and further physicochemical characterizations of the IONPs were 

previously reported elsewhere [35,52]. 
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Fig. 2.1. characterization of nanoparticles: (a) photographs of EDT-IONP (left) and DOX- EDT-IONP (right) 
solutions in PBS; TEM images of (b) EDT-IONPs, and (c) DOX- EDT-IONPs; (d) histogram of EDT-IONP size 
distribution from 100 measurements; (e) FTIR spectrum of EDT-IONP, (f) release of DOX from the DOX-EDT-
IONPs in pH 7.4 and 4.5. 
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2.3.2. Characterization of DOX-IONPs 

The DOX loading efficiency on the EDT-IONPs was calculated to be 5±0.5%. Loading of 

DOX increased ζ of the negative EDT-IONPs from -27.3±1.0 mV to 0.0±0.02 mV for DOX-EDT-

IONPs. This change in surface charge of the nanoparticles upon drug loading can be attributed to 

the electrostatic interactions between the amine groups of DOX and carboxylic acid groups of EDT 

coating. Moreover, upon release of the loaded-DOX from nanoparticles within 4 days, the surface 

charge of the nanoparticles became negative again and returned to -25.69±2.8 mV. In addition, the 

DH of the EDT-IONPs increased from 51.8 ±1.3 nm (polydispersity index: PDI 0.14) to 75.5±3.2 

nm (PDI 0.27) upon DOX loading. The release profile of DOX from the nanoparticles is depicted 

in Fig. 2.1f. The nanoparticles demonstrated a burst release of 42±5% within the initial 3 hours, 

while the remaining coated DOX gradually released within a 4-day period. However, since the 

recovery time for re-establishment of the BBB integrity was reported to be within 60 min post-

injection of the cadherin binding peptide in vivo [53], the DOX-EDT-IONPs are expected to enter 

the brain within an hour, while carrying over 60% of initial concentration of the loaded DOX. 

Moreover, the rapid release of DOX (within an hour) from the DOX-EDT-IONPs that 

magnetically has been drawn to the target site, can increase the chance of DOX entering the brain 

through the transiently open tight junctions of the BBB to provide higher concentration of the drug 

within the brain.  

Release studies performed at pH 4.5 also showed an accelerated initial release of DOX 

from the nanoparticles with up to 64±4% within the initial hours. The enhanced release at pH 4.5 

was due to the reduced electrostatic interactions between DOX and IONPs [11], reminiscent of the 

DOX-IONP’s capability of an accelerated DOX release upon entering the acidic tumor 
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microenvironment or acidic cellular compartments such as endosomes [54-56]. The release of 

DOX from the IONPs observed in the present study was similar to previous reports with polymer-

based nanoparticles. In one study, iron oxide nanoparticles and DOX were loaded in poly‐L‐

arginine/chitosan nanoparticles, in which ca. 40% and ca. 65% of the loaded DOX was released 

within 2 h at pHs 7 and 5, respectively [57]. Although covalent bonding of DOX to the surface of 

the nanoparticles can result in increased loading and reduced initial burst release, these advantages 

are countered by potential reductions in the total release of the drug from the nanoparticles. For 

instance, when DOX was covalently conjugated to iron oxide nanoparticles via a pH-sensitive 

hydrazone linkage, there was a 29% burst release within 2 h. However, only 4% of the loaded 

DOX was further released within 24 h and the cumulative release was only around 35% in acidic 

pH conditions [58].  

2.3.3. Biocompatibility of EDT-IONPs 

Biocompatibility of the EDT-IONPs on U251, bEnd.3 and MDCK-MDR cells was studied. 

No cytotoxicity was observed in these three cell lines treated with EDT-IONPs at a concentration 

ranging from 0.25 to 30 µg/mL (Fig. 2.2). Although treatment with either DOX-EDT-IONPs or 

free DOX (1 µg/mL) exhibited an approximately 40% reduction in the bEnd.3 cell viability, no 

significant cytotoxicity was observed in MDCK-MDR. This is likely attributed to the presence of 

P-gp efflux transporter that restricts uptake of DOX by MDCK-MDR cells [59]. The cytotoxicity 

of DOX-EDT-IONPs on U251 will be discussed in 2.5. 

In order to deliver an effective concentration of both DOX and EDT-IONPs to GBM cells 

in our studies, the concentration of 20 µg/mL of EDT-IONPs was selected for use in the remaining 

studies. This concentration, which was well tolerated in various cell lines, enables delivering 

enough DOX to observe cytotoxicity on the tumor cells. We previously reported biocompatibility 
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of IONPs on endothelial, astrocyte and neuron cells at a concentration up to 100 µg/mL 

[41]. Moreover, iron oxide nanoparticles clinically demonstrate acceptable biocompatibility and 

they are captured by the reticuloendothelial system (RES), by which the iron is incorporated into 

the body’s iron cycle [6,60]. In practice, iron oxide nanoparticles are coated with biocompatible 

and hydrophilic materials, diminishing the non-specific protein adsorption on the nanoparticle 

surface and decreasing their recognition and clearance by the RES, thereby their circulation time, 

as well as accumulation in the brain tumor can be augmented [61,62].  

 

Fig. 2.2. Biocompatibility of EDT-IONPs on b.End3, MDCK-MDR and U251 cell lines after 48 hour treatment 
using MTT assay (n=5). The Y-axis represents cell viability compared to the control. 

 

2.3.4. Cellular uptake of the EDT-IONPs and DOX 

The uptakes of EDT-IONPs and DOX-EDT-IONPs in bEnd.3 (Fig. 2.3a), U251 (Fig. 2.3b) 

and MDCK-MDR (Fig.2. 3c) were evaluated. The uptake of both EDT-IONP and DOX-EDT-

IONP was concentration-dependent, and the uptake of drug-loaded IONP was generally greater 
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than that of the EDT-IONPs (Fig. 2.3). Moreover, the cellular uptake of the nanoparticles was 

augmented in the presence of a magnetic field. The bEnd.3 and MDCK-MDR demonstrated a 

greater uptake of the nanoparticles than that of U251. Generally, highly efficient uptake of the 

nanoparticles by endothelial cells is essentially required for their efficacious transportation into 

the brain through the endocytosis [63]. Moreover, the higher uptake of DOX-EDT-IONPs than 

that of EDT-IONPs could be attributed to the neutral surface charge of the former, favoring cellular 

uptake of the drug-loaded nanoparticles. Similarly, greater uptake of IONP based on positive 

surface charge has been observed for a number of cells including the bEnd.3 brain endothelial cells 

[41].  

To further evaluate the uptake of the EDT-IONPs and DOX-EDT-IONPs in U251 cells, 

TEM images were taken which illustrate the formation of nanoparticle-contained intracellular 

vesicles (i.e., endosomes/lysosomes) indicating an endocytosis pathway for uptake of the 

nanoparticles (Fig. 2.4). This finding is consistent with our previous studies reporting IONP uptake 

in the cells through a likely interaction with caveolae localized in lipid rafts within the plasma 

membrane [42]. 
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Fig. 2.3. Uptake of EDT-IONPs and DOX-EDT-IONPs by (a) b.End 3, (b) U251, and (c) MDCK-MDR after 4-h 
treatment. (d) uptake of DOX by U251 cells treated with either DOX, DOX-EDT-IONPs, or DOX-EDT-IONPs + 
Magnet after 2 h. * indicates a significant difference compared to DOX at p <0.05. Data is presented as mean ±S.D, 
and n = 3 (three replications). IONPs and DOX-IONPs represent for EDT-IONPs and DOX-EDT-IONPs. 

 

In terms of drug accumulation in U251 GBM cells, treatment with DOX-EDT-IONPs, was 

more effective than DOX alone. In the present study, the DOX-EDT-IONP resulted in 

approximately 2-fold greater uptake compared to an equal concentration of DOX in solution (Fig. 

2.3d). In addition, application of an external magnetic field further enhanced the DOX 

accumulation in the U251 cells (2.8±0.5-fold, Fig. 2.3c). In practice, the efficacy of chemotherapy 

with DOX is limited by the multiple drug resistance (MDR) mechanisms due to the overexpression 

of ATP-binding cassette (ABC) and P-gp efflux transporter in cancer cells. The expression of both 

P-gp and MDR1 in U251 has also been previously reported [64] . In this regard, Wang et al., [64] 

reported that co-administration of β-asarone and TMZ could decrease P-gp and MDR1 expression 
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in U251, thus promoting TMZ’s entry into the GBM cells. Therefore, in this study, the DOX loaded 

on the nanoparticles could bypass the P-gp efflux system, leading to higher DOX’s uptake in the 

GBM cells [6,58,65]. Similarly, higher uptake of DOX upon treatment of C6 glioma cells with 

DOX-loaded-polysorbate 80-SPIONs in comparison to that of free DOX was reported through 

endocytosis of the nanoparticles [11].  

 

Fig. 2.4. TEM images of nanoparticles uptake by U251 cells cell after 4 h of the treatment, (a) EDT-IONPs and (b) 
DOX-EDT-IONPs. 

 

2.3.5. Cytotoxicity of DOX-EDT-IONPs on cancer cell 

The cytotoxicity of DOX-EDT-IONPs against U251 was studied in comparison to free 

DOX at different concentrations (0.25, 0.5 and 0.1 µg/mL). Based on the MTT assay, the cell 

viability upon a 48 h-treatment with DOX and DOX-EDT-IONPs (at concentration of 1 µg/mL of 

DOX) decreased to 25%±1.1% and more significantly to 17%±1.9% (p<0.05), whilst the EDT-

IONPs did not show cytotoxic effects on GBM cells (Fig. 2.5). It is also noteworthy to mention 

that the IC50 of DOX was found to be ca. 300 µg/mL (supplementary materials: Fig. S 2.1), and 

the selected concentration (0.5 and 1 µg/mL) were above that. The concentration of 1 µg/mL of 
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DOX was selected for the subsequent studies. Similar cytotoxic effects of DOX released from 

DOX-loaded-chitosan-modified Fe3O4 nanoparticles [15], and core-shell nanocarriers (ZnO-

polyacrylamide-DOX) [66] against GBM cell lines have previously been reported. In addition to 

the modest improvement in cytotoxicity of DOX when administered as DOX-EDT-IONPs on 

GBM cells, the capability of DOX-EDT-IONPs to improve DOX’s delivery across the biological 

barriers is also of importance in determining overall improvements with the IONP formulation. 

Moreover, the DOX-EDT-IONPs potentially provide the capability of site-specific magnetic 

targeting to diminish DOX’s systemic side effects [11,15]. For example, Xu et al., [11] reported 

that IONPs could enhance DOX uptake by C6 glioma cells in rats bearing intracranial tumors 

particularly in the presence of an external magnetic field, while DOX-associated toxicity was 

prevented. Correspondingly, animal survival was prolonged from 32 days and 38.5 days for mice 

treated with DOX and DOX-IONPs, respectively to 79.2 days for mice treated with DOX-IONPs 

in the presence of an external magnetic field. 

Induction of apoptosis through DNA damage via intercalation into DNA and inhibition of 

topoisomerase-II is a de facto mechanism of DOX’s cytotoxicity [67]. In this study, both DOX 

and DOX-EDT-IONPs were found to be effective in inducing apoptosis in U251 cells after 72 h, 

leading to ca. 93% late apoptotic cell death, and no considerable cell viability (Fig. 2.6). In late 

apoptosis, the cellular membrane integrity is lost, thus cells demonstrate both annexin V-FITC 

(+)/PI (+) [68]. Likewise, treatments with both DOX and DOX-EDT-IONPs significantly inhibited 

GBM cell proliferation by over 90% (Fig. 2.7). Similarly, the anti-proliferative effects of DOX 

loaded in catanionic solid lipid nanoparticles (CASLNs) [69] and DOX-polyglycerol-

nanodiamond composites [70] were reported on U87 GBM cell line. For example, Kuo et al., [69] 
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reported a greater anti-proliferative effect of DOX-CASLNs than that of free DOX due to the 

higher DOX uptake in GBM cells by the carrier-mediated pathway. 

 

Fig. 2.5. Cytotoxicity assessment of various concentrations of DOX and DOX-EDT-IONPs (0.25, 0.5 and 0.1 µg/mL) 
on U251 after 48 h treatment. * indicates a significant difference at p <0.05. Data is presented as mean ±S.D, and n=6. 
The Y-axis represents cell viability compared to the control. IONPs and DOX-IONPs represent for EDT-IONPs and 
DOX-EDT-IONPs. 
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Fig. 2.6. Flow cytometer analysis for cell apoptosis/necrosis of U251 upon 48-hour treatment, stained with Annexin 
V-FITC and PI. (a) Control, (b) EDT-IONPs (c) DOX, and (d) DOX-EDT-IONPs. (Q4) demonstrates Live, (Q3) early 
apoptotic, (Q2) late apoptotic and (Q1) necrotic cells. 

 

The studies of cell morphology indicated that in addition to a significant reduction in the 

cell population, both DOX and DOX-EDT-IONPs treatments induced notable morphological 

changes from a cuboidal morphology of normal U251 to a shrunken and spindle-like structure of 

actin cytoskeleton and a disrupted nucleus (Fig. 2.8). The effect of DOX in induction of remodeling 
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in actin cytoskeleton and disruption of central stress fibers leading to impaired cell adhesion and 

increased cell detachment has been reported previously [71]. Moreover, phosphorylated H2AX (γ-

H2AX), mediating DNA double-strand break, is an early and sensitive biomarker in DNA double‐

strand break response [72]. In Fig. 2.8, γ-H2AX can be visualized as foci by immunofluorescence 

in U251 treated with either DOX or DOX-EDT-IONPs. Such findings indicate DNA damage 

following DOX treatment in GBM cells. This is in accordance with previous findings of DOX-

induced DNA damage and appearance of γ-H2AX in breast [72] and lung [73] cancer cells. 

 

Fig. 2.7. Flow cytometer analysis for cell proliferation assay of carboxyfluorescein succinimidyl ester (CFSE)-labelled 
U251 upon treatment with EDT-IONPs, DOX and DOX-EDT-IONPs. (a) CFSE flow cytometry graph, and (b) the 
relative cell proliferation inhibition calculated by (mean CFSE control/mean CFSE treated). * shows a significant 
difference compared to the control group at p <0.05. IONPs and DOX-IONPs represent for EDT-IONPs and DOX-
EDT-IONPs. 

 

The studies of cell morphology indicated that in addition to a significant reduction in the 

cell population, both DOX and DOX-EDT-IONPs treatments induced notable morphological 

changes from a cuboidal morphology of normal U251 to a shrunken and spindle-like structure of 

actin cytoskeleton and a disrupted nucleus (Fig. 2.8). The effect of DOX in induction of remodeling 

in actin cytoskeleton and disruption of central stress fibers leading to impaired cell adhesion and 
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increased cell detachment has been reported previously [71]. Moreover, phosphorylated H2AX (γ-

H2AX), mediating DNA double-strand break, is an early and sensitive biomarker in DNA double‐

strand break response [72]. In Fig. 2.8, γ-H2AX can be visualized as foci by immunofluorescence 

in U251 treated with either DOX or DOX-EDT-IONPs. Such findings indicate DNA damage 

following DOX treatment in GBM cells. This is in accordance with previous findings of DOX-

induced DNA damage and appearance of γ-H2AX in breast [72] and lung [73] cancer cells. 

 

Fig. 2.8. Fluorescence microscopy images of U251 with or without treatment after 48 h. Red, blue and green 
fluorescence colours represent Alexa Fluor@ 488 phalloidin-stained F-actin, DAPI-stained cell nuclei, and γ-H2AX, 
a marker of DNA double-strand breaks, respectively. IONPs and DOX-IONPs represent for EDT-IONPs and DOX-
EDT-IONPs. 
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2.3.6. ROS generation 

ROS generation is a well-known mechanism of DOX to induce apoptotic death in various 

cancer cells such as human osteosarcoma Saos-2 [74], and human ovarian cancer cells [75]. 

Treatment of U251 with either DOX or DOX-EDT-IONPs increased the formation of ROS by 

1.9±0.11 and 2.2±0.18 fold, respectively within 72 h, while only DOX-EDT-IONPs showed a 

ROS-inducing effect at 48 h (Fig. 2.9). Similarly, the effect of DOX on ROS induction and 

apoptosis in U87 GBM cell line has been reported [76]. It is also noteworthy to mention that ROS-

induction is one of cytotoxicites associated with IONPs and over 800% enhancement in the 

intracellular ROS was reported into porcine endothelial cells (3 h exposure, 0.5 mg/mL of 

IONPs)[77]. Nonetheless, our finding proves that the synthesized EDT-IONPs were biocompatible 

and did not induce intracellular ROS per se. Taken together, triggered ROS-mediated DNA 

damage is suggested as one of the potential mechanisms of DOX-induced cell apoptosis in human 

GBM cells.  

