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Summary 

Cancer immunotherapies have established their relevance in the clinic in recent years. 

These therapies have increased patient survival rates with few toxic side-effects. 

However, they still suffer from low patient response rates. With the progression of the 

disease, tumors become increasingly heterogeneous, which poses limits to the 

development of universal, “off the shelf” cures. Nanotechnology allows insight over 

novel therapy strategies to better suit the specificities and uniqueness of each patient’s 

cancer. 

In this work, a chemistry and material science approach enabled the development of iron 

oxide nanoparticle-filled nanovaccines (IONVs) to exploit the biochemical features of the 

tumor microenvironment for cancer immunotherapy and combination therapy. A 

systematic nanoparticle engineering rationale is stablished to “programme” IONVs for: 

(i) cancer cell sensitization to oxidative damage and ferroptosis; (ii) pH-catalysed

disassembly and drug release; (iii) macrophage repolarization towards tumor-suppressing

phenotypes; (iv) optimization of tumor-antigen processing and cross-presentation; (v)

optimization of platinum-based prodrug delivery for chemotherapy and

chemoimmunotherapy; (vi) integration of directing ligands for active targeted drug

delivery; (vii) monitorable therapy biodistribution; and (viii) synergy with state-of-the-

art antibody-based immunotherapies.

Systematic IONV engineering provided control over distinguishable device properties 

such as size, charge, stability, chemical reactivity, bioactive molecule loading and particle 

surface functionalization. The device integrated iron catalysis for cancer-cell specific 

activation of ferroptosis, immunostimulatory redox stress and site-specific disassembly 

for targeted drug release. IONVs were visualized to accumulate into the tumor tissue as 

well as immune cell-rich tissues such as spleen and lymph nodes. Their high 

biocompatibility enabled immune cell activation for multipronged antitumor action. The 

results show how IONVs can unite and improve concurrently effective anticancer 

strategies, resulting in complete elimination of established aggressive tumors and 

acquisition of protective long-term immunity. Overall, this work demonstrates the 

suitability of programmable IONVs to act as generalizable platforms for cancer 

immunotherapy enhancement. 
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1.1. Overview 

Cancer is the term for diseases in which abnormal cells divide without control and invade 

nearby tissues. Cancer is characterized by cells that, upon the accumulation of a set of 

mutations, start growing without restrain. Their uncontrolled growth leads to the 

formation of chaotic clumps of tissue, the tumors. At advanced stages of disease, cancer 

cells can migrate around the organism forming new tumors and propagate the disease – a 

process called metastasis. If untreated, tumor growth will eventually press against tissue, 

blood vessels and nerves, and induce life-threatening organ failure. 

Cancer ranks as the first or second leading cause of death before the age of 70 years in 

most countries (Fig 1.1, a) 1. It is predicted that one in every 5 people will develop cancer 

during their lifetime, and that one out of 8 men and one out of 11 women will die from 

the disease. Breast, lung and colorectum cancers were estimated to be the most 

diagnosticated cancers in 2020 worldwide. Lung, colorectum and liver cancers 

accumulated the highest mortal rates (Fig. 1.1, b).  
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Figure 1.1. Cancer as a cause of death in 2020. (a) Ranking of cancer as a cause of 

death per country for ages <70 years. (b) incidence and mortality per type of cancer for 

both sexes. Image taken from 1. 

There has been a long pressing medical need for the development of effective and safe 

cancer therapies. Classically, cancer therapies have been based on the administration of 

powerful cytotoxic chemical agents (cancer chemotherapies). Indeed, many of these 

therapies still serve today as the first front in anticancer treatments. However, the well-

known side-effects of chemotherapy have a negative impact on the well-being of cancer 

patients and limit the therapeutic doses that can be administered, which  in many cases 

compromizes the ability to successfully treat cancer patients 2–4. 