 

2.3.7. Quantitative RT-PCR 

To demonstrate the anti-cancer effect and mechanism of DOX and DOX-EDT-IONPs 

treatments on U251, a series of gene studies was conducted (Fig. 2.10). Topoisomerase IIα (Top 

II) is a key enzyme in DNA replication, that is considered as a prominent molecular target of 

several anti-cancer drugs such as DOX and etoposide [78,79]. DOX inhibits topoisomerase II 

(TOP2), by which the DNA replication, transcription and repair are interrupted [26]. Ku70, a 

DNA-dependent protein kinase, is another factor involved in the repair of DNA double-strand 

breaks and known as a survival factor in some cancer cells [80,81]. Treatment of U251 with DOX-
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EDT-IONPs reduced markedly the expression of both Ku70 and Top II, which would further 

reduce DNA repair and replication in the GBM cells.  

Caspases are essential mediators of programmed cell death and they are triggered 

sequentially, in which activation of Caspase 12 leads to the activation of Caspase 9 and the 

subsequent ‘effector’ Caspase 3 [82]. Both DOX and DOX-EDT-IONPs treatments upregulated 

the Caspase 3 gene expression, which is consistent with its upregulation in C6 glioma [11], 

leukemia HL-60 [83], and MCF-7 breast cancer [84] cells upon DOX treatments. p53 is a tumor 

suppressor protein whose mutation is the most prevalent genetic alteration in human cancers [85]. 

In fact, the p53 protein can inhibit DNA synthesis and regulates cell apoptosis through competition 

with the DNA repair mechanisms [26]. The U251 cells treated with DOX and DOX-EDT-IONPs 

exhibited an upregulated expression of p53.  

Maternally Expressed Gene 3 (MEG3) is an imprinted non-coding RNA that acts as a 

tumor suppressor through both p53-dependent and p53-independent pathways [86]. Furthermore, 

it has been found that MEG3 expression markedly is diminished in glioma tumors, whereas whose 

expression can inhibit cell proliferation and promoted cell apoptosis in U251 and U87 GBM cell 

lines [87]. lncRNA-growth arrest-specific 5 (Gas5) is another tumor-suppressor gene that is 

downregulated in glioma cells [88,89]. Suppressing the GBM tumor malignancy has been 

observed through introduction of Gas 5 and consequently downregulation of miR-222 [90]. Here, 

both DOX and DOX-EDT-IONPs treatments were found to be effective in upregulation of both 

tumor suppressors, i.e. MEG3 and Gas5, which potentially leads to GBM cell apoptosis. 

MiR-155 is an important oncogenic microRNA that is overexpressed in various malignant 

tumors including GBM, whose mechanism of action is associated with a blockade of Caspase-3 

activity and regulation of multiple genes involved in cancer cell proliferation, and invasiveness 
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[91,92]. The expression of MiR-155 in U251 was downregulated upon treatment with either DOX 

(0.457±0.24 fold) or more significantly with DOX-EDT-IONPs (0.28±0.03-fold, p<0.05). It also 

has been reported that downregulation of MiR-155 can enhance the chemosensitivity of U251 cells 

to Taxol by interrupting the activity of EAG1 pathways and inducing apoptosis [92].  

In addition, the Wnt signaling pathway plays an important role in malignant transformation 

and tumor progression in gliomas [93], and the capacity of intracranial tumor formation has been 

found to be reduced upon Wnt silencing, in vivo [94,95]. Here, U251 demonstrated a significant 

downregulation of Wnt1 upon the treatments with either DOX (0.21±0.04 fold) or DOX-EDT-

IONPs (0.17±0.03 fold). 

 

 Fig. 2.9. ROS induction by EDT-IONPs, DOX or DOX-EDT-IONPs in U251 at different time-points. * indicates a 
significant difference compared to the control group at p <0.05. Data is presented as mean ±S.D, and n = 5. IONPs 
and DOX-IONPs represent for EDT-IONPs and DOX-EDT-IONPs. 
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Fig. 2.10. Relative gene expression of U251 cell upon treatment with either EDT-IONPs, DOX or DOX-EDT-IONPs 
for 48 h. * indicates a significance difference compared to the control group, and ** compared to DOX-treated cells 
at p < 0.05. Data is presented as mean ±S.D, and n=5. IONPs and DOX-IONPs represent for EDT-IONPs and DOX-
EDT-IONPs. 

 

2.3.8. Anti-cancer effect of DOX-EDT-IONPs (in vitro GBM model) 

Due to the inability of DOX to cross the BBB and penetrate into the tumor site, it 

demonstrates little effectiveness in treating GBM when administered systemically [96]. Having 

considered that, development of an efficient drug delivery system enabling penetration of DOX 

across the BBB and enhancing its bioavailability is a matter of significant importance in GBM 

chemotherapy. Since most of the brain endothelial cell lines have been reported that do not form a 

restrictive paracellular barrier required for screening the passage of small molecules [97], in the 

present study MDCK-MDR monolayer was used to assess the BBB permeability of DOX and 

DOX-EDT-IONPs. The MDCK-MDR cells overexpress P-gp and have reduced paracellular 
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diffusion due to the complex tight junction proteins. Therefore, these properties make MDCK-

MDR cells a reproducible and accurate in vitro cell culture model for examining and predicting 

the permeability of drugs and solutes across the BBB [36,37]. In addition, a good correlation 

between bi-directional transport across MDCK-MDR cell monolayer and in vivo CNS was 

reported for 28 compounds [37]. Moreover, since the penetration of DOX across the BBB is mainly 

restricted by the P-gp expression under normal physiological conditions[98], the MDCK-MDR 

cells overexpressing P-gp can be an accurate in vitro cell culture model to predict the BBB 

permeability for DOX.  

The limited BBB penetration of DOX was apparent in the BBB-GBM co-culture model 

(Fig. 2.11a). Evidence for this is the cytotoxicity of DOX (1 µg/mL) in the U251 monocultures 

compared to the BBB-GBM co-culture model. This is likely attributed to the P-gp drug efflux 

transporter liabilities of DOX. The DOX-EDT-IONP formulation showed a significant increase 

(ca. 1.5-fold) in penetration of DOX compared to DOX alone in the BBB-GBM co-culture model 

(Fig. 2.11a). As DOX is a substrate of P-gp efflux transporter that highly restricts its penetration 

into the brain [98,99], the improvement in DOX permeability observed in the present study is 

attributed the DOX-loaded nanoparticles circumventing the P-gp efflux transporter in the MDCK-

MDR monolayers. However, despite the increase in permeability observed with DOX-EDT-IONP 

in the in vitro BBB model, the resulting cytotoxicity was not significantly higher than that of DOX 

alone (Fig. 2.11b). This suggests that improvement in DOX permeability with the IONP 

formulation alone was not sufficient to produce an enhanced cytotoxic response and additional 

measures were necessary to impact both permeability and response in the BBB-GBM co-culture 

model. 
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Transient disruption of the BBB with hyperosmotic solutions like mannitol has been 

reported to enhance the delivery of therapeutic molecules as well as IONPs into the brain [100-

102]. In this regard, mannitol has extensively been used in combination with anti-tumor agents in 

clinical trials of glioma therapy over the last three decades [103,104]. Similarly, Sun et al., [105] 

reported a significant increase in permeability of both EDT-IONPs and aminosilane-coated 

(AmS)-IONPs across brain endothelial cell monolayers when tight junctions were disrupted using 

mannitol. However, the extensive opening of the BBB by mannitol and the long recovery time for 

re-establishment of the BBB integrity can cause a gross and uncontrolled influx of low and high 

molecular weight substances from the blood into the brain that can result in neurological toxicity, 

jeopardizing patient safety [106]. In this study, using ADTC5 showed the advantage of not 

producing an extensive change in permeability of large molecules compared to the mannitol as 

evidenced by the IRDye permeability (2.7±0.4% and 3.1±0.3% without and with ADTC5, 

respectively, compared to 15.6.±0.6% with mannitol. Moreover, as mentioned before, the recovery 

time for re-establishment of the BBB integrity was reported to be within 60 min post-injection of 

the cadherin binding peptide in vivo [53]. This means that using the cadherin peptide allowed the 

MDCK-MDR monolayers to maintain barrier properties to large IRDye macromolecule marker, 

while allowing enhanced penetration to the IONPs, especially in the presence of an external 

magnetic field.  We have named this approach magnetic enhanced convective diffusion (MECD) 

as the IONPs diffuse across the transiently disrupted cell barrier in a bulk flow manner that is 

accelerated by the presence of an external magnetic field.  

By transiently opening the MDCK-MDR monolayer tight junctions using ADTC5 and in 

combination with an external magnetic field, the GBM cell viability significantly decreased upon 

treatment with DOX-EDT-IONPs compared to the GBM cells treated with free DOX (cell viability 
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66±3.3% and 45±3.7% for GBM cells treated with free DOX and DOX-EDT-IONPs, respectively) 

(Fig. 2.11b). This result was consistent with the higher DOX-EDT-IONP permeability through the 

MDCK-MDR monolayer when both ADTC5 and external magnetic fields were applied.  

The capability of DOX-EDT-IONPs to pass through the BBB was also examined using the 

MDCK-MDR-GBM co-culture model. Under normal conditions, DOX-EDT-IONPs showed 

5.2+0.4% penetration across the MDCK-MDR monolayer over 4 hours of the treatment. The 

diffusion of DOX-EDT-IONPs could be increased by either enhancing the MDCK-MDR 

monolayer permeability with ADTC5 (6.2+0.45%) or by application of an external magnetic field 

(7.4+0.5%) (Fig. 2.11c). Using both ADTC5 and external magnetic field also could significantly 

augment DOX-EDT-IONP penetration by 8.5±0.36%. The greater penetration of DOX-EDT-

IONP than that of IRdye could be attributed to the endocytosis and intracellular transport of the 

nanoparticles across the MDCK-MDR cells [107,108]. To the best of our knowledge, this is the 

first report on the combinational effect of cadherin binding peptide and external magnetic field as 

an effective approach to enhance the permeability of drug delivery systems across the BBB. 

As mentioned earlier, IONPs uniquely provide a site-specific magnetic targeting utilizing 

an external magnetic field to draw the nanoparticles to the site of action and enhancing their 

bioavailability [109]. For instance, by applying an external magnetic field, overall tumor exposure 

to magnetic nanoparticles was enhanced by 5-fold compared to non-targeted tumors [110]. 

Moreover, ADTC5 has shown an enhanced delivery of various marker molecules (e.g., 14C-

mannitol, Gd-DTPA) across the MDCK monolayer in vitro, and the BBB in vivo through binding 

to the EC1 domain of E-cadherin, blocking the cadherin–cadherin interactions and thus enhancing 

the delivery of molecules into the brain via the paracellular pathway of the BBB [111].  
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Therefore, the developed DOX-EDT-IONPs in combination with the magnetic enhanced 

convective diffusion and the cadherin binding peptide for transiently opening the BBB tight 

junctions were found effective to enhance DOX’s bioavailability and anti-cancer effect in GBM 

cells by virtue of overcoming the MDR and enhancing the permeability of DOX through a BBB 

model in vitro.  

This combinational approach can potentially be an efficacious alternative for the passive 

targeting through the enhance permeability and retention (EPR) effect, or ligand-based active 

targeting of the IONPs in clinical practice. In fact, the EPR effect in humans has been found not 

as prominent as in animal models [112]. Moreover, for early stage of brain tumors, the EPR effect 

cannot play an important role inasmuch as the BBB is still intact, and leakiness is observed at the 

stages when tumor volume is high and difficult to treat [113]. In addition, the infiltrating tumor 

cells are mostly associated with the intact BBB that would impede passive targeting of 

nanoparticles [114]. On the other hand, the clinical outcomes of active targeting have still not been 

promising in trials that can be attributed to the expression of target receptors in some types of 

tumors, the tumor heterogeneity and the interpatient variability [115,116]. BIND-014 and MM-

302 are two examples of active targeting nanomedicines that failed in clinical studies[115]. Having 

considered that, this novel combinational approach of using cadherin binding peptide for 

transiently opening the BBB tight junctions in juxtaposition with magnetic enhanced convective 

diffusion can be an alternative and effective approach for the passive targeting and ligand-based 

active targeting of drug-loaded IONPs in clinical practice. This combinational approach can 

provide a site-specific magnetic targeting to reduce systemic distribution of the drug-loaded 

IONPs, a transiently opening of the BBB tight junctions using a cadherin binding peptide, and an 

enhanced convective diffusion of the magnetic nanoparticles into the brain. These together can 
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reduce the systemic toxicity of chemotherapy, enhance the permeability of the drug-loaded 

nanoparticles into the brain and ameliorate the efficacy of GBM chemotherapy by providing a 

therapeutic concentration of the effective anti-cancer drugs like DOX that are intrinsically 

impermeable to the BBB. 
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Fig. 2.11. Anti-cancer efficacy of DOX-EDT-IONPs compared to the free DOX on an MDCK-MDR-GBM model in 
vitro. (a) DOX permeability across the MDCK-MDR monolayer with or without IONPs in the presence or absence of 
magnet and ADTC5 (b) cytotoxicity of each formulation on U251 cells after penetrating the monolayer. (c) DOX-
IONPs permeability across the MDCK-MDR monolayer with or without magnet and ADTC5. * indicates a significant 
difference at p < 0.05 with the other treated groups. Data is presented as mean ±S.D, and n=3. IONPs and DOX-IONPs 
represent for EDT-IONPs and DOX-EDT-IONPs. 

 

2.4. Conclusion 

In this study, DOX-EDT-IONPs were developed to facilitate drug delivery to GBM tumor 

cells. The DOX was entirely released from the DOX-EDT-IONPs within 4 days, while the 

nanoparticles could augment the DOX’s uptake in U251 cells by 2.8-fold. The DOX-EDT-IONPs 

was found to be effective in apoptosis-induced cell death, proliferation inhibition, and ROS-

induction in U251 cells. Moreover, DOX-EDT-IONPs treatment could downregulate TOP II and 

c 
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Ku70, essential enzymes for DNA repair and replication, as well as MiR-155 oncogene, while 

concomitantly upregulated Caspase 3, a key mediator of apoptosis, and tumor suppressors i.e., 

p53, MEG3 and GAS5, in U251 cells. Furthermore, recruiting an in vitro MDCK-MDR-GBM co-

culture model, the EDT-IONPs could enhance DOX penetration through the MDCK-MDR 

monolayer over 2-fold and provided significantly higher anti-cancer effect than free DOX in GBM 

cells in the presence of an external magnetic field and ADTC5. In addition, the DOX-EDT-IONPs 

demonstrated 5.2+0.4% permeability through the MDCK-MDR monolayer that significantly 

increased in the presence of an external magnetic field to 7.4+0.5%, indicating the magnetically 

driven enhanced diffusion of DOX-EDT-IONPs across the MDCK-MDR monolayer. In addition, 

using a cyclic ADT peptide as a transient disruption agent in combination with an external 

magnetic field could augment the permeability of DOX-EDT-IONPs across the monolayer to 

8.5±0.36%. Therefore, using an external magnetic field, not only the developed DOX-EDT-IONPs 

can potentially be drawn to the target site, but also their penetration into the brain can be enhanced. 

Moreover, the combination of an external magnetic field and a cadherin binding peptide can further 

augment the penetration of the DOX-EDT-IONPs, while do not extensively disrupt the BBB as 

compared to other techniques like hyperosmotic treatment. Therefore, the BBB remains relatively 

intact to large macromolecules, which correspondingly diminishes the risk of neurological toxicity. 

In conclusion, the developed DOX-EDT-IONPs in combination with the magnetic enhanced 

convective diffusion and the ADTC5 for transiently opening the BBB tight junctions can 

potentially provide an efficacious formulation of DOX in GBM chemotherapy by virtue of 

enhancing DOX’s penetration into the brain, overcoming the MDR cancer cells, providing a site-

specific magnetic targeting and diminishing the systemic toxicity. 
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Fig. S 2.1. IC50 curve of DOX on U251 cells. The cells were treated with DOX solution in cell culture 
media for 48 h and the MTT assay wan then conducted. The IC50 of DOX was found to be ca. 300 ng/mL. 

 

Fig. S 2.2. IRDye permeability across the MDCK-MDR monolayer upon 4-h treatment with peptide or 
mannitol within the uptake study. * indicates a significance difference compared to the control (no 
disrupting agent) and cadherin peptide groups (p<0.01). 
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Salinomycin-loaded Iron Oxide Nanoparticles for 

Glioblastoma Therapy 

ABSTRACT 
 

Salinomycin is an antibiotic introduced recently as a new and effective anti-cancer drug. In this 

study, magnetic iron oxide nanoparticles (IONPs) were utilized as a drug carrier for salinomycin 

for potential use in glioblastoma (GBM) chemotherapy. The biocompatible polyethylenimine 

(PEI)-polyethylene glycol (PEG)-IONPs exhibited an efficient uptake in both mouse brain-derived 

microvessel endothelial (bEnd.3) and human U251 GBM cell lines. The salinomycin-loaded PEI-

PEG-IONPs (Sali-IONPs) released salinomycin over 4 days with an initial release of 44±3% that 

increased to 66±5% in acidic pH. The Sali-IONPs inhibited U251 cell proliferation and decreased 

viability (by ca. 70% within 48 hours), and they were found to be effective in ROS-mediated GBM 

cell death. Gene studies revealed significant activation of caspases in U251 cells upon treatment 

with Sali-IONPs. Furthermore, the upregulation of tumor suppressors i.e. p53, Rbl2, Gas5 was 

observed, while TopII, Ku70, CyclinD1, and Wnt1 were concomitantly downregulated. When 

examined in an in vitro BBB-GBM co-culture model, Sali-IONPs had limited penetration 

(1.0±0.08%) through the bEnd.3 monolayer and resulted in a 60% viability of U251 cells. 

However, hyperosmotic disruption coupled with applied external magnetic field significantly 

enhanced permeability of Sali-IONPs across bEnd.3 monolayers (3.2±0.1%) and reduced viability 

of U251 cells to 38%. These findings suggest that Sali-IONPs combined with penetration 

enhancers, such as hyperosmotic mannitol and external magnetic fields, can potentially provide an 

effective and site-specific magnetic targeting for GBM chemotherapy. 
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Magnetic field. 

3.1. Introduction 

Glioblastoma multiforme (GBM) is the most prevalent and aggressive form of primary 

brain tumors in adults, whose current standard of care includes surgical recession followed by 

radio- and chemo-therapy  [1-3]. However, the extensive infiltrative nature of GBM tumors makes 

complete surgical recession difficult. Furthermore, the presence of the blood-brain barrier (BBB) 

limits the penetration of many chemotherapeutics into the brain and poses a significant obstacle in 

effective treatment of GBM [4-6]. The BBB is composed of a continuous endothelium surrounded 

by astrocytic foot processes, and pericytes, that together regulate the passage of substances from 

the bloodstream into the brain [7].  In addition to the tight junctions, brain endothelial cells also 

express a number of efflux transporters such as P-glycoprotein (P-gp) and breast cancer resistance 

protein (BCRP), which limits drug penetration into the brain [8]. In this regard, most of the current 

chemotherapeutics suffer from an inability to penetrate the BBB effectively, resulting in limited 

therapeutic effects. Furthermore, simply increasing the dose of chemotherapeutic administered to 

achieve the desired therapeutic concentration at the tumor site is not possible due to systemic 

adverse side effects [7,9]. 

To circumvent this hurdle, a variety of engineered nanoparticles (e.g. gold nanoparticles, 

nanoliposomes) have been developed as drug delivery systems with the capability of transporting 

therapeutic agents across the BBB and targeting GBM cells [10-13]. Amidst the broad range of 

engineered nanoparticles, iron oxide nanoparticles (IONPs, magnetite (Fe3O4) or maghemite (γ-

Fe2O3)) offer many advantages in cancer theranostics by virtue of their tunable size-dependent 
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magnetic properties [7,14]. The inherent magnetic properties of the IONPs not only make them an 

ideal candidate as a contrast agent for magnetic resonance imaging (MRI), but also for a site-

specific magnetic targeting utilizing an external magnetic field. In addition, among various metal 

oxide nanoparticles, IONPs have a good safety profile, with the components being shuttled into 

the body’s iron cycle upon degradation [7,14,15]. For these reasons, IONPs have emerged as 

potential nanocarriers for site-specific magnetic targeting of anti-cancer drugs, antibodies, 

peptides, and siRNAs [7,14,16,17]. 

Thus far, IONPs have been developed as an efficacious nanocarrier for a variety of anti-

cancer drugs including doxorubicin [18], paclitaxel [19], gemcitabine [20], cetuximab [21] and 

EGFRvIIIAb [22] in glioma therapy. Moreover, several IONPs have been developed as MRI 

contrast agents in clinical trials such as Ferumoxide (Feridex®), Ferumoxytol (Feraheme®), 

Ferucarbotran (Resovist®) and ferumoxtran-10 (Combidex®), owing to their effective reduction 

of T1, T2, and T2* relaxation times [23,24].  Although IONPs as drug carriers have not entered 

clinical trials yet, their utility in site-specific and enhanced drug delivery of chemotherapeutics 

have widely been reported in pre-clinical studies for treatment of malignant gliomas [11,25].  

Salinomycin is an antibacterial and ionophore anticoccidial therapeutic drug whose anti-

cancer effect has recently been identified [26,27]. As a chemotherapeutic, salinomycin was 

reported to be 100-fold more effective than paclitaxel in inducing apoptosis in breast cancer stem-

like cells [28]. More recent studies have authenticated the anti-cancer effects of salinomycin on 

gastrointestinal sarcoma, osteosarcoma, and colorectal cancer [29]. Whereas the molecular 

mechanisms of salinomycin toxicity have not been fully described, the release of cytochrome c, 

and the activation of Caspases are believed to be implicated in salinomycin’s anti-cancer 

mechanisms [29]. In addition, salinomycin can target cancer stem cells and prevent the Wnt/β-

https://www.collinsdictionary.com/dictionary/english-thesaurus/authenticate
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catenin pathway, which is crucial for stem cell self-renewal [27]. Furthermore, salinomycin may 

cause strong and time-dependent ATP-depletion in cancer cells [29], and interferes with potassium 

channels, promoting the efflux of potassium ions from mitochondria and cytoplasm, thus 

promoting cell apoptosis [30].  

The anti-cancer effect of salinomycin-loaded poly(lactic‐co‐glycolic acid)  (PLGA) 

nanofibers [31], as implantable drug carriers at the tumor cavity after surgical resection, has 

previously been reported on GBM cells, suggesting a potential application in local treatment of 

brain tumors. However, systemically administered salinomycin is not able to penetrate the BBB, 

and has reduced oral absorption because of the multidrug efflux transporter P-glycoprotein (P-gp) 

[32]. Therefore, development of intravenous (i.v.) drug delivery systems for salinomycin with the 

capability of crossing the BBB and entering the brain is of significant clinical importance. 

In this study, surface-modified IONPs were synthesized and characterized as a potential 

delivery system for salinomycin. For this purpose, salinomycin-loaded polyethylenimine (PEI)-

polyethylene glycol (PEG)-IONP was fabricated and its anti-cancer effects on GBM cells were 

investigated. The results revealed that Sali-PEI-PEG-IONPs inhibited U251 cell proliferation and 

effectively decreased U251 cell viability. Moreover, the permeability of the nanoparticle 

formulation across an in vitro model of the BBB was examined. Our results showed that while 

Sali-PEI-PEG-IONP permeability was low, when combined with an external magnetic field and a 

transient disruption method, a significant improvement in penetration of the nanoparticles was 

observed. Further studies using a BBB-GBM co-culture model demonstrated that transient 

disruption when combined with an external magnetic field could also improve salinomycin 

therapeutic effect with more induced apoptosis in GBM cells.    
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3.2. Materials and methods 

3.2.1. Materials 

All chemical reagents were purchased from Sigma Aldrich (St. Louis, MO), and all cell 

culture and biochemical reagents were obtained from Thermo Fisher Scientific Inc, USA, unless 

otherwise specified. 

3.2.2. Synthesis and characterization of IONPs 

IONPs were synthesized as previously reported by our group [33]. Briefly, to synthesise 

IONP-Sil(NH2), Fe(acac)3 (2.83 g, 8 mmol) was dissolved in 6:4 ethanol to DI water and purged 

with nitrogen for 1 h, followed by adding NaBH4 (3.03 g, 80.0 mmol) in deoxygenated DI water 

under stirring (1000 rpm). After 20 min, the color of the reaction mixture changed from red to 

black, evincing the formation of IONPs. After 1 hour, (3-aminopropyl) triethoxysilane (APTES, 

16 mL) was added, and the reaction mixture was stirred overnight at room temperature. The 

blackish brown solution was filtered, and the solvent was removed at 50°C under low pressure. 

The obtained viscous mixture was dissolved in 200 mL of cold ethanol and left until excess NaBH4 

became crystallized, which was removed by filtration. This step was repeated until no further 

crystal was observed. Then, ethanol was completely removed, the product was dissolved in 50 mL 

DI water and dialyzed against DI water to remove the unreacted APTES, followed by 

centrifugation at 4000 rpm for 30 min. The dark reddish-brown supernatant was collected and 

stored for further use. 

For the synthesis of PEI-PEG-IONPs, PEG diacid 600 (2.0 g, 3.3 mmol), EDC (0.19 g, 1 

mmol) and NHS (0.21 g, 1 mmol) were dissolved in DI water and stirred for 15 min. Then, IONP-

Sil(NH2) solution (∼42.0 mg of aminosilane, ∼0.3 mmol) was added to the mixture and stirred for 
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an additional 3 h. The product was dialyzed against DI water followed by centrifugation at 4000 

rpm. The obtained supernatant was collected and stored for further use. To accomplish the PEI 

coating, Na2CO3, NaHCO3 (Na2CO3 = 0.21198g, NaHCO3 = 1.512g), EDC (0.19 g, 1 mmol) and 

NHS (0.21 g, 1 mmol) and IONP-PEG(COOH) were dissolved in 20 mL DI water under stirring. 

After 15 minutes, PEI2K (2mg/mL) in 30 mL of DI water was added rapidly to the reaction mixture 

and mixed overnight. The following day, the obtained crude product was washed with DI water 

and dialyzed against DI water to yield PEI-PEG-IONPs. 

Initial characterization of the PEI-PEG-IONP intermediates for physico-chemical and 

magnetic properties have been previously reported[33]. For confirmation of the size and 

polydispersity of the PEI-PEG-IONPs, the IONP size distribution in DI water was determined by 

dynamic light scattering (DLS) measurements using a Photocor Complex system. The FTIR 

spectrum was taken using a Thermo Nicolet iS10 FTIR spectrometer. TEM images of the 

nanoparticles were acquired using a Philips CM 10 electron microscope (FEI, Hillsboro, USA).  

3.2.3. Drug loading on IONPs 

To load salinomycin on the synthesized PEI-PEG-IONPs, equal concentrations (30 µg/mL) 

of PEI-PEG-IONPs and salinomycin were mixed in phosphate-buffered saline (PBS, pH 6) and 

the reaction mixture was incubated overnight. The resulting mixture was then centrifuged at 12,000 

rpm for 10 min and the aqueous supernatant was carefully removed. Subsequently, the 

salinomycin-loaded PEI-PEG-IONPs (Sali-PEI-PEG-IONPs) were re-suspended, washed twice 

with PBS (pH 7.4) and separated by centrifugation as described above to remove any non-adherent 

salinomycin. 
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3.2.4. Biocompatibility evaluation of IONPs  

To evaluate the biocompatibility of the synthesized PEI-PEG-IONPs, a mouse brain-

derived microvessel endothelial cell line, bEnd.3 (American type tissue culture collection, 

Manassas, VA) was used as a cell culture model for the BBB, in addition to the authenticated 

human U251 GBM cell line. The bEnd.3 cells (passage number 20–30) were cultured in DMEM 

(Gibco, UK) supplemented with 10% fetal bovine serum (FBS, Hyclone, Logan, UT), 1% mL 

penicillin and streptomycin Invitrogen, USA). The U251 cells (passage number 20–30) were 

cultured in DMEM/F12 (Gibco, UK), supplemented with 10% FBS and 1% penicillin-

streptomycin. To assess the effect of PEI-PEG-IONPs on cell viability, the bEnd.3 and U251 cells 

were seeded at a density of 2×104 and 1×104 cell/cm2, respectively in 96-well plates, and incubated 

overnight at 37 °C to allow them to attach. Then, the cells were treated with PEI-PEG-IONPs at 

the concentrations of 0.25 to 50 µg/mL suspended in the cell culture media, for 48 h. Afterward, 

the culture media was removed, and the cells were washed with PBS and incubated in medium 

supplemented with 0.5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide 

(MTT) reagent for 3 h at 37 °C. Then, the media was removed and the cells were solubilized in 

DMSO [31]. Absorbance of the solubilized cells was determined using a Synergy HT plate reader 

(BioTek, Winooski, VT) at the wavelength of 570 nm. The relative cell viability was calculated as 

[OD]test/[OD]control, and the average value was obtained from five measurements.    

3.2.5. Drug release from IONPs 

The release kinetics of salinomycin from the PEI-PEG-IONPs was determined at 37 °C in 

PBS (pH 7.4 to mimic pH of the blood and extracellular fluid, and pH 4.5 to mimic acidic tumor 

micro-environment and endosomal compartments). To this end, the Sali-PEI-PEG-IONPs were 

suspended in 1 mL PBS and at various time points, the tubes were centrifuged at 12,000 rpm for 



115 
 

10 min to pellet the nanoparticles and the solution was entirely collected and replaced with 1 mL 

of fresh PBS. The concentration of the released salinomycin was measured using an Ionophore 

ELISA kit (Europroxima, The Netherlands), in compliance with manufacturer’s protocol. 

Quantitative determinations of salinomycin released from the IONP as a function of incubation 

time were determined based on standard curves performed with each analysis. 

3.2.6. Cellular uptake of IONPs 

Confluent monolayers of bEnd.3 and U251 cells were grown in 24-well culture plates and 

treated with culture media containing either PEI-PEG-IONPs or Sali-PEI-PEG-IONPs (30 µg/mL) 

for 4 h at 37 °C in both presence and absence of a static external magnetic field. Afterward, the 

cell monolayers were washed 3 times with cold PBS to remove unbound nanoparticles, followed 

by lysing the cells with 0.1% Triton solution in PBS overnight at -20 °C. The IONP content was 

determined based on the Ferrozine assay as previously reported [34]. Briefly, 500 µL of 12 M HCl 

was added to each well and incubated for 1 h at room temperature with gentle shaking to solubilize 

the nanoparticles. The samples were then neutralized with 500 µL of 12 M NaOH, followed by the 

addition of 120 µl of hydroxylamine hydrochloride (2.8 M) in 4 M HCl and incubation at room 

temperature with gentle shaking for 1 h. Thereafter, 50 µL of 10 M ammonium acetate solution 

(pH 9.5) and 300 µL of 10 mM ferrozine in 0.1 M ammonium acetate solution were added 

consecutively to each sample, and the absorbance was measured at 562 nm using a Synergy HT 

plate reader. Quantitative determination of IONP concentration was fulfilled based on a standard 

curve prepared using various dilutions of an iron chloride atomic absorption standard (Fisher 

Scientific, Ottawa, ON). The protein content of the lysed cells was determined using a BCA protein 

assay kit (Pierce™ BCA protein assay kit, ThermoFisher Scientific, USA). 
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The cellular localization of the PEI-PEG-IONPs was also examined using transmission 

electron microscopy (TEM). For this study, U251 cells were treated with the nanoparticles as 

described above. After 4 h, the media was removed and the cells were washed with PBS, and 

disassociated using a 0.25% trypsin EDTA solution (Hyclone, Logan, UT). The collected cells 

were then centrifuged (5 minutes at 1500 g) and the cell pellet was resuspended in 3% 

glutaraldehyde in 0.1 M phosphate buffer (pH 7.3) at room temperature for 3 hours. This was 

followed by post-fixation for 2 h at room temperature in 1% osmium tetroxide in 0.1 M phosphate 

buffer, dehydration in ascending concentrations of ethanol and embedding in Epon resin. Thin 

sections were stained with uranyl acetate and lead citrate, visualized and photographed by TEM.  

3.2.7. Cytotoxicity of Sali- IONPs in GB cell line 

The cytotoxicity of Sali-PEI-PEG-IONPs against U251 cells was evaluated using MTT 

assay. For this purpose, the cells were cultured as described previously. After a 24-h period, the 

media were changed with fresh media (negative control), media containing an equivalent amount 

of salinomycin corresponding to salinomycin released from Sali-PEI-PEG-IONPs over the same 

time (positive control, 1 µg/mL), PEI-PEG-IONPs and Sali-PEI-PEG-IONPs. Following a 48-h 

treatment, viability of the cells was determined by MTT assay as described in section 2.4. 