In the last decade, cancer immune-based therapies (immunotherapies) gathered 

increasing interest. Instead of directly killing the cancer cells, immunotherapies aim to 

train or enable the immune system to combat the tumor. On their own, these new therapies 

have been proven effective in showing fewer toxic side-effects than conventional 

chemotherapies. When combined with chemotherapies (combination cancer therapies, or 
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chemoimmunotherapy), they can maximize therapeutic benefits and attenuate the 

limitations of each treatment modality. Cancer immunotherapies have been able to 

increase long-term survival rates and patient quality-of-life for a wide range of cancer 

types 5.  

However, cancer immunotherapies still suffer from limited affordability and low patient 

response rates. Additional concerns are that immunotherapies have the potential to induce 

severe auto-immune toxicity 6. In the last few years, thanks to advances in 

nanotechnology, immunology and chemistry, more and more resources are available to 

address for these challenges. Increasing research has shown the intricate and complex 

nature of cancer and the many self-reinforcing mechanisms of resistance that the tumor 

presents against therapy 7,8. Hence, for the development of effective anticancer 

immunotherapies, it is first necessary to understand cancer development and its 

relationship with the immune system. 

1.2. Tumor development  

1.2.1. Cancer as “the wound that never heals” 

Cancer develops in a micro-scaled Darwinist fashion. Malignant cells progressively 

acquire traits to sustain their uncontrollable growth in a “survival of the fittest” trend. It 

is typically understood that cancerous traits mainly include the deactivation of cell cycle 

regulators and the development of mechanisms to sustain their large nutrient demand. 

However, extensive research has demonstrated the crucial ability of cancerous tissue to 

use the immune system to support its growth and establishment 9. 

In normal conditions, the immune system is prepared to identify aberrant or 

malfunctioning tissue and eliminate it (immunosurveillance) (Fig. 1.2.) However, cancer 

cells progressively acquire mechanisms to avoid its action - a process called 

immunoediting 9. For instance, between 40%-90% of cancers are reported to avoid 

immunity by downregulating the major histocompatibility complex class-I (MHC-I) 10. 

In normal conditions, MHC-I decorates the membrane of cells with recognizable 

biomolecules (antigens) for the immune system to distinguish endogenous (“self”) from 

exogenous (“non-self”, and therefore pathogenic) agents. The progressive accumulation 

of cancerous mutations yields the expression of tumor associated antigens (TAAs). A 
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particular class of TAAs are “non-self” tumor specific antigens (TSAs), known as 

neoantigens, which are unique to the tumor and thus susceptible to immune identification 

and “elimination”. Evolutionary MHC-I downregulation thus manages to hide TSA-

expression from immunosurveillance. In many cancers, MHC-I downregulation is 

accompanied by an upregulation of membrane receptors working as “immune 

checkpoints”, which actively promote deactivation and anergy among approaching 

immune cells 11–13. Cancer cells are known for their unrestrained, aberrantly active 

metabolism. The tumor site, or tumor microenvironment (TME), is thus characterized by 

nutrient deficiency and accumulation of metabolic subproducts. For instance, due to local 

lactate accumulation, the TME typically shows a characteristic acidity (pH ~6.5) in 

comparison to normal physiological pH (pH~7.4). Together with other typical traits of 

the tumor site like high levels of H2O2, hypoxia or glucose-deprivation, TME 

biochemistries have been reported to contribute towards local deactivation of the immune 

system 14.  

The immunoedited tumor can reach an “equilibrium” of tolerance with the immune 

system. Tumor growth is contained but the cancer cells are not recognized as a pathogen 

and therefore are not attacked. In that scenario, additional cancer mutations may manage 

to overcome or “escape” the immune system action and facilitate further tumor growth 

(Fig. 1.2). 

Immunoediting results in a TME that is rich in tolerant and deactivated immune cells. 

The tumor site typically accumulates tolerogenic T-regulatory cells (Treg), myeloid-

derived suppressor cells (MDSCs) 15 and M2-phenotype tumor-associated macrophages 

(TAMs), all together responsible for maintaining a strong pro-tumoral environment 16,17. 