Moreover, to observe the effects of the treatments on the cell proliferation, the cells were 

labeled with the fluorescent dye carboxyfluorescein succinimidyl ester (CFSE), 50 mM for 20 min 

at 37°C. The cellular content of CFSE is reduced during each cell division resulting in a sequential 

halving of the cellular fluorescent intensity with each mitototic event [35]. Following the loading 

of CFSE into the cells, the media was changed, and the cells were washed and treated with either 

PEI-PEG-IONPs, salinomycin (1 µg/mL) or Sali-PEI-PEG-IONPs (equivalent to 1 µg/mL of 

salinomycin) for an additional 48 h.  Following the 48-h exposure, the media was changed, and 
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the cells were left for 24 h without any further treatment. Thereafter, the fluorescence intensity of 

the cells was measured using flow cytometry (BD FACSCanto II Flow Cytometer instrument (BD 

Bioscience)). In addition, cell apoptosis was determined using Annexin V-FITC/PI apoptosis Kit 

(Thermo Fisher Scientific, USA). For this purpose, the cells were treated similarly either with PEI-

PEG-IONPs, salinomycin or Sali-PEI-PEG-IONPs for 48 h, followed by 24 h incubation without 

any further treatment. Thereafter, the cells were stained with Annexin V-FITC and PI according 

to the manufacturer’s protocol, and subsequently were analyzed using flow cytometry. 

Morphology of the U251 cells after 48 h treatment was also studied using a fluorescence 

microscope (Zeiss Axio observer Z1, Germany). To this end, the treated cells were washed with 

PBS and fixed with 4% paraformaldehyde for 20 min at room temperature, followed by 

permeabilization with 0.2% Triton X-100 for 5 min. Then, actin cytoskeleton was stained with 

ActinRed for 30 min and the nucleus was stained with DAPI solution (100 nM) for 5 min at 37 °C. 

Afterwards, the samples were washed with PBS and visualized by the microscope. 

3.2.8. Reactive oxygen species determination 

Intracellular ROS was measured based on the peroxide-dependent oxidation of the non-

fluorescent 2′,7′-dichlorofuorescein diacetate (DCFDA). Upon entering the cells, acetate groups 

of the DCFDA get cleaved by intracellular esterases, being transformed to the highly fluorescent 

and cell impermeable 2′,7′-dichlorofluorescein (DCF) [36]. For this study, U251 cells were seeded 

in black 96 well plates at a density of 5000 cell/cm2 and cultured overnight. After washing the cells 

with PBS, they were stained with 50 μM DCFH-DA in PBS for 45 min at 37 °C. Then, the DCFDA 

solution was removed and the washed cells were treated with either PEI-PEG-IONPs, salinomycin 

or Sali-PEI-PEG-IONPs in cell culture media for up to 72 h. The cellular accumulation of ROS in 
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response to the treatments was calculated by measuring the oxidation of DCFDA to the fluorescent 

DCF using a Synergy HT fluorescent plate reader at Ex/ Em=485/535 nm. 

3.2.9. Quantitative RT-PCR 

The U251 cells were treated with either PEI-PEG-IONPs, salinomycin and Sali-PEI-PEG-

IONPs for 48 hours. After washing the cells with PBS, the total RNA was extracted utilizing 

TRIZOL reagent (Invitrogen, USA) in accordance with the manufacturer’s protocol. The RNA’s 

purity and concentration were measured by UV-VIS spectrophotometry (NanoDrop, Thermo 

Fisher Scientific Inc, USA). Thenceforth, the expression level of mRNA encoding Top II, Ku70, 

p53, Caspase 9, Caspase 3, cyclin D, Wnt 1, Rbl2, GAS5, and MIR155 was determined by 

quantitative reverse-transcript polymerase chain reaction (qRT-PCR). The RT-PCR was carried 

out using iTaq Universal SYBR Green supermix kit (Bio-Rad, USA) and β-actin was considered 

as the housekeeping gene. The reactions were conducted in an Applied Biosystems 7300 Real-

Time PCR system with the following cycles: 1 cycle of 10 min at 50 °C for the reverse transcription 

reaction, 1 cycle of 1 min at 95 °C for polymerase activation, 40 cycles consisting of 15 sec at 

95 °C for denaturation and 1 min at 60 °C for annealing. The changes in relative gene fold were 

calculated by the comparative Ct method (2−ΔΔCt) and the target genes’ expression was normalized 

to the β-actin. The sequences of the primers have been listed in Table 3.1. 

 

 

 

 

 

https://www.nature.com/articles/s41598-018-27733-2#Tab2
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Table 3.1. Sequences of human primers. 

 Forward 

 

Reverse 

TOP2 ATTCCCAAACTCGATGATGC CCCCATATTTGTCTCTCCCA 

Ku70 CTGTCCAAGTTGGTCGCTTC CTGCCCCTTAAACTGGTCAA 

p53 TCTGAGTCAGGCCCTTCTGT GTTCCGAGAGCTGAATGAGG 

Caspase 9 CACGGCAGAAGTTCACATTG AACAGGCAAGCAGCAAAGTT 

Caspase 3 CTCTGGTTTTCGGTGGGTGT CGCTTCCATGTATGATCTTTGGTT 

Cyclin D GTCCCACTCCTACGATACGC CAGGGCCGTTGGGTAGAAAA 

Wnt1 CAACAGCAGTGGCCGATGGTGG CGGCCTGCCTCGTTGTTGTGAAG 

Rbl2 GGTTCCCACTGAGTGATTACTGT AGAAGCCTCCTATGCTCACG 

GAS5 TGGTTCTGCTCCTGGTAACG AGGATAACAGGTCTGCCTGC 

MIR 155 AATCGTGATAGGGGTTTTTGCC ATGTAGGAGTCAGTTGGAGGC 

β-actin AATGCCAGGGTACATGGTGG AGGAAGGAAGGCTGGAAGAGTG 

 

 

3.2.10.  In vitro BBB-GBM model  

As the IONPs for GBM therapy would be required to first pass the BBB, a brain endothelial 

cell–GBM cell co-culture model was established to assess permeability and anti-cancer effect of 

the IONP formulations. For this study, bEnd.3 cells were plated on the apical side of a porous 

polyethylene terephthalate (PET) membrane (cell culture inserts, pore size: 3.0 μm, BD 

Bioscience, USA). Once confluent bEnd.3 monolayers were obtained (typically in 7 days), the 

culture inserts were transferred to 6-well plates containing U251 cells (cell density 2×105 cell/well) 

to assess both permeability and pharmacological responses. Free salinomycin (1 µg/mL) or Sali-

PEI-PEG-IONPs was added to the apical media compartment of the insert along with a 70 kDa 
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Fluorescein isothiocyanate-dextran (FDX70000) permeability marker. The cells were then 

incubated at 37°C for 6 hours in both the presence and absence of a static magnetic field. 

Thereafter, the apical media and the inserts were withdrawn and the U251 cells with the basolateral 

cell culture media were incubated for an additional 24-h after which the basolateral media was 

collected to determine IONP (Ferrozine assay) and the cell viability (MTT assay) was examined. 

To assess permeability following transient disruption of the bEnd.3 monolayer through the 

hyperosmotic condition, the bEnd.3 monolayers were pre-treated with DMEM containing 1.4 M 

mannitol for 2 hours, after which the monolayers were washed with PBS and then placed in 6-well 

plates containing U251 cells for permeability and cytotoxicity studies as described above. 

3.2.11. Statistical analysis 

The studies were conducted in triplicate and the results were reported as the mean 

±standard deviation (SD). Statistical analysis was conducted in GraphPad Prism using one or 

mixed two-way ANOVA (each applicable), with multiple post-hoc analysis of Tukey and with an 

adjusted p-value. The hypotheses were based on H0: All groups should have the same mean 

measurement values, and H1: All groups do not have the same mean measurement values. The 

adjusted p-value<0.05 (adjusted based on the entire family of comparisons) was considered as the 

significant level to reject the null hypothesis, as previously reported [37-39]. 

3.3. Results and discussion 

3.3.1. Characterization of IONPs  

The TEM image of the PEI-PEG-IONPs indicates the nanoparticles have a quasi-spherical 

morphology and a core size of 4.76±0.7 nm (Fig. 3.1a,b). In addition, the observed hydrodynamic 

diameter (DH) and zeta potential (ζ) of the PEI-PEG-IONPs were 84.1±14 nm, and +27.14 mV, 
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respectively. The FTIR spectrum of the nanoparticles is depicted in Fig. 3.1c. The siloxane shell 

was characterized by the Si-O-Si stretching band at 991 cm-1. Symmetric and asymmetric C-H 

stretching (of propyl group) bands, as well as N-H bending (from free amine groups) were 

observed at 2821, 2887, and 1587 cm-1, respectively. The strong peak at 1112 cm-1 corresponds to 

the C-O-C stretching band of the conjugated PEG. The carbonyl stretching band from the amide 

linkage was also observed at 1649 cm-1 and the Fe-O-Fe stretching of the core was found at 588 

cm-1. 

 

Fig. 3.1. PEI-PEG-IONPs characterization: (a) TEM images, (b) size distribution histogram, (c) 
FTIR spectrum, (d) release of salinomycin from the nanoparticles in pHs 7.4 (physiological pH), 
and 4.5 (pH of acidic intracellular compartments such as endosomes). 
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3.3.2. Characterization of the Sali-IONPs 

The efficiency of salinomycin loading on the PEI-PEG-IONPs was calculated to be 

3.4±0.4%. Loading of salinomycin decreased the ζ of the PEI-PEG-IONPs from +27.14 mV to 

+0.8 mV, indicative of an electrostatic interaction between the amine groups of PEI and the 

carboxyl groups of salinomycin. The release profile of salinomycin from the nanoparticles is 

illustrated in Fig. 3.1d. The nanoparticles showed a burst release of salinomycin with 44±3% 

release within the initial hours, followed by a more sustained release over 72 hours for the 

remaining coated drug. In addition, the acidic microenvironment accelerated the release of 

salinomycin from the nanoparticles up to 66±5% within the initial hours, indicating the capability 

of an accelerated drug release once the nanoparticles enter the acidic tumor microenvironment or 

acidic intracellular compartments such as endosomes [40,41]. The initial burst release of the 

salinomycin can be related to adsorption of the drug on the exterior regions of the polymer coating 

on the IONPs [42,43], and the weak electrostatic forces between the drug and the coating polymer. 

This study is the first to report the application of metal oxide nanoparticles for delivery of 

salinomycin and their potential applications for GBM chemotherapy. However, the salinomycin 

release profile obtained in the present study using IONPs is similar to those previously reported 

with polymer-based nanoparticle systems of salinomycin. For example, Chen et al., [44] developed 

lipid-polymer nanoparticles as drug carrier of salinomycin for osteosarcoma treatment, with an 

initial burst release of ~60%, and a cumulative drug release of ~80% in 72 h. Similarly, 

salinomycin-loaded PEGylated poly(lactic-co-glycolic acid) nanoparticles demonstrated a fast 

release of salinomycin (ca. 50%) in the initial 24 h, reaching the cumulative release of ~65%  in 

the following 48 h [45].   
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Transient disruption of the BBB has been suggested as an effective approach to enhance 

the delivery of therapeutics across the BBB and treat malignant gliomas in clinical studies [46-48]. 

In this context, it is noteworthy to mention that the maximum disruption of the BBB after 

administration of mannitol, the most common hyperosmotic transient disruption agent, has been 

reported to occur within 5 min and lasts around 20-30 min, in animal studies [49] and substantially 

longer, up to 8 hours in humans [50]. Therefore, the initial burst release of salinomycin from the 

nanoparticles, which already have been drawn to the target site using an external magnet field, can 

increase the chance of the drug entering the brain within the optimum time frame of the BBB 

disruption. Moreover, the drug-loaded IONPs are expected to enter the brain within this time frame 

using both transient disruption of the BBB and magnetic targeting. Thus, a therapeutic 

concentration of the drug can be delivered to the tumor cells via the nanoparticles, even with an 

initial burst release of salinomycin. Chertok et al., [25] also reported that IONPs entered the brain 

within 1 h post-injection using magnetic targeting without transient disruption of the BBB that can 

be attributed to the EPR effect.  

3.3.3. Biocompatibility of the IONPs 

The biocompatibility of the PEI-PEG-IONPs on U251 and bEnd.3 was evaluated. The PEI-

PEG-IONPs at a concentration ranging from 0.25 to 50 µg/mL did not show any cytotoxicity, per 

se, on U251 (Fig. 3.2b). In addition, their biocompatibility up to 320 µg/mL on HepG2 was 

previously reported [33]. Likewise, the PEI-PEG-IONPs at a concentration of 0.25 to 30 µg/mL 

did not show cytotoxicity on bEnd.3, albeit a minor reduction in cell viability was observed at the 

concentration of 50 µg/mL (Fig. 3.2a). Therefore, the concentration of 30 µg/mL of PEI-PEG-

IONPs opted for the next steps of this study. The Sali-PEI-PEG-IONPs and free salinomycin were 

also found fairly biocompatible on bEnd.3 with an approximately 20% diminution in the cell 



124 
 

viability upon 48 h treatment. In clinical practice, iron oxide nanoparticles generally exhibit 

desired biocompatibility profile and they are mainly captured by the reticuloendothelial system 

(RES), hereby the iron is incorporated into the body’s iron cycle [7,51]. Coating the iron oxide 

nanoparticles with hydrophilic macromolecules such PEG reduces the non-specific protein 

adsorption on the nanoparticles and avoids their recognition and clearance by the RES, which 

ultimately leads to an extended circulation time of the nanoparticles as well as enhanced 

accumulation in the brain tumor [52,53]. 

 

Fig. 3.2. Biocompatibility of different concentrations of PEI-PEG-IONPs on (a) bEnd.3 and (b) 
U251 cell lines after 48 h treatment using MTT assay (n=5). The Y-axis represents cell viability 
compared to the control.  

 

3.3.4. Cellular uptake of the IONPs 

The uptake of both PEI-PEG-IONPs and Sali-PEI-PEG-IONPs in bEnd.3 (Fig. 3.3a) and 

U251 (Fig. 3.3b) were examined. The nanoparticle uptake in the cells was concentration-
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dependent, while application of an external magnetic field resulted in slight increases in IONP 

uptake, regardless of the formulation (i.e. PEI-PEG-IONPs or Sali-PEI-PEG-IONPs). Generally, 

the bEnd.3 had greater uptake of the nanoparticles than that of U251, and the higher uptake of PEI-

PEG-IONPs can be attributed to the more positive charge on the bare nanoparticles compared to 

the Sali-PEI-PEG-IONPs. This finding is consistent with our previous studies reporting a higher 

uptake of positively charged IONPs in bEnd.3 cells, astrocytes and neurons compared to negatively 

charged IONPs, owing to the electrostatic interactions between positively charged nanoparticles 

and the negatively charged plasma membrane of the cells [34]. Likewise, higher cellular uptake of 

positively charged iron oxide nanoparticles was reported in various mammalian cell lines in 

comparison to the negatively charged and neutral formulations [54]. Furthermore, the uptake of 

the nanoparticles appeared to be primarily through endocytosis as TEM images clearly showed the 

distribution of the nanoparticles to be along the outside plasma membrane and within intracellular 

vesicles (ie. endosomes/lysosomes) (Fig. 3.4a,b). 
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Fig. 3.3. Uptake of IONPs and Sali-IONPs by (a) b.End 3 and (b) U251 after 4 h treatment. * 
indicates a significant difference at p <0.05 between the specified groups. Data was presented as 
mean ±S.D, and n = 3. 

 
Fig. 3.4. TEM images of a) IONPs and b) Sali-IONPs uptake by U251 cell after 4 h of the 
treatment. 
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3.3.5. Cytotoxicity of Sali-IONPs on cancer cell 

We previously studied the cytotoxicity effects of salinomycin on U251 human 

glioblastoma cell line [31]. Herein, the cytotoxicity of the Sali-PEI-PEG-IONPs on U251 was 

investigated in comparison to that of free salinomycin. Based on the MTT viability studies (Fig. 

5), while the PEI-PEG-IONPs themselves did not show cytotoxic effects on U251, both treatments 

with free salinomycin and Sali-PEI-PEG-IONPs (1 µg/mL of salinomycin) could significantly 

decrease the cell viability to 45±2.2% and 36±3.5%, respectively. Correspondingly, both 

salinomycin and Sali-PEI-PEG-IONPs were found to be equally effective in inducing apoptosis 

and necrosis in treated U251 cells, and a diminution of the cell viability to ca. 36% and 23%, 

respectively was observed (Fig. 3.6). Moreover, salinomycin and Sali-PEI-PEG-IONP treatments 

could significantly inhibit U251 cell proliferation (Fig. 3.7). A similar cytotoxic and anti-

proliferative response to salinomycin has been reported in other types of cancer cells such as 

pancreatic [55], leukemia [56], prostate [57], lung [58] and ovarian [59] cancer cells. 
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Fig. 3.5. Cytotoxicity evaluation of salinomycin and Sali-IONPs on U251 after 48 h treatment. * 
indicates a significant difference compared to the control group at p <0.05. Data was presented as 
mean ±S.D, and n= 6.  
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Fig. 3.6. Cell apoptosis/necrosis of U251 upon treatment, stained with Annexin V-FITC and PI. 
(a) Control, (b) IONPs (c) salinomycin, and (d) Sali-IONPs. (Q4) shows live, (Q3) early apoptotic, 
(Q2) late apoptotic and (Q1) necrotic cells.  

 

The cell morphology was also examined by fluorescence microscopy as shown in Fig. 3.8. 

In addition to decreasing the cell number, both salinomycin and Sali-PEI-PEG-IONPs induced 

notable morphological changes in U251 cells following exposure. While the normal cells 

demonstrated a typical cuboidal morphology of U251, the actin cytoskeleton was changed to a 

shrunken and spindle-like structure upon treatment with either salinomycin or Sali-PEI-PEG-

IONPs. Since the dynamic remodeling of the actin cytoskeleton is essential for cell migration, 

salinomycin can inhibit cell migration through a notable loss of actin stress fibers. Such responses 

to salinomycin have been reported in both pancreatic and liver cancer cells [55]. 

 

https://www.nature.com/articles/s41598-018-27733-2#Fig8
https://www-sciencedirect-com.uml.idm.oclc.org/topics/pharmacology-toxicology-and-pharmaceutical-science/actin
https://www-sciencedirect-com.uml.idm.oclc.org/topics/medicine-and-dentistry/stress-fiber
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Fig. 3.7. Cell proliferation analysis of CFSE-labelled U251 upon treatment with IONPs, 
salinomycin and Sali-IONPs. (a) CFSE flow cytometry graph, and (b) the relative cell proliferation 
inhibition by (mean CFSE control/mean CFSE treated). * indicates a significant difference 
compared to the control group at p <0.05.   

 

 
 

Fig. 3.8. Fluorescence microscopy images of U251 treated with either salinomycin or Sali-IONPs 
after 48 h of the treatment. Red and blue fluorescence colours represent Alexa Fluor@ 488 
phalloidin-stained F-actin and DAPI-stained cell nuclei, respectively.  
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3.3.6. ROS generation 

Salinomycin-mediated ROS generation is known as a determining event committing the 

cancer cells to apoptotic death [57]. Increased formation of ROS was observed in the present study 

following exposure of U251 cells to salinomycin or Sali-PEI-PEG-IONPs (Fig. 3.9). Both 

salinomycin and Sali-PEI-PEG-IONPs were effective in ROS generation in U251 cells upon 48 

and 72 hours of the treatment, while Sali-PEI-PEG-IONPs induced significantly higher ROS at 72 

h, indicating the capability of inducing ROS-mediated apoptotic cell death. In this context, 

triggered ROS-mediated DNA damage has been suggested as a de facto mechanism of 

salinomycin-induced cell growth inhibition in human glioma cells [60]. Xipell et al., [61] also 

reported that salinomycin could trigger ROS generation in various glioma cell lines. 

 

Fig. 3.9. ROS generation in U251 treated with either IONPs, salinomycin or Sali-IONPs at 
different time-points. * indicates a significant difference compared to the control group at p <0.05. 
Data was presented as mean ±S.D, and n = 5.  
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Fig. 3.10. Relative gene expression of U251 cell treated with either IONPs, salinomycin or Sali-
IONPs after 48 h of the treatment. * and ** indicate a significant difference compared to the control 
and salinomycin groups, respectively at p < 0.05. Data was presented as mean ±S.D, and n=5. 

  

3.3.7. Quantitative RT-PCR 

To elucidate the anti-cancer mechanisms of salinomycin and Sali-PEI-PEG-IONP 

treatments on U251, a series of genes was selected for investigation based on our previous in vitro 

studies (Fig. 3.10). Activation of Caspases and release of cytochrome c have been reported to be 

involved in salinomycin’s anti-cancer mechanisms [29]. Generally, Caspases are triggered in a 

sequential manner, in which, the activation of Caspase 12 triggers activation of Caspase 9 and the 

subsequent ‘effector’ Caspase 3 [62]. The cell treatment with Sali-PEI-PEG-IONPs elevated 

Caspase 9 and Caspase 3 expression by 3.5±0.2 and 2.5±0.3 fold, respectively. Salinomycin’s 

effect on triggering Caspase-dependent apoptosis by elevating the intracellular ROS level in 

prostate cancer cells has also been reported [57].   
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Ku70, a DNA-dependent protein kinase, is involved in the repair of DNA double-strand 

breaks and it has been known as a survival factor in some cancer cells [63,64]. Sali-PEI-PEG-

IONPs treatment could significantly reduce Ku70 expression by 0.48±0.4%. Ku70 has been 

introduced as a primary resistance factor, whose knockdown could significantly chemo-sensitize 

gemcitabine-induced cell death and inhibit cell proliferation in pancreatic cancer cells [63]. 

Topoisomerase IIα (Top II) is another nuclear key enzyme in DNA replication, considered as the 

molecular target for some anti-cancer drugs (Top II inhibitors) like etoposide and doxorubicin 

[65]. We found that both salinomycin and Sali-PEI-PEG-IONPs treatments could notably reduce 

Top II expression in GBM cells, while Top II  expression has been found to be associated with 

high proliferation of cancer cells [66] . 

The Wnt signaling pathway is important in regulating stem cell self-renewal, and has been 

implicated in the pathogenesis of various cancers [67]. Furthermore, the Wnt signaling plays a 

critical role in malignant transformation and tumor progression in gliomas, while the therapeutic 

strategies aimed at silencing Wnt expression in glioma cells have shown a decreased capacity for 

intracranial tumor formation in vivo [68,69]. In this study, Wnt1 expression in U251 was 

significantly attenuated upon treatment with either salinomycin or Sali-PEI-PEG-IONPs. 

Inhibitory effects of salinomycin on Wnt signaling and apoptosis induction in lymphocytic 

leukemia cells [69], breast cancer cells [70] and gastric cancer stem cells [71] have previously 

been reported.  

Rbl2 belongs to the retinoblastoma (Rb) family that are considered as tumor suppressors. 

The Rb can inhibit cell cycle progression through disabling the E2F family of cell cycle-promoting 

transcription factors [72]. Treatment with salinomycin and Sali-PEI-PEG-IONPs augmented Rbl2 

expression by 2.7±0.08 and 3.8±0.1-fold, respectively, that can result in inhibition of the cell cycle 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cell-proliferation
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progression. The long non-coding RNA (lncRNA)-growth arrest-specific 5 (Gas5) is another 

tumor-suppressor gene that is downregulated in several cancers such as glioma, gastric, pancreatic, 

breast, prostate, lung and colorectal [73,74]. Introduction of Gas5 has been found to suppress 

tumor malignancy by downregulating miR-222 in GBM cell lines [75]. In the present study, 

salinomycin (both free salinomycin and Sali-PEI-PEG-IONPs formulations) significantly 

upregulated Gas5 expression in U251 cells. To the best of our knowledge, this is the first report of 

such changes in Gas5 with salinomycin exposure.  

Treatment of U251 cells with salinomycin and Sali-PEI-PEG-IONPs upregulated p53 

expression in U251 GBM cells. The tumor suppressor protein p53 is the most common genetic 

alteration in human cancers, affecting about 50% of all tumor types [76]. Qin et al, [77] found that 

salinomycin could induce programmed necrosis via ROS-p53-cyclophilin-D signaling in U87 

GBM cells. In this context, increased ROS caused unphosphorylated p53 to migrate into the 

mitochondrial matrix where it bound to cyclophilin D (Cyp-D) forming a p53-CypD complex. It 

was reported this complex can stimulate the opening of mitochondrial permeability transition 

pores, leading to a loss in the mitochondrial membrane potential and the release of cytochrome c 

which ultimately leads to necrosis [78].  

MiR-155 is a prominent oncogenic microRNA that regulates genes involved in immunity 

and cancer-related pathways. MiR-155 is overexpressed in a variety of malignant tumors whose 

mechanism of effect is accredited to a blockade of Caspase-3 activity [79]. In this study, we 

reported for the first time that both salinomycin and Sali-PEI-PEG-IONPs could significantly 

attenuate MiR-155 expression in GBM cells.  

Cyclin D1 is a key regulator protein for the G1‐S cell cycle phase transition and cell 

proliferation whose overexpression is predominantly associated with human tumorigenesis and 
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cellular metastases in a variety of cancers including GBM [80-82]. Salinomycin and Sali-PEI-

PEG-IONP-treated cells demonstrated a downregulation of Cyclin D1 that is consistent with 

salinomycin’s effect in downregulating cyclin D1 in ovarian [83], prostate and breast [84] cancer 

cells.  

3.3.8. Evaluation of Sali-IONPs in BBB-GBM co-culture model  

As the potential treatments of GBM must be able to reach therapeutically relevant levels 

in the brain, the Sali-PEI-PEG-IONPs were examined using an in vitro BBB-GBM co-culture 

model. For this study, bEnd.3 cell monolayers were grown on Transwell inserts and placed in 6-

well plates containing U251 cells for the study of permeability and anti-cancer efficacy of the Sali-

PEI-PEG-IONPs. Under normal conditions, Sali-PEI-PEG-IONPs had limited penetration across 

the bEnd.3 monolayers (1.0+0.1% over 6 hours). Permeability of the Sali-PEI-PEG-IONPs could 

be increased by either application of an external magnetic field (1.9+0.3%), or by altering bEnd.3 

monolayer integrity with hyperosmotic mannitol solution (2.1+0.1%) (Fig. 3.11a). Similarly, the 

FDX permeability marker showed permeability of 6.2±0.4%, due to the smaller size than that of 

IONPs, that was increased to 11.6±0.3% with the administration of mannitol. While either the 

application of an external magnetic field to intact endothelial monolayers or application of a 

transient disruption agent increased the permeability of Sali-PEI-PEG-IONPs, the resulting effect 

on cytotoxicity to U251 cells was similar to that of salinomycin alone (Fig. 3.11b). However, 

combining an external magnetic field with transient disruption of the endothelial monolayer 

resulted in even greater increases in Sali-PEI-PEG-IONPs permeability (3.2+0.1%) and as a result, 

improved cytotoxicity in U251 cells (cell viability 62±4% for free salinomycin vs 38±0.7% for 

Sali-PEI-PEG-IONPs +magnet+mannitol). With the enhanced permeability following application 
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of mannitol and an external magnetic field, the cytotoxic responses in the BBB-GBM model were 

similar in magnitude to our initial cytotoxicity assessments in the U251 monocultures. 

Generally, the physio-chemical properties of salinomycin suggest its limited BBB 

permeability and brain accumulation under normal conditions. Furthermore, the role of drug efflux 

transporters in restriction of the brain penetration of salinomycin has been reported in vivo [32]. In 

this study, the Sali-PEI-PEG-IONPs exhibited limited permeability under normal conditions. 

However, in the presence of an external magnetic field and transient disruption of the endothelial 

monolayer, significant increases in Sali-PEI-PEG-IONP permeability were observed. It is 

noteworthy to mention that utilizing an external magnetic field not only can enhance the passage 

of magnetic IONPs as a drug delivery system for chemotherapeutics across the BBB, but also can 

provide a site-specific magnetic targeting to draw the nanoparticles to the site of action, regulating 

their systemic biodistribution and decreasing their systemic toxicity in vivo [25,85]. Taken 

together, it is suggested that utilizing transient disruption of the BBB in combination with an 

external magnetic field can potentially enhance the uptake of drug-loaded IONPs and augment the 

efficacy of GBM chemotherapy. The advantage of this approach over approaches that target 

receptor-mediated endocytosis across the BBB [86], is the ability to reserve the ligand vectors on 

the IONP for cancer cell targeting within the brain.    
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Fig. 3.11. Evaluation of anti-cancer efficacy of Sali-IONPs compared to the free salinomycin on a 
BBB-brain tumor model in vitro. (a) Sali-IONPs permeability across the bEnd.3 monolayer with 
or without magnet and mannitol (b) cytotoxicity of each formulation on U251 cells after 
penetrating the bEnd.3 monolayer. * indicates a significant difference at p < 0.05 with the other 
treated groups. Data was presented as mean ±S.D, and n=3. 
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3.4. Conclusion 

In this study, Sali-PEI-PEG-IONPs were fabricated to facilitate salinomycin delivery to 

GBM tumor cells. Salinomycin was released from the PEI-PEG-IONPs over 4 days with the 

capability of an accelerated initial release in the acidic microenvironments. The PEI-PEG-IONPs 

were found to be biocompatible in bEnd.3 and U251 cells, while both cell lines could efficiently 

uptake the nanoparticles. Moreover, the Sali-PEI-PEG-IONPs significantly induced ROS 

generation and apoptosis in U251 cells and inhibited their proliferation. The cell treatment with 

Sali-PEI-PEG-IONPs could efficaciously activate Caspase cascade, and upregulated the tumor 

suppressors i.e. p53, Rbl2, Gas5. Concomitantly, TopII, Ku70, CyclinD1, and Wnt1 were 

downregulated in the treated cells. In addition, it was perceived that salinomycin can be recruited 

as an up-regulator of Gas5 and down-regulator of Top II and MiR-155 in glioma cancer cells. Of 

note, in an in vitro BBB-GBM co-culture model, the Sali-PEI-PEG-IONPs could augment 

salinomycin penetration through the bEnd.3 layer and provided more anti-cancer effects on U251 

cells than that of free salinomycin in the presence of a magnetic field and mannitol. Therefore, the 

Sali-PEI-PEG-IONPs in combination with an external magnetic field and transient disruption of 

the BBB can be utilized as a new therapeutic platform to enhance salinomycin’s penetration into 

the brain and provide a site-specific magnetic targeting for GBM chemotherapy. This approach 

not only can increase salinomycin’s therapeutic efficiency, but also potentially diminishes the off-

target exposure and toxicity. 
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Salinomycin-loaded Injectable Thermosensitive Hydrogels 
for Glioblastoma Therapy 

 

ABSTRACT 
 

Local drug delivery approaches for treating brain tumors not only diminish the toxicity of systemic 

chemotherapy, but also circumvent the blood-brain barrier (BBB) which restricts the passage of 

most chemotherapeutics to the brain. Recently, salinomycin has attracted much attention as a 

potential chemotherapeutic agent in a variety of cancers. In this study, poly (ethylene oxide)/poly 

(propylene oxide)/poly (ethylene oxide) (PEO-PPO-PEO, Pluronic F127) and poly (dl-lactide-co-

glycolide-b–ethylene glycol-b-dl-lactide-co-glycolide) (PLGA–PEG-PLGA), the two most 

common thermosensitive copolymers, were utilized as local delivery systems for salinomycin in 

the treatment of glioblastoma. The Pluronic and PLGA-PEG-PLGA hydrogels released 100% and 

36% of the encapsulated salinomycin over a one-week period, respectively. While both hydrogels 

were found to be effective at inhibiting glioblastoma cell proliferation, inducing apoptosis and 

generating intracellular reactive oxygen species, the Pluronic formulation showed better 

biocompatibility, a superior drug release profile and an ability to further enhance the cytotoxicity 

of salinomycin, compared to the PLGA-PEG-PLGA hydrogel formulation. Animal studies in 

subcutaneous U251 xenografted nude mice also revealed that Pluronic+salinomycin hydrogel 

reduced tumor growth compared to free salinomycin- and PBS-treated mice by 4-fold and 5-fold, 

respectively within 12 days. Therefore, it is envisaged that salinomycin-loaded Pluronic can be 

utilized as an injectable thermosensitive hydrogel platform for local treatment of glioblastoma, 
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providing a sustained release of salinomycin at the tumor site and potentially bypassing the BBB 

for drug delivery to the brain. 