Most notably, exhausted or deactivated immune cells remaining in the TME will not only 

stop further cytotoxic immune infiltration but will also promote wound healing-like 

mechanisms that facilitate cancer growth and tumor tissue repair. Hence, the cancer 

disease has been acknowledged as “a wound that never heals” 18,19.  
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Figure 1.2. Cancer immunoediting leads to immune tolerance and escape. The dynamic 

tumor-immune cell interaction can be differentiated into three reversible stages: 

Equilibrium, when the immune system manages to contain tumor growth but is not able 

to kill it; Escape, when the tumor manages to avoid the immune system action and grow 

further; and Elimination, when the immune system manages to overcome the protective 

cancer immunoediting and induce anticancer cell killing.   

1.2.2. “Hot” and “Cold” Tumors 

The reversal of tumor immunoediting mechanisms is fundamental to induce effective 

anticancer immune responses. Although immunoediting occurs in a patient-specific 

fashion, a set of common cancerous immunosuppressive traits can be distinguished (Fig. 

1.3). To combat them, key immunotherapy strategies are: (i) overcoming or inhibiting the 

immunosuppressive mechanisms of the TME; (ii) depletion of immune-suppressive cell 

populations from the TME; (iii) immune cell recruitment and activation into the TME; 

(iv) restoration of neoantigen-presentation mechanisms to facilitate the identification of 

cancer cells by the immune system; and (iv) inhibition of pro-tumoral immune 

checkpoints 20–23.   

Overall, cancer immunotherapies aim to turn tolerated or tolerogenic “cold” tumors into 

targetable, immunogenic, "hot” tumors (see Fig. 1.3) 24. In a “hot” tumor environment, 

the therapeutic effect of the treatment is facilitated by mechanisms of cancer 

immunogenic cell death (ICD). ICD typically involves the release of damage-associated 
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molecular patterns (DAMPs) and reactive oxygen species (ROS) which can provide (i) 

immune cell activation through immunostimulatory “danger signals” or cytokines and (ii) 

cancer-specific targets through TAA and TSA release. ICD may thus work as an in situ 

vaccine for the immune system and promote both immediate and long-lasting antitumor 

immunity 25–27.  

 

Figure 1.3.  Schematic representation of distinctive characteristics of cold and hot 

tumors. Cold tumors are characterized by a dense concentration of immunosuppressive 

and exhausted cell populations (Tregs, M2-TAMs, immature DCs) and 

immunosuppressive cytokine signalling. Hot tumors are characterized by a dense 

concentration of activated cytotoxic cell populations (T-cells, M1-macrophages, mature 

DCs) facilitating ICD and immunostimulatory cytokine signalling. 

1.2.3. ROS as key cancer therapy modulators  

ROS are a ubiquitous product of intracellular oxygen metabolism. They are highly 

reactive radical species (e.g. hydrogen peroxide, peroxyl and hydroxyl radicals) that 

quickly oxidize their immediate surrounding tissue. High local ROS concentrations can 

degrade vital cellular components such as polyunsaturated fatty acids in the cellular 

membrane, induce mitochondrial dysfunction, deactivate essential enzymes or damage 

deoxyribonucleic acid (DNA) chains inducing cell death 28,29. Hence, to maintain a 

healthy oxidative homeostasis, cells produce protective intracellular antioxidants like 

glutathione (GSH) 30.  

The alterations in metabolic pathways in tumor cells (i.e. mitochondrial dysfunction, 

NADPH oxidase overexpression) have been linked with the elevated ROS levels in the 
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TME 31. Cancer cells thus find themselves in a delicate oxidative state, where their 

antioxidant capacity can be exceeded and trigger irreversible oxidative damage. The 

recently described mechanism of ferroptosis, a ROS-and iron-mediated non-apoptotic 

programmed cell death, has gathered enormous interest as means to exploit this cytotoxic 

pathway for cancer therapy (Fig. 1.4, a) 32. Oxidative stress-inducing therapies have been 

shown to trigger cancer-specific damage in a much safer/selective fashion than classic 

chemotherapies targeting apoptotic cell death 28,33–43 In addition, ferroptosis has been 