Keywords: Salinomycin; Glioblastoma; Thermosensitive injectable hydrogels; Pluronic; PLGA-

PEG-PLGA 
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4.1. Introduction 

Glioblastoma multiforme (GBM) is the most commonly occurring malignant brain tumor 

in adults, and the median survival time for patients who are diagnosed with GBM is 14.6 months 

[1-3]. Chemotherapeutic options for treating GBM are limited due to the blood–brain barrier 

(BBB) that restricts the passage of many drugs into the brain and prevents achieving therapeutic 

levels at the tumor site [4-6]. To overcome the limited BBB permeability of many 

chemotherapeutics, local drug delivery approaches providing sustained release of drugs at the brain 

tumor site are of increasing interest. In addition to circumventing the BBB, local drug delivery can 

minimize the systemic toxicity of the chemotherapeutics while providing a high concentration of 

the drugs at the tumor site [5,7,8].  

A variety of local drug delivery systems have been investigated such as hydrogels, wafers, 

nanofibers, rods and films [9-11]. Amidst these, hydrogels have attracted much attention as they 

can be injected less-invasively in and around the tumor site providing a controlled delivery/release 

of chemotherapeutics. Injectable hydrogels that exhibit a sol–gel phase transition following 

injection in response to an external stimulus such as temperature, pH, and light provide improved 

methods for controlled drug release at the desired site of action [12,13]. Generally, injectable 

hydrogels can be formed in situ through either physical or chemical crosslinking methods.  Of 

these two methods, the physical-crosslinked-hydrogels show some distinct advantages as they do 

not need photoirradiation, organic solvents or crosslinking catalysts [14]. Thermosensitive 

hydrogels are the most common class of stimuli-sensitive hydrogels having the ability to be 

injected into the body in a liquid state, and then undergoing a phase transition to gelation state at 

the physiological temperatures within the body [15,16]. 
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A variety of chemotherapeutics such as doxorubicin [17,18], paclitaxel [19-21] and 5-

fluorouracil [22,23] have been incorporated into thermosensitive hydrogel drug delivery systems 

to treat various types of cancer. Poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) 

(PEO100–PPO69–PEO100) triblock copolymer, known as Pluronic®, approved by the Food and 

Drug Administration (FDA) and poly(lactide-co-glycolide)-b-poly(ethylene glycol)-b-

poly(lactide-co-glycolide) (PLGA-PEG-PLGA) triblock copolymer, whose PEG and PLGA meet 

FDA’s approval for clinical applications, are the most common injectable thermosensitive 

hydrogels utilized for local drug delivery [7]. Until now, Gliadel® is the only local drug delivery 

system approved by the FDA for high-grade gliomas as an adjunct to surgery and radiation. 

Gliadel® is a biodegradable wafer of poly(carboxyphenoxy-propane/sebacic acid) releasing 

carmustine (BCNU); that is implanted into the tumor cavity after surgical resection of the glioma 

tumors [5]. Clinical findings have revealed that the median survival from surgery to death in GBM 

patients significantly improved from 39.9 weeks (for the placebo group) to 53.3 weeks for the 

group receiving Gliadel® [24].  

Salinomycin is an antibacterial and ionophore anticoccidial agent, that shows cytotoxic 

effects on a variety of cancer cells such as gastrointestinal sarcoma, osteosarcoma, and colorectal 

[25]. Although a unifying molecular mechanism of salinomycin toxicity has not been definitively 

identified, activation of cytochrome C and Caspase, increasing mitochondrial membrane potential 

and time-dependent ATP-depletion in cancer cells are all considered as potential pathways 

contributing to the salinomycin-induced cytotoxicity reported [26]. Salinomycin has also been 

reported to be more effective in killing cancer stem cells that initiate tumor formation.  Studies by 

Gupta et al., [27] found salinomycin to be 100-time more effective than paclitaxel at killing breast 
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cancer stem-like cells. In addition, the Wnt/β-catenin pathway, essential for brain cancer stem cell 

self-renewal, can also be blocked by salinomycin [28]. 

In this study, salinomycin-loaded injectable hydrogels were examined as potential local drug 

delivery systems for the treatment of GBM. To this end, we examined two types of the most 

common thermosensitive hydrogels i.e. Pluronic F127 and PLGA-PEG-PLGA, comparing their 

characteristics as local drug delivery systems, and their synergistic effects with salinomycin in an 

established human GBM cell line. As the physical-chemical properties of salinomycin, together 

with its drug efflux transporter liabilities, limits both its oral absorption and BBB penetration 

[29,30], development of local drug delivery systems for salinomycin with the capability of 

bypassing the BBB and entering the brain directly is of significant clinical importance. To the best 

of our knowledge, this is the first study to develop an injectable local drug delivery system for 

salinomycin. Based on the findings of this study, the Pluronic+salinomycin can potentially be 

utilized as an effective therapeutic platform for local drug delivery and treatment of GBM and 

other solid tumors.  

4.2. Materials and methods 

4.2.1. Materials 

PLGA-PEG-PLGA (1700-1500-1700Da, LA:GA 15:1) was purchased from PolySciTech, 

USA. PEO98-PPO67-PEO98 (Pluronic F-127, MW∼12600), salinomycin monosodium salt, 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT), 4’,6-diamidino-2-phenylindole 

dihydrochloride (DAPI), and 2′,7′-dichlorofluorescin diacetate (DCFDA) were all obtained from 

Sigma Aldrich (St. Louis, MO, USA). Dulbecco's Modified Eagle Medium: Nutrient Mixture F-

12 (DMEM/F12), fetal bovine serum (FBS), trypsin, penicillin and streptomycin were purchased 
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from Gibco (Grand Island, NY, USA USA). ActinRed™ 555 was purchased from Invitrogen Life 

Technologies. 

4.2.2. In vitro degradation 

To measure the degradation rate of the hydrogels, 0.5 mL of each hydrogel (20 wt% in D.I. 

water) was injected into Eppendorf tubes and incubated at 37 °C for 10 min, allowing gel 

formation. Once the gel was formed, 2 mL phosphate-buffered saline (PBS, pH 7.4) was added 

and the samples were incubated at 37 °C. At various times (up to 30 days), the PBS was removed, 

and the hydrogel samples dried at room temperature and weighed. The degradation profile of the 

hydrogels was obtained by plotting the weight of the hydrogels against the time of incubation. 

 

4.2.3. In vitro drug release 

The release kinetics of salinomycin from the hydrogels were studied at 37°C in PBS (pH 

7.4). 20 wt% solutions of Pluronic and PLGA-PEG-PLGA were solubilized in D.I. water for 2 

hours and overnight, respectively in an iced-water bath. Salinomycin was added to the polymer 

solutions (with a final concentration of 1 µg/mL of polymer) and mixed well to make a 

homogenous polymer-drug solution. For the drug release study, the drug-loaded hydrogels (0.5 

mg, 20 wt%) were incubated in 2 mL PBS, and at various time points, the solution was removed 

and replenished with fresh PBS. The concentration of salinomycin in the PBS was measured using 

an Ionophore ELISA kit (Europroxima, The Netherlands), based on the manufacturer’s instruction. 

The accumulative release of salinomycin from the hydrogels was calculated as a function of 

incubation time. 
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The drug release mechanism was also investigated using the semi-empirical equation 

developed by Korsmeyer–Peppas: 

ntM kt
M

  

Where Mt and M∞ are cumulative concentrations of the released drug at time t and infinite 

time, respectively. The k is the drug release rate constant, and n is the release exponent [31,32]. 

Determination of the mechanism of drug release is based on the value of n. A Fickian diffusion 

mechanism is followed when n=0.5, values of 0.5<n<1 and n=1 indicate anomalous transport and 

case II transport mechanism (zero-order release), respectively [32]. 

4.2.4. In vitro cytotoxicity study 

The human GBM cell line (U251, passage number 20-25), and ANA-1 murine 

macrophages (passage number 26-32) were used to evaluate the cytotoxicity of the hydrogels. The 

U251, and ANA-1 cells were cultured in DMEM/F12, and DMEM, respectively, supplemented 

with 10% fetal bovine serum and 1% penicillin-streptomycin. The cells were passed using a 0.25% 

trypsin EDTA solution upon confluency.  

The cytotoxicity of salinomycin-loaded hydrogels against U251 cells was assessed using 

the MTT assay. Briefly, the GBM cells were seeded in 24-well plates at a density of 10,000 

cells/cm2 and incubated overnight at 37°C. Afterwards, the media was removed and replaced with 

either fresh media (control), culture media containing salinomycin (either 0.5 or 1 µg/mL), or 

media containing salinomycin-loaded PLGA-PEG-PLGA and Pluronic hydrogels. To add the 

hydrogels to cell culture media, the salinomycin-loaded polymers at liquid state were prepared at 

4°C and pre-cooled syringes and needles were used in order to prevent gelation. When the polymer 

solution was exposed to the cell culture media at a temperature of 37 °C, gelation occurred. After 
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48 hours, the culture media was removed, the cells washed with PBS, then fresh culture media 

containing 0.5 mg/mL of MTT reagent was added. Following a 3-h incubation period at 37 °C, the 

media was removed and replaced with pure DMSO to dissolve formazone crystals. The absorbance 

of the resulting cell lysis solutions was read using Synergy HT microplate reader (Biotek, USA) 

at a wavelength of 570 nm. The relative cell viability was calculated as [OD]test/[OD]control. To 

evaluate potential synergistic interactions of salinomycin and the hydrogels, a coefficient of drug 

interaction (CDI) analysis was used [33].  The CDI was calculated as follows: CDI = AB/(A × B), 

where AB is the absorbance ratio of the drug-hydrogel combination group to the control (PBS-

treated) group, while A and B is the absorbance ratio of drug alone (A) and hydrogel alone (B) to 

control at 570 nm. Those CDI values  < 1 indicate synergism, while CDI values  < 0.7 indicate a 

significant synergistic effect, CDI values equal to 1 represent additive effects and CDI > 1 indicate 

antagonist effects [33]. 

In addition, cell apoptosis was studied using Annexin V-FITC/PI apoptosis kit (Thermo 

Fisher Scientific, USA). To this end, the U251 cells were treated either with free drug, or drug-

loaded hydrogels for 48 h, followed by staining with Annexin V-FITC and PI in accordance with 

the manufacturer’s protocol and the cells were sorted with flow cytometry (BD FACSCanto II 

Flow Cytometer instrument (BD Bioscience)). To study the effects of the various treatments on 

cell proliferation, cells were labeled with the fluorescent dye carboxyfluorescein succinimidyl 

ester (CFSE, 50 mM) for 20 min at 37°C. Afterwards, the solution was removed and the cells were 

treated with free salinomycin, or salinomycin-loaded hydrogels for 48 h. Fluorescent intensity of 

the cells was measured using flow cytometry. As the cellular content of CFSE is reduced during 

each cell division, the cellular fluorescent intensity is inversely proportional to proliferation [34].  

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/drug-interaction
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/drug-interaction
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/synergism
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The morphology of the U251 cells was also examined using a fluorescence microscope 

(Zeiss Axio observer Z1, Germany). Cells were washed with PBS and fixed with 4% 

paraformaldehyde for 20 min at room temperature and rinsed with PBS. To permeabilize the cells, 

they were treated with 0.2% Triton X-100 for 5 min and washed with PBS four times. 

Subsequently, the actin cytoskeleton and nucleus of the cells were stained with ActinRed and 

DAPI (100 nM), respectively at 37° C.  

4.2.5. Reactive oxygen species (ROS) determination 

Intracellular ROS was measured based on the intracellular peroxide-dependent oxidation 

of 2′,7′-dichlorofluorescein diacetate (DCFDA). The DCFDA is a non-fluorescent dye, that upon 

oxidation within the mitochondria of the cell is transformed to the highly fluorescent 2′,7′-

dichlorofluorescein (DCF) [35]. For this study, the cells were cultured in black 96 well plates at a 

density of 10000 cell/cm2. After 24 h, the cells were washed and stained with 50 μM DCFDA in 

PBS for 45 min at 37 °C. Subsequently, the solution was removed, and the cells were treated with 

salinomycin and salinomycin-loaded hydrogels in PBS for 30 min to 3 h. At the predetermined 

time points, the fluorescence intensity was measured using a microplate reader at Ex/Em= 485/535 

nm.  

4.2.6. Quantitative RT-PCR 

For gene studies, the GBM cells were treated with free salinomycin, hydrogels, and 

salinomycin-loaded hydrogels for 48 hours. The remaining viable cells were washed with PBS and 

their total RNA was extracted utilizing TRIZOL reagent (Invitrogen, USA) according to the 

manufacturer’s protocol. Afterwards, the level of mRNA encoding Caspase-3, Bax, Rbl1, Rbl2 

and Wnt1 was studied by quantitative reverse-transcript polymerase chain reaction (qRT-PCR) 

and β-actin was used as the housekeeping gene. The qRT-PCR was administrated using iTaq 
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Universal SYBR Green Supermix kit (Bio-Rad, USA). The reaction was performed in an Applied 

Biosystems 7300 PCR system with the following cycles: 1 cycle of 10 min at 50°C for the reverse 

transcription reaction, 1 cycle of 1 min at 95 °C for polymerase activation, 40 cycles consisting of 

15 sec at 95°C for denaturation and 1 min at 60°C for annealing. Comparative Ct method (2−ΔΔCt) 

was utilized to calculate the relative expression of the target genes which was normalized to the β-

actin. The sequences of the primers are listed in Table 4.1.  

Table 4.1. Sequences of human primers 

 Forward Reverse 
β-actin AATGCCAGGGTACATGGTGG AGGAAGGAAGGCTGGAAGAGTG 

RBL1 CCGGAAGCAGAGGAGGATTC GGGCACATAATCGCATTGGC 

RBL2 GGTTCCCACTGAGTGATTACTGT AGAAGCCTCCTATGCTCACG 

Caspase 3 CTCTGGTTTTCGGTGGGTGT CGCTTCCATGTATGATCTTTGGTT 

Wnt1 CAACAGCAGTGGCCGATGGTGG CGGCCTGCCTCGTTGTTGTGAAG 

Bax CAAACTGGTGCTCAAGGCCC GAGACAGGGACATCAGTCGC 

 

4.2.7. Anti-tumor study on GBM xenograft models 

To evaluate the antitumor effect of salinomycin, and Pluronic+salinomycin in vivo, 

subcutaneous GBM tumors were generated in female BALB/c nude mice. All animal procedures 

were approved by the Royan Institutional Review Board and Institutional Ethics Committee 

(approved protocol ID of J/90/1397). For this purpose, U251 human GBM cells were transplanted 

via subcutaneous injection of 5 × 106 cells into the flank of each mice. Ten days post-

transplantation, the mice were intratumorally injected with either PBS (placebo), Pluronic, 

salinomycin (20 µg/kg) in PBS, or Pluronic+salinomycin (equivalent to 20 µg/kg of salinomycin) 

(n=3 in each group). A second follow up intratumoral injection was performed 7 days later.  Tumor 

size and mouse body weight were measured daily and mice were sacrificed at 21-days post tumor 
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cell injection. The dissected tumor tissues were fixed in 10% formalin, and embedded in paraffin. 

The tissues were then sectioned, deparaffinized and stained with hematoxylin and eosin (H&E) for 

histological analysis. 

4.2.8. Statistical analysis  

The studies were conducted in triplicate and the results were reported as the mean 

±standard deviation (SD). Statistical analysis was conducted in GraphPad Prism using one or 

mixed two-way ANOVA (each applicable), with multiple post-hoc analysis of Tukey and with an 

adjusted p-value. The hypotheses were based on H0: All groups should have the same mean 

measurement values, and H1: All groups do not have the same mean measurement values. The 

adjusted p-value<0.05 (adjusted based on the entire family of comparisons) was considered as the 

significant level to reject the null hypothesis, as previously reported [36-38]. 

4.3. Result and Discussion 

4.3.1. Characterization of the hydrogels  

PEO-PPO-PEO (Pluronic F127) and PLGA-PEG-PLGA are thermosensitive polymers 

exhibiting reversible thermo-gelation properties at unique sol–gel transition temperatures. At 

temperatures below the transition point, the hydrogels are fluid, while above the transition 

temperature the hydrogels become semi-solid [7] (Fig. 4.1a). For the 20%wt Pluronic and PLGA-

PEG-PLGA hydrogels, the thermo-gelation occurred at temperatures above 10 and 30 °C, 

respectively. The thermo-gelation phenomenon is explained by the interactions between different 

segments of the copolymers. For Pluronic, at concentrations above the critical micellar 

concentration (CMC, ca. 4×10−3 g/mL [39]), increases in temperature cause copolymer molecules 

to aggregate into micelles resulting in dehydration of the hydrophobic PO blocks. Thereafter, the 
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spherical micelles with the dehydrated PPO cores and hydrated swollen PEO chains in the outer 

shells, are formed. The result of this ordered packing of micelles is gelation. The micelles are 

released from the matrix during the process of gel erosion [40,41]. Similarly, for PLGA-PEG-

PLGA (CMC, ca. 2.82 × 10−5 g/mL [42]), the block copolymers are first assembled into micelles, 

in which the hydrophobic PLGA blocks constitute the cores of the micelles, and the hydrophilic 

PEG blocks form the coronas; then the micelles are further aggregated to form the gel as the 

temperature increases [43-45]. 

Fig. 4.1. (a) hydrogel appearances at 4°C and 37°C (20 %wt solution in D.I water); (b) in vitro degradation 
profile as a function of incubation time in PBS (pH 7.4, 37°C). 
 

The in vitro degradation patterns of the Pluronic and PLGA-PEG-PLGA hydrogels are 

shown in Fig. 4.1b. Pluronic hydrogel was totally degraded within a week, while PLGA-PEG-

PLGA gel required one month (Fig. 4.1b). The release of salinomycin from the hydrogels was 

correlated with the gel degradation pattern. The Pluronic released all the encapsulated salinomycin 

within a week compared to 36 ± 4% of the total drug that was released in the same period of time 

from the PLGA-PEG-PLGA hydrogel (Fig. 4.2). In terms of drug release kinetics, the calculated 

exponent n is consistent with an anomalous transport involving both Fickian diffusion and polymer 

chain relaxation for Pluronic, and also for PLGA-PEG-PLGA after 4 days (Table 4.2).  
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Generally, the lower degradation rate of PLGA-PEG-PLGA can be attributed to the 

intrinsically stronger intermolecular forces between the ester group in the core, compared to the 

ether group in the core of Pluronic [46]. In addition, it has been proposed that the PEG chains in 

the corona of the PLGA-PEG-PLGA micelles allow for a more condensed packing within the gel 

matrix and reduced dissolution of gel in aqueous media [44].  

 

Fig. 4.2. (a) in vitro release profile of salinomycin from Pluronic and PLGA-PEG-PLGA at pH 7.4; (b) 
mechanistic analysis of salinomycin release according to Korsmeyer–Peppas equation. 
 

Table 4.2. n and k values for salinomycin release from the hydrogels 

 Time (day) n k R2 

Pluronic 0-4 0.63 0.03 0.99 

 4-8 0.82 0.01 0.96 

PLGA-PEG-PLGA 0-4 0.19 0.1 0.94 

 4-8 0.77 0.006 0.94 
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4.3.2. Cytotoxicity of the drug-loaded hydrogels on GBM cells 

Various concentrations of both hydrogels (prepared from 20 wt% hydrogels in D.I. water) 

were tested on both U251 GBM cells and ANA-1 macrophages to find the optimum concentrations 

without significant cytotoxicity (Fig. 4.3a,b). Although PLGA-PEG-PLGA showed some 

cytotoxicity in U251 cells (Fig. 4.3c), no cytotoxicity was observed with ANA-1 macrophages and 

therefore a final polymer concentration of 0.1% w/v was selected for examining salinomycin-

hydrogel responses in GBM cells. Pluronic did not show any cytotoxicity alone in either ANA-1 

or U251 cell lines and a final polymer concentration of 2% w/v was selected. The resulting 

cytotoxicity of the drug delivery systems and salinomycin on U251 cells are shown in Fig. 4.3. 

The salinomycin concentrations were chosen based on our previous study on GBM cells [47]. 

Salinomycin alone (1 µg/mL) reduced cell viability to 42±3% while PLGA-PEG-PLGA and 

Pluronic containing the same concentration of salinomycin resulted in cell viabilities of 16±2% 

and 8±4%, respectively. Also, the CDI values for PLGA-PEG-PLGA and Pluronic containing 

salinomycin were calculated to be 0.52 and 0.20, respectively, indicative of a significant 

synergistic effect between salinomycin and both hydrogels. Likewise, in the apoptosis study, the 

cell viability decreased from 55% (24% late apoptosis, 12% necrosis) for free salinomycin to 9% 

(42% late apoptosis, 45% necrosis) for salinomycin-loaded Pluronic (Fig. 4.4). In addition, both 

salinomycin and the salinomycin-loaded hydrogels were found to be effective in reducing U251 

cell proliferation by over 80% (Fig. 4.5). Similarly, the inhibitory effect of salinomycin on 

proliferation of various cancer cells such as hepatocellular carcinoma cells [48] and gastric cancer 

stem cells [49] has been reported.  
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Fig. 4.3. Biocompatibility of Pluronic (a) and PLGA-PEG-PLGA (b) on U251 GBM, and ANA-1 
macrophage cell lines. (c) cytotoxicity of salinomycin and hydrogels containing salinomycin on U251 cells 
after 48 h. Sali: salinomycin and PLGA: PLGA-PEG-PLGA; significant differences were shown by * 
(compared to control) and ** (compared to salinomycin 1 µg/mL) at p <0.05. Sali represents salinomycin.  

 

The enhanced cytotoxicity of salinomycin following formulation with Pluronic block 

copolymers observed in the current study is similar to the previous findings with other 

chemotherapeutic agents [50-52]. For example, enhanced cellular uptake and anti-cancer effect of 

doxorubicin with Pluronic has been reported both in vitro and in vivo [53-55], that can be attributed 

to the improved pharmacokinetic/biodistribution and enhanced drug uptake into the cell through 

either endocytosis of the drug-polymer micelle complex [55,56], or inhibition of drug efflux in 

cancer cells. On the other hand, upon dissociation of the micelles, the hydrophobic PPO chain of 

Pluronic incorporates into the plasma membrane resulting in decreased microviscosity and 

increased membrane fluidization that can increase toxicity to the drug [55,57]. Furthermore, 

c 
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various Pluronic formulations have been reported to attenuate drug sequestration in cytoplasmic 

vesicles, thus favorably altering drug bioavailability within the cancer cells [55,58]. Similarly, 

PLGA-PEG-PLGA enhanced cytotoxicity of salinomycin in this study, which can be related to the 

enhanced stability of salinomycin. Such a phenomenon has previously been reported with 

topotecan where the fraction of the active lactone form of topotecan was found to increase by ca. 

40% in the PLGA-PEG-PLGA hydrogel matrix, compared to that of the free drug in PBS [59].   

 

 



161 
 

 

Fig. 4.4. Cell apoptosis/necrosis of treated U251 after 48 h, stained with Annexin V-FITC and PI. 
(a) Control, (b) salinomycin (c) PLGA-PEG-PLGA+salinomycin, and (d) Pluronic-salinomycin. 
Cell populations were sorted based on live (Q4), early apoptotic (Q3), late apoptotic (Q2) and 
necrotic cells (Q1).  

Morphology of the cell was also studied by fluorescence microscopy as illustrated in Fig. 

4.6. Untreated cells and cells treated with the hydrogel alone showed the typical cuboidal 

morphology of U251. However, salinomycin-treated cells displayed apoptotic morphological 

changes including cellular shrinkage and cytoskeletal damage [60]. In fact, the treated cells 
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exhibited shrunken morphology and spindle-like structure with notable changes in proliferation 

compared to control. A similar altered morphology has been reported with salinomycin in 

pancreatic and liver cancer cells where such changes were associated with mitochondria-dependent 

apoptosis [61-64]. 

4.3.3. ROS generation 

Salinomycin-mediated ROS generation is well-known as an important event leading to the 

apoptotic death of cancer cells [63]. Similarly, salinomycin’s ability to trigger ROS generation in 

GBM cells in a concentration-dependent fashion has been reported [65]. In the present study, 

enhanced ROS following exposure to both free drug and salinomycin in hydrogel formulations 

was examined in the U251 glioblastoma cell line (Fig. 4.7). Consistent with the synergistic effect 

on cytotoxicity observed with Pluronic+salinomycin and PLGA-PEG-PLGA+salinomycin, both 

salinomcyin hydrogel treatment groups were found to be more effective than free salinomycin in 

ROS generation in U251 cells. As ROS-mediated DNA damage was proposed as a de facto 

mechanism of salinomycin-induced cell growth inhibition in human glioma cells [66], the 

synergistic effects on ROS formation with the hydrogels could have therapeutic advantages.   

 

 

 

 

 

 

 

 



163 
 

 

 

Fig. 4.5. Cell proliferation assay of CFSE-labelled U251 after 48 h treatment. (a) CFSE flow cytometry 
graph, and (b) the relative cell proliferation as calculated by the mean CFSE control/mean CFSE treated. * 
indicates a significant difference compared to the control group at p <0.05. Sali represents salinomycin. 
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Fig. 4.6.  Fluorescence microscopy images of U251 treated with salinomycin and the hydrogels 
containing salinomycin after 48 h. Red and blue fluorescence represents Alexa Fluor@ 488 
phalloidin-stained F-actin and DAPI-stained cell nuclei, respectively.  

 



165 
 

 

Fig. 4.7. ROS level in U251 treated with salinomycin and the hydrogels containing salinomycin at 
different timepoints. * indicates significant compared to the control group at p < 0.05. 

4.3.4. Gene expression studies 

To investigate the anti-cancer mechanisms of salinomycin and salinomycin-loaded 

hydrogels on U251, a series of genes was selected based on our previous in vitro studies [47] (Fig. 

4.8). Apoptosis is a programmed cell death process involving the activation and release of selected 

regulatory molecules and cysteine-aspartic proteases, known collectively as caspases. The 

caspases are activated in a sequential manner, in which Caspase-1 and -9 are triggered first, 

followed by Caspase-3 which is critical in the apoptotic process [67,68]. Treatment of U251 cells 

with salinomycin, Pluronic+salinomycin and PLGA-PEG-PLGA+salinomycin upregulated 

Caspase-3 by 4-fold. The upregulation of Caspase-3 together with elevated intracellular ROS could 

account for the caspase-dependent apoptosis observed in U251 cells following salinomycin 
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treatment. A similar response to salinomycin has been reported previously with prostate cancer 

cells [69].  

Bax is an apoptosis-promoting member of the Bcl-2 protein family, whose elevation can 

trigger mitochondrial-mediated apoptosis pathways as well as activation of Caspase-3 [70]. The 

results of the present study show that Pluronic+salinomycin significantly (p<0.05) increased the 

expression level of the pro-apoptotic protein Bax in U251. Interestingly neither salinomycin nor 

Pluronic alone produced significant changes in the Bax expression. However, the effect of 

salinomycin on upregulation of Bax in some cancer cells such as prostate [69], colorectal [71] and 

ovarian [72] cancer cells has been reported. Moreover, Minko et al., [50] reported that addition of 

Pluronic to doxorubicin could further upregulate Bax expression compared to doxorubicin alone 

in multidrug-resistant human breast cancer cells.  

The retinoblastoma (Rb) family (Rb-1, Rbl1, and Rbl2), known as the tumor suppressors, 

are typically dysregulated in a variety of human cancer cells. The retinoblastoma family can inhibit 

cell cycle progression through disabling the E2F family of cell cycle-promoting transcription 

factors and suppress glutamine metabolism contributing to the tumor suppressor activity [73]. In 

this study, salinomycin-treatment significantly upregulated the gene expression of both Rbl1 (by 

2-fold), and Rbl2 (by 13-fold). The highest Rb upregulation was observed in Pluronic+salinomycin 

treatment. However, as the gene study was conducted on the cells that survived from the 48-h 

treatment (i.e. approximately 50% and 8% of the total cell population that survived from free 

salinomycin and Pluronic+salinomycin treatments), no significant difference was observed in 

expression of Rb genes between the free salinomycin and the Pluronic+salinomycin treatments. 
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Wnt signaling plays an important role in malignant transformation and tumor progression 

in gliomas. In addition, silencing of Wnt expression in glioma cells leads to a decreased capacity 

for intracranial tumor formation in vivo [74,75]. As the results show, salinomycin-treatment 

reduced the expression of Wnt1 in human GBM cells. Reductions in Wnt signaling has been 

reported in leukemia cells [76], breast cancer cells [77] and gastric cancer stem cells [49].  

 

Fig. 4.8. Relative gene expression of U251 cell treated with salinomycin and the hydrogels 
containing salinomycin after 48 h. * indicates a significant difference compared to the control 
group at p < 0.05. 
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4.3.5. Tumor growth inhibition in GBM xenograft model 

Based on the extent of salinomycin release from the Pluronic hydrogel, the higher 

biocompatibility of Pluronic per se on various cell lines and the robust synergistic anti-cancer 

effect observed with salinomycin in U251 glioblastoma cells, the Pluronic+salinomycin hydrogels 

were selected for further study in subcutaneous U251 tumor-bearing nude mice. Subcutaneous 

tumor models have been commonly used to assess local drug delivery systems and provide initial 

proof-of-concept for the intended clinical applications [78,79].  Tumor volume increased rapidly 

during the 12-day treatment period in the control (PBS) group, with over 6-fold increase in size 

observed over the time of treatment (Fig. 4.9a). A similar rapid growth of tumor was observed in 

the Pluronic treatment group. Mice receiving salinomycin alone showed only a minor reduction in 

tumor growth rate compared to the control group (Fig. 4.9a). In contrast, the Pluronic+salinomycin 

hydrogel treatment group showed significant reductions in tumor growth compared to both the 

PBS (5-fold at day 12, p<0.05) and salinomycin (ca. 4-fold at day 12, p<0.05) groups (Fig. 4.9a). 

It also should be noted that none of the treatments caused significant changes in body weight (Fig. 

4.9b). The images of the H&E stained tumor tissues also showed few lymphocytes and the absence 

of eosinophils & neutrophils (Fig. 4.10), suggesting inflammation from the drug and/or the 

hydrogel treatments were minimal. Moreover, pathological assessment of the tumor tissue showed 

reduced mitosis in the Pluronic+salinomycin treated mice compared to the other treatment groups 

(Fig. 4.10). 
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Fig. 4.9.  (a) Tumor volumes of subcutaneous U251 xenografted nude mice treated with PBS, 
Pluronic, salinomycin, and Pluronic+salinomycin for 12 days. * and ** indicate a 
significant difference compared to the control and salinomycin groups, respectively at p < 0.05, 
and n.s. means not significant compared to control. The data were reported as the mean±standard 
error. (b) relative body weight of mice received different treatments. 

 

Given the dose (20 µg/kg) of salinomycin selected for these studies and the anticipated 

short residence time for the drug at the tumor site, substantial reductions in tumor growth following 

treatment with drug alone were not expected. Indeed, previous studies examining the effects of 

intraperitoneal (i.p.) injections of salinomycin in mice bearing U251 subcutaneous tumors reported 

much higher systemic doses of the drug were required to reduce tumor growth [80,81]. Studies by 

Clazolari and colleagues [80], reported no improvement in U251 tumor progression following i.p 

injections of 200 ng/kg salinomycin every three days. However, daily i.p. injections of salinomycin 

(5 mg/kg), were reported to cause significant shrinkage of U251 subcutaneous tumors [81]. These 

studies highlight the challenges facing the use of salinomycin systemically that requires exposure 

to high doses of the drug and potentially adverse systemic effects.   

In this study, while the drug alone was not effective in reducing tumor growth, the 

Pluronic+salinomycin treatment group had a dramatic inhibitory impact on tumor progression. The 

significant reduction in the tumor size can be ascribed to the sustained release of salinomycin from 

the Pluronic hydrogel and the resulting enhanced exposure to the drug within the tumor site. Given 

the synergistic effects of Pluronic and salinomycin observed in vitro, there may also be 

pharmacodynamic as well as pharmacokinetic advantages in the Pluronic hydrogel formulations. 

The findings of the current study suggest an injectable Pluronic+salinomycin hydrogel could have 

potential applications in the treatment of GBM.  The advantages include providing for sustained 

release of therapeutically relevant concentrations of salinomycin within the tumor site, while 
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overcoming the BBB limitations for effective drug delivery into the brain. While subsequent 

intracranial tumor studies of the Pluronic+salinomycin hydrogel are required, the present study 

provides important proof-of-concept for the use of salinomycin and Pluronic hydrogels for local 

treatment of brain tumors.  