reported to favor cancer ICD via TAA and DAMP release 44,45. ROS also play a key role 

as immunostimulatory messengers. ROS favor release of DAMPs and function as “eat 

me” signals for cytotoxic anticancer immunity 26,46,47. “Eat me” signals are inducers of 

immunogenic phagocytosis, the process by which activated immune cells kill and 

scavenge cancer cells from the tumor-site 48,49. Overall, ferroptosis shows distinctive 

features (biochemical regulators, cell morphology, immune features) that separate it from 

other mechanisms of cell death like apoptosis and necrosis (Fig. 1.4, c). However, ROS 

are regarded as a double-edged sword for cancer therapy as they have potential for 

exerting both pro and anti-cancerous action 50. Chronic ROS generation in the TME has 

been shown to trigger mechanisms of tissue repair and cancer cell proliferation 51. Hence, 

ROS-mediated anticancer activity is seen as a spectrum that can range from immunogenic 

to semi-tolerogenic and tolerogenic responses (Fig. 1.4, b).  
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Figure 1.4. Schematic representation of tumor interplay with ROS production and cell 

death mechanisms comparison. All cells experience ROS production during oxygen 

metabolism. The potential cell damaging effects are typically contained by antioxidant 

production. However, increased cancer metabolism induces ROS overproduction, 

yielding a delicate oxidative equilibrium. Redox stress-inducing therapies can therefore 

be used to give a “fatal push” towards irreversible oxidative damage and trigger cancer 

cell-specific ferroptosis. Image adapted from 28; (b) Schematic representation of the 
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immunological spectrum between immunogenic phagocytosis typical of hot tumors and 

tolerogenic phagocytosis typical of cold tumors. Image adapted from  52. (c) Comparison 

between apoptosis, ferroptosis and necrosis cell death mechanisms. 

1.3. State-of-the-art strategies for cancer immunotherapy 

Two subtypes of immunity can be distinguished: (a) innate immunity, a nonspecific 

immunity subtype prepared to react as a first line of defence against non-identified 

pathogens; and (b) adaptive or acquired immunity, a specialized immunity subtype aimed 

at the elimination of previously identified “non-self” pathogens. Adaptive immunity 

develops potent pathogen-specific responses and long-term memory after innate 

immunity fails.  

The process acknowledged as “immunization” occurs after the assimilation of disease-

specific “non-self” antigens by the immune system. Cross-presentation is the process by 

which antigen-presenting cells (APCs) present “non-self” antigens to cytotoxic T-cells 

(CD8+). CD8+ T-cells are then able to recognize and attack targeted pathogen. APCs are 

a broad category of cells, formed primarily by DCs and macrophages. APCs expose the 

tumor antigen on their membrane through MHC-I proteins. T-cells bind to them through 

membrane T-cell receptors (TCR) to recognize the antigen. Efficient antigen presentation 

requires the simultaneous recognition of co-stimulatory receptors. Transmembrane 

proteins CD86 and CD80 are key co-stimulatory APC receptors that bind transmembrane 

protein CD28 receptors in T-cells (Fig. 1.5, c). 

Adoptive cell transfer (ACT) therapies give testimony of the promising outcomes of 

effective TAA and TSA processing and immunization. ACTs use extracted immune cells 

from the patient and activate them ex vivo by exposure to TSA and immunostimulatory 

drug cocktails. Once activated, immune cells are re-introduced into the patient as readily 

specialized, anti-cancerous immune cells. Although exuberantly costly, these therapies 

have shown promising results in several clinical trials 53,54. 

The main hurdle when trying to induce antitumor immunity are the barriers set by cancer 

immunoediting. Breaking through the defensive immunosuppressive features of the TME 

is indispensable for immunotherapy success. To this end, an increasing number of 

research articles have highlighted the relevance of at least three key immunotherapy 
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objectives: TAM reprogramming, pro-tumoral immune checkpoint blockade and 

enhancement of antigen cross-presentation mechanisms 16, 21, 24, 26.  