Fig. 4.10. Images of H&E stained-tumor tissues of mice received (a) PBS, (b) Pluronic, (c) 
salinomycin, and (d) Pluronic-salinomycin, 12 days post-treatment.  
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4.4. Conclusion 

In this study, two salinomycin-loaded thermosensitive injectable hydrogels were examined 

as drug delivery systems for local chemotherapy of GBM. Pluronic showed a faster degradation 

rate than PLGA-PEG-PLGA in vitro, with complete release of salinomycin from Pluronic hydrogel 

within a one-week period compared to ca. 35% drug release from the PLGA-PEG-PLGA over the 

same period of time. The difference in drug release was attributed to the stronger intermolecular 

forces between the ester group in the PLGA core, compared to the ether group in the core of 

Pluronic, as well as the role of PEG in stabilizing the micellar structure. Cytotoxicity studies 

revealed that both salinomycin-loaded hydrogels were more effective than free salinomycin to 

induce apoptosis and generate intracellular ROS, which can be attributed to the improved drug’s 

bioavailability and modified microviscosity of the plasma membrane. Moreover, gene studies 

showed upregulation of Caspase-3 and tumor suppressors i.e. Rbl1 and Rbl2, while 

downregulation of Wnt1 in GBM cells treated with salinomycin-loaded hydrogels. In the 

comparative study, Pluronic was determined to provide a better hydrogel platform for local 

delivery of salinomycin compared to PLGA-PEG-PLGA due to the desired drug release profile, 

superior substrate’s biocompatibility and greater anti-cancer synergistic effect. Animal studies in 

subcutaneous U251 xenografted nude mice showed reduced tumor growth in the 

Pluronic+salinomycin-treated group compared to either PBS or free salinomycin-treated mice. 

This superior anti-tumor activity of the Pluronic+salinomycin can be attributed to the sustained 

release of salinomycin from the hydrogel at the tumor site, while preventing the drug from 

enzymatic degradation and enhancing its bioavailability. The results indicate a potential 

application of Pluronic+salinomycin as an injectable drug delivery system for local chemotherapy 
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of brain tumors, while bypassing the BBB and providing a sustained release as well as a therapeutic 

concentration of salinomycin at the tumor site. 
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5.1. Conclusion 
 

The blood-brain barrier (BBB) limits the penetration of many therapeutic agents into the brain 

and is the main challenge for the development of effective chemotherapeutic regimens for 

malignant gliomas. In this context, TMZ is a single-agent chemotherapeutic that is currently 

indicated in glioma therapy, while it has not been found effective to eradicate cancer cells and the 

media survival of GBM patients receiving the current standard of care (TMZ plus radiotherapy) is 

limited to 14.6 months post-diagnosis. In this study, we selected two effective and more potent 

chemotherapeutics (i.e. doxorubicin, and salinomycin), whose pre-clinical indications are 

restricted for brain tumors ipso facto their inability to penetrate the BBB and low bioavailability 

in the brain. Nevertheless, not only are doxorubicin (IC50: 330 ng/mL), and salinomycin (IC50: 

700 ng/mL) more potent than TMZ (IC50: 9600 ng/mL) in U251 GBM cells in vitro, but also they 

can be utilized in combination with temozolomide to show synergistic anti-caner effects in GBM 

cells and sensitize them to TMZ [1-3]. Therefore, in this study, we developed various drug delivery 

systems to enable the delivery of Doxorubicin, and Salinomycin into the brain, while overcoming 

the limited permeability of the BBB.  

In the first scenario, magnetic IONPs were developed as drug delivery systems of 

Doxorubicin, and Salinomycin. For this purpose, negatively charged EDT-IONP and positively 

charged PEI-PEG-IONP were developed as carriers of Doxorubicin, and Salinomycin, 

respectively. Both EDT-IONP and PEI-PEG-IONP at various concentrations (1-30 µg/mL) were 

found biocompatible in bEnd.3 and U251 cells, while both cell lines could efficiently take up the 

nanoparticles. The drug-loaded IONPs released their payload entirely over 4 days with the 

capability of an accelerated initial release at the acidic microenvironments. Both DOX-EDT-
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IONPs and Sali-PEI-PEG-IONPs were found to be effective in causing apoptosis-induced cell 

death, proliferation inhibition, and ROS-induction in U251 cells. In fact, the DOX-EDT-IONPs 

and Sali-PEI-PEG-IONPs (with 1 µg/mL of either DOX or Sali) were found to be effective in 

apoptotic-induced GBM cell death by approximately 80% and 100% within 48 hours of treatment. 

Moreover, DOX-EDT-IONPs augmented the DOX’s uptake in U251 cells by 2.2±0.6 (without an 

external magnetic field) and 2.8±0.5-fold (with an external magnetic field) compared to that of 

free DOX. To study the anti-cancer mechanisms of the developed formulations, gene studies were 

conducted that revealed an upregulation in Caspase 3 (key mediator of apoptosis), along with p53 

and GAS5 (tumor suppressors), while a downregulation in TOP II and Ku70 (essential enzymes 

for DNA repair and replication), along with MiR-155 (an oncogene) in U251 cells upon treatment 

with either DOX-EDT-IONPs or Sali-PEI-PEG-IONPs. Thereafter, the permeability and anti-

cancer effect of the drug-loaded IONPs were examined in an in vitro BBB-GBM co-culture model. 

The DOX-EDT-IONPs showed a permeability of 5.2+0.4% across the MDCK-MDR monolayer 

over 4 hours that was significantly enhanced to 8.5±0.36% using a cyclic ADT peptide as a 

transient disruption agent of the cell monolayer in combination with an external magnetic field. It 

is noteworthy to mention that surveying the literature in a 10-year period reveals that only 0.7% 

(median) of the administered nanoparticle dose is found to be delivered to a solid tumour in pre-

clinical studies [4]. This suggests that this combinational approach of using magnetic convective 

diffusion of IONPs and transient disruption of the BBB can significantly enhance the efficacy of 

drug delivery to brain tumors. Furthermore, using DOX-EDT-IONPs, the permeability of DOX 

across the MDCK-MDR monolayer was augmented over 2-fold and provided significantly higher 

anti-cancer effect than free DOX in GBM cells (cell viability: 66±3.3% and 45±3.7% for cells 

treated with free DOX and DOX-EDT-IONPs, respectively) in the presence of a magnetic field 
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and ADTC5. On the other hand, Sali-PEG-PEI-IONPs showed a limited permeability of 1.0+0.1% 

across the bEnd.3 monolayers that was significantly enhanced to 3.2+0.1% using an external 

magnetic field and a hyperosmotic mannitol solution for transient disruption of the bEnd.3 

monolayer. Correspondingly, using Sali-PEG-PEI-IONPs concomitant with administration of an 

external magnetic field and mannitol decreased GBM cell viability more effective than that of free 

Salinomycin (cell viability: 60% and 38% for cells treated with free Salinomycin and Sali-PEG-

PEI-IONPs, respectively). In a comparative study, the DOX-EDT-IONPs were found to be 

superior to the Sali-PEG-PEI-IONPs in terms of nanoparticle coating stability in biological media, 

anti-cancer effect against human GBM cells, and diffusion across the BBB model.  

Generally, utilizing magnetic IONPs as a delivery system of chemotherapeutics in the 

presence of an external magnetic field not only can enhance nanoparticles’ permeability across the 

BBB and augments their accumulation within the brain, but also can potentially draw the drug-

loaded IONPs to the tumor target site, by which the systemic drug exposure and toxicity are 

reduced. In addition, transient enhanced permeability of the BBB using either hyperosmotic 

mannitol or cadherin peptide was found an effective approach to enhance the diffusion of the drug-

loaded IONPs across the BBB model and potentially increase their accumulation within the brain. 

Herein, we reported that using ADTC5 shows the advantage of not causing an extensive change 

in permeability of large molecules compared to that of mannitol, as evidenced by the IRDye 

permeability (2.7±0.4% and 3.1±0.3% without and with ADTC5, respectively, compared to 

15.6.±0.6% with mannitol (supplementary materials: Fig. S 2.2). across the MDCK-MDR 

monolayer in the BBB-GBM co-culture model). Therefore, using this peptide is expected to enable 

the BBB to stay relatively intact to large macromolecules and correspondingly diminish the risk 
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neurological toxicity [5], while facilitating the magnetic enhanced convective diffusion of the 

IONPs across the BBB in the presence of an external magnetic field.  

In the second scenario, local drug delivery systems were utilized to bypass the BBB and 

provide a sustained release of a chemotherapeutic at the brain tumor site, by which the systemic 

exposure to the drug is diminished. Among the two common thermosensitive hydrogels examined, 

Pluronic F127 was preferred to PLGA-PEG-PLGA due to the superior gradual release profile of 

the payload and superior biocompatibility on various cell lines. Therefore, the Pluronic-

Salinomycin was employed as an injectable thermosensitive local drug delivery system. The 

Pluronic-Salinomycin released 100% of the encapsulated Salinomycin over a week that was 

consistent with the Pluronic degradation rate in vitro. The Pluronic-Salinomycin was also found 

effective in inhibiting GBM cell proliferation, inducing apoptosis and generating intracellular 

ROS. In this context, Pluronic-Salinomycin significantly decreased GBM cell viability over 90% 

within 48 h compared to that of free Salinomycin (ca. 50%). Furthermore, Pluronic-Salinomycin 

could upregulate Caspase-3, as well as tumor suppressors Rbl1, Rbl2 and Bax as the suggested 

mechanisms involved in apoptosis induction in GBM cells. Animal studies in subcutaneous U251 

xenografted nude mice also revealed that Pluronic-Salinomycin reduced the tumor size compared 

to the PBS and free Salinomycin-treated mice (V/V0: 4.7, 3.5, and 1.8 for mice received either 

PBS, free Salinomycin or Pluronic-Salinomycin, respectively at day 11 post-treatment). The 

superior anti-tumor activity of the Pluronic-Salinomycin could be attributed to the sustained 

release of Salinomycin from the hydrogel at the tumor site, while preventing the drug from 

enzymatic degradation and enhancing its bioavailability. Therefore, the results suggested a 

potential application of Pluronic-Salinomycin as an injectable drug delivery system for local 

chemotherapy of brain tumors, while bypassing the BBB, providing a sustained release and a 
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therapeutic concentration of Salinomycin at the tumor site, and synergistically enhancing the 

Salinomycin’s anti-cancer effects. Since the developed Pluronic-Salinomycin can be less 

invasively re-administered on demand, it can potentially be a better substitution for the FDA-

approved Gliadel® wafers, which are implanted at the brain tumor cavity upon surgical resection.  

As another local drug delivery system of Salinomycin, electrospun nanofibers (diameter: 

170±57 nm) encapsulating Salinomycin (NFs-Salinomycin) were fabricated in this project, as 

reported previously elsewhere [6]. The NFs-Salinomycin have the potential to be recruited as an 

implantable drug delivery system in the brain cavity after surgical resection of the tumor while 

providing a sustained release of Salinomycin at the target site. The NFs-Salinomycin released 

Salinomycin over 2 weeks in vitro, and showed a significantly higher anti-tumor effect than that 

of free Salinomycin in GBM cells by further decreasing cell viability and inducing intracellular 

ROS. The superior anti-tumor effect of NFs-Salinomycin was attributed to the gradual release of 

the drug form the nanofibers over the treatment period. The developed NFs-Salinomycin, which 

can be implanted at the brain tumor cavity, is potentially a substitution for the FDA-approved 

Gliadel® wafers with a more sustained release of the chemotherapeutic.  

In summary, in this set of projects, two magnetic IONP-based formulations (i.e. DOX-

EDT-IONPs and Sali-PEI-PEG-IONPs) were developed to potentially deliver Doxorubicin, and 

Salinomycin into the brain, while overcoming the limitations of the BBB permeability and 

providing a magnetic site-specific targeting. By the magnetic site-specific targeting, the drug-

loaded IONPs can be drawn to the target site in the presence of an external magnetic field that 

reduces the systemic drug exposure and side effect. Moreover, the magnetic site-specific targeting 

in combination with the transient enhanced permeability of the BBB (using either mannitol or 

cadherin peptide) was found to be effective to augment the penetration of the drug-loaded IONPs 
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across the BBB and enhance the anti-cancer effect of the payload chemotherapeutics compared to 

the free drug in vitro.  

Moreover, two local drug delivery systems (i.e. Pluronic-Salinomycin and NFs-

Salinomycin) providing a sustained release of Salinomycin were developed to bypass the BBB and 

provide therapeutic doses of the drug at the tumor cavity or the tumor site within the brain. 

Similarly, by the local drug delivery approach, the systemic exposure to the drug and the systemic 

side effect can be efficiently diminished. Although subcutaneous tumor models have been 

commonly used to assess local drug delivery systems to provide a proof-of-concept for their final 

applications, they do not necessarily resemble the brain tumor microenvironment including high 

interstitial pressure within the brain.  

Taken together, subsequent intracranial tumor studies of the developed systems will be 

beneficial to prove the efficacy of these formulations in vivo. Generally, it is speculated that the 

developed DOX-EDT-IONPs in combination with magnetic enhanced-convective diffusion and 

transient disruption of the BBB can overcome the limited permeability of the BBB and provides 

therapeutic concentrations of DOX within the brain through either paracellular diffusion of the 

DOX-EDT-IONPs across the BBB or their endocytosis by the endothelial cells. Moreover, the 

rapid release of DOX (within an hour) from the DOX-EDT-IONPs that magnetically has been 

drawn to the target site, can increase the chance of DOX entering the brain through the transiently 

open tight junctions of the BBB. Therefore, the DOX-EDT-IONPs in juxtaposition with the 

developed combinational approach can potentially enable DOX to be considered as a candidate in 

multi-agent chemotherapy regimen of GBM. Moreover, it is envisaged that Pluronic-Salinomycin 

can provide therapeutic concentrations of Salinomycin within the brain as an adjuvant therapy in 

GBM with minimal systemic distribution and toxicity. This formulation can be re-administered 
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locally on demand, which potentially makes it be a better substitution for the FDA-approved 

Gliadel® wafers. 

Finally, since rodents do not necessarily mimic humans with respect to tumor’s growth 

rate, size relative to body mass, and microenvironment [7,8], it is also suggested that subsequent 

pilot studies are required to appraise the efficacy of the developed systems in GBM patients. 

5.2. Future Directions 

Since the surface coating of IONPs can be degraded over time in biological media, this 

may lead to aggregation and precipitation of the nanoparticles in the bloodstream. This fact is often 

considered as a hurdle in the clinical applications of IONPs. In order to address this shortcoming, 

both IONPs and therapeutic agents can be encapsulated within liposomes, polymeric or lipid 

nanoparticles, serving as magnetic responsive nanocarriers for the therapeutic agents [9-11]. This 

strategy not only enhances encapsulation efficiency for a wide range of molecules within the 

nanoparticles, but also can ameliorate the IONP stability in the bloodstream [12]. Moreover, 

loading IONPs into liposomes, polymeric or lipid nanoparticles can protect the therapeutic agents 

from inactivation and degradation while offering well-defined in vivo behavior, independent of 

size or surface characteristics of IONPs [13,14]. Similar to PEGylated IONPs, lipid-anchored PEG 

stabilizes liposomes or lipid nanoparticles, and prevents them from being rapidly recognized and 

cleared by the MPS [15]. Additionally, the surface of the liposomes or lipid nanoparticles can be 

decorated with various ligands capable of binding to the receptors overexpressed by cancer cells 

or angiogenic endothelial cells, thus enhancing their cellular uptake and tumor internalization via 

the receptor-mediated endocytosis. Last but not least, incorporation of magnetic IONPs into 
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liposomes, polymeric or lipid nanoparticles enables controlled release of payload that is triggered 

with an alternating magnetic field (AMF) [16].  

Having considered that, our lab is currently investigating encapsulation of the EDT-IONPs 

within various lipid-based structures to find optimum formulations. This formulation needs to meet 

the following criteria: (i) high encapsulation efficiency of various chemotherapeutics (including 

Doxorubicin, and Salinomycin) to show synergistic anti-tumor effect. In this context, the 

chemotherapeutics are encapsulated within the lipid nanoparticles regardless of surface coating of 

IONPs, while being protected from inactivation and degradation during blood circulation. (ii) high 

encapsulation efficiency of EDT-IONPs to provide magnetic-responsive lipid nanoparticles; (iii) 

surface decoration of the lipid nanoparticles with various ligands (like EGFRvIIIAb, binding to 

EGFRvIII on GBM cells [17,18], and Angiopep-2, recognizing low density lipoprotein-related 

protein 1 (LRP-1) expressed on the brain capillary endothelial cells [19]). By targeting both 

angiogenic endothelial and GBM cells, the cellular uptake and tumor internalization of the lipid 

nanoparticles are augmented via receptor-mediated endocytosis. 

This formulation not only overcomes the aggregation problem of IONPs in the biological 

media, but also can potentially provide a controlled site-specific drug release upon heating the 

IONP-based lipids using an alternating magnetic field. Moreover, the developed approach of using 

cadherin peptide in combination with an external magnetic field in this study, is expected to 

enhance the penetration of IONP-based lipid nanoparticles across the BBB. Pursuant to successful 

in vitro studies, these IONP-based lipid nanoparticles will be evaluated in vivo in intracranial GBM 

tumor-bearing mice to evaluate their pharmacokinetic and anti-cancer efficacy.  
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