1.3.1. TAM reprogramming 

TAMs represent the most predominant immune cell population in the TME 55. 

Macrophages display two main phenotype groups which determine their functional 

activity: classical activated (M1) and alternative activated (M2). Activation (or 

polarization) towards a specific phenotype is strongly influenced by external signalling 

mechanisms. Macrophage polarization towards M2-like phenotypes (typical of TAMs) is 

thought to be promoted by the hypoxic character of the TME as well as by emission of 

immunosuppressive cytokines like interleukin 10 (IL-10), tumor growth factor type-β 

(TGF-β) or epidermal growth factor  (EGF) by some cancers 56,57. The M2-polarized 

macrophages (e.g. IL-10, TGF-β or Arginase I) promote mechanisms of tumor tissue 

repair and growth, metastasis and depletion of proximal immune activation 58. In contrast, 

M1-like macrophages display increased cytotoxic phagocytotic activity, promote antigen 

presentation through co-stimulatory CD80/86 transmembrane proteins and induce the 

release of immunostimulatory signals like tumor necrosis factor-α (TNF-α), interferon-γ 

(IFN-γ), ROS and inducible nitric oxide synthase (iNOS) (Fig. 1.5, a) 59. Hence, M2-to-

M1 macrophage repolarization represents a key new cancer immunotherapy strategy 16. 

M2-to-M1 macrophage repolarization can be achieved through chemical stimulation. 

Administration of potent immunostimulatory drugs (e.g. DAMP-like molecules), 

inhibition of crucial immunosuppressive receptors and signalling pathways (e.g. TGF-β 

generation), modulation of the immunosuppressive TME biochemistries (e.g. hypoxia 

relief) or controlled increases of oxidative stress are some of the many strategies used to 

this end 60–62. By achieving M2-to-M1 re-polarization, these new therapeutic strategies 

overcome a key immunosuppressive mechanism whilst recruiting anti-tumor immune 

cells from within the TME.  

1.3.2. Immune checkpoint inhibitors 

One of the mechanisms that cancer cells use for T-cell deactivation and M2-TAM 

polarization is the overexpression of programmed death ligand-1 (PD-L1) 63. PD-L1 is a 

transmembrane protein functioning as immune checkpoint that in healthy conditions 
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serves to protect against immune hyperactivity. PD-L1 binds to the programmed death 

type-1 (PD-1) membrane protein expressed on cytotoxic T-cells (CD8+ T-cells) to induce 

immune cell anergy. Other TME immunosuppressive populations like Tregs, deactivated 

T-cells and M2-TAMs may also express PD-L1. The immune checkpoint interaction 

downregulates the expression of important co-stimulatory signalling (e.g. IFN-γ, TNF-

α), stabilizes M2-like macrophage phenotypes and ultimately raises the threshold 

required for T-cells to become cytotoxic, thus reinforcing the immunosuppressive 

character of the TME 64. 

Immunotherapies that aim to block pro-tumoral immune checkpoints like PD-L1/PD-1 

binding are part of the current immune-checkpoint blockade (ICB) therapies. These ICB 

therapies target any of the two receptors of the PD-L1/PD-1 pathway with anti-PD-1 or 

anti-PD-L1 antibodies which then impede the binding 65. Other important ICB strategies 

are aimed at the blockade of the cytotoxic T-cell-associated antigen-4 (CTLA-4) immune 

checkpoint, although their use is limited due to safety concerns 6,66. ICB strategies are 

conceptualized as if they were “releasing the brakes” that halt the immune system action 

(Fig. 1.5., b). 

New generations of ICB therapies currently under investigation in clinical trials combine 

PD-L1/PD-1 blockade strategies with co-administration of antibody-based stimulatory 

agents like OX40 67. Interaction of OX40 with its ligand (OX40L) favors CD8+ T-cell 

expansion and T-reg depletion thus stimulating the immune cytotoxic action 66,68. 

Combinatory immune checkpoint strategies that simultaneously stimulate and deactivate 

suppressing mechanisms of the immune system have reported very promising therapeutic 

benefits 67,69. However, these strategies are only effective for PD-L1 positive cancers, 

which account for less than 20% of all clinical cases. Treatment dosage and timing are 

conditions that still require careful optimization to maximize benefits and reduce potential 

auto-immunity side-effects 6,70–76. 

1.3.3. Antigen cross-presentation enhancement 

By potentiating the efficiency of antigen cross-presentation mechanisms, the threshold of 

immunogenic cargo needed to drive powerful anticancer responses may be reduced. 

Oxidative damage-inducing therapies may enhance DC antigen cross-presentation 
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mechanisms through enhanced intracellular trafficking (occurring through endosome 

escape; see below) 77. ICB therapies have been reported to upregulate the generation of 

IFN-γ 78,79, which plays a pivotal role in antitumor immunity by restoring tumor-surface 

MHC-I expression 22,80. Various immunostimulatory drugs have also reported capacity 

for enhancing DC maturation, expression of co-stimulatory receptors (CD40/80/86) and 

expansion. 81,82 Therapy-inducing TCR clustering have also facilitated increased CD8+ 

T-cell activation and expansion 83.  

Most notably, nanomedicine research enabled the development of effective antigen-

presenting devices and controlled site-specific delivery of immunostimulatory drugs for 

adaptive immunity enhancement 84,85. As we will see in the sections that follow, these 

therapeutic nanodevices provide important therapeutic benefits through controllable drug 

delivery and reactivity. Hence, several of these systems have already been approved for 

clinical use 86,87.  

 

Figure 1.5. Three key immunotherapy strategies for enhanced cytotoxic anticancer 

immune responses. (a) M2-to-M1 TAM reprogramming is key to break through one of 
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the main protective tumor mechanisms and facilitate cytotoxic immune infiltration; (b) 

ICB therapies prevent key immunosuppressive tumor mechanisms and enable 

immunostimulatory signalling; (c) antigen cross-presentation enhancement strategies 

provide enhanced recognition of the malign tissue and facilitate adaptive immune action. 

1.4. Cancer Nanomedicine  

Cancer immunotherapies can benefit strongly from the development of interdisciplinary 

fields like nanomedicine, biological inorganic chemistry and chemical immunology. For 

their immunogenic nature, immunotherapy drugs are especially susceptible to early 

degradation and off-target processing 88. Furthermore, therapeutic synergies that may be 

established between complex multidrug cocktails are only possible when they act in a 

coherent time and space-controlled manner. Hence, therapeutic cargo protection and 

biodistribution control are key for successful anticancer immunization 85. By turning to 

chemistry and material sciences, cancer therapies gathered increasingly safer and efficient 

means for cancer diagnosis, multidrug administration, smart site-specific drug delivery 

and fundamental research on immunoediting and cancer development dynamics 89.  

1.4.1. Common nanodevice features  

Briefly, nanodevices provide two key characteristics for effective immunotherapy 

administration:  

(i) Physical and chemical means to load, protect and deliver the therapeutic agents.  

(ii) High surface-to-volume ratios allowing functional particle surface decoration for 

tissue targeting. 

Pharmacokinetic control (i.e. control over absorption, biodistribution, metabolism and 

excretion of the therapeutic cargo by the patient) can be achieved by tuning the 

physicochemical properties of the nanodevice. Some key features are: 

(i) Safe loading of multidrug cocktails. 

(ii) Target tissue recognition by surface nanodevice decoration.  

(iii)Control over drug biodistribution and intracellular trafficking through stimuli-

responsive reactivity.  
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A wide range of nanosystems can be found in the literature, each conferring their own 

degree of control over features like chemical reactivity, stability or biocompatibility. 

Among them, several nanodevice families can be distinguished (Fig. 1.6): 

(i) Soft organic particles: These are soft and flexible organic structures showing a 

very wide application range. Their organic nature allows a very high degree of 

chemical tunability governing particle decoration and multidrug loading 90–93. 

These structures are typically inert, safe and biocompatible. Clinically approved 

examples of these formulations are Doxil and Myocet, which use lipidic bilayers 

as vehicles (liposomes) to carry powerful chemotherapy drugs 86. However, the 

soft and flexible nature of these systems can lead to stability issues and cargo 

leakage. Notable components in this family of vehicles are polyethyleneglycol 

(PEG) polymeric chains. These are long polymeric chains that form meshes 

around the particle, thus providing physical protection by steric hydration 94. PEG 

chains are commonly used as particle stabilizers and took part, for example, in the 

formulation of Doxil as well as some COVID-19 vaccine formulations 95.  

(ii) Inorganic nanoparticles: Inorganic or metallic nanoparticles are solid and robust 

carriers. They enable enhanced physiological stability and longer retention times. 

Most notably, these particles provide interesting material-specific chemical 

features for redox and external stimuli reactivity (e.g. upon the incidence of 

magnetic, photonic fields). Clinically relevant examples are iron oxide 

nanoparticles (IONPs), which show ferroptosis-inducing redox reactivity and 

sensitivity to magnetic-based therapies 96,97, and gold nanoparticles (AuNPs), 

which show high tunability and sensitivity to light-based therapies 98. 

Inorganic/metallic materials can suffer from limited biodegradability, off-target 

accumulation and toxicity issues 99–101. Hence, inorganic nanoparticle features are 

typically modulated and enhanced through metal doping and heterogeneous 

composite structures 102–107. 

(iii)Mesoporous structures: Mesoporous materials provide solid carriers that show 

distinctively high porosity. They are characterized by their high physiological 

stability and high surface-to-volume ratios. Their porous structure enables 

excellent particle tunability, multidrug loading and surface decoration. Some 

representative examples are silicon oxide particles 108–111, polymeric particles 
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112,113 and carbon nanotube meshes (CNTs) 114. These carriers form typically large 

non-discrete structures, which can limit biodegradability and biodistribution. 

Hence, in many cases they are used ex vivo or as localized implantable devices 

115–117. 

(iv) Metal-organic Frameworks (MOFs): MOFs are uniquely tuneable and reactive 

organic-inorganic crystalline constructs. They are formed by a regular array of 

interactions between a metal centre and organic linkers, which yields a repetitive 

cage-like structure (Fig. 1.6, b). MOFs show well-defined porosity and tailorable 

composition, thus enabling drug loading and versatile chemical reactivity 118. 

They typically show potent redox catalytic features and sensitivity to external 

stimuli 119,120. However, their strong reactivity can induce stability and toxicity 

issues, which has posed strong limits to their clinical approval 121,122. 

Increasing research enabled the design of hybrid nanodevices combining these families 

of nanomaterials and nanoparticle-based systems to better suit the specificities of each 

clinical case. Some representative examples like: inorganic particle-enriched mesoporous 

silicon mesoporous structures, which typically allow for multidrug loading combined 

with redox and exogenous stimuli reactivity (Fig. 1.6, a) 105,112; inorganic particle-

enriched drug-loaded polymeric micelles, allowing synergistic therapeutic drug loading 

and redox stimuli reactivity (Fig. 1.6, c) 102,123,124; or complex inorganic particles and 

composites, allowing heterogeneous surface coating and anisotropic reactivity (Fig 1.6, 

d) 96,125–127.  
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Figure 1.6. Common nanomedicine structures for cancer therapy (a) Schematic 

representation of redox-active IONPs embedded into mesoporous polydopamine for 

cancer ferroptosis in combination with light-based therapies. Image adapted from 112; (b) 

Schematic representation of zinc and iron-rich MOFs for enhanced oxidative chemistry 

and combination cancer therapy. Image adapted from 128; (c) Schematic representation 

of magnetite-containing liposomes in combination with chemotherapy for enhanced ROS 

generation and cancer chemotherapy. Image adapted from 123. (d) Common 

morphologies of inorganic composite nanomaterials. Figure adapted 96 

1.4.1.1. Cancer nanovaccines  

Vaccines are biological preparations used to induce adaptive immunity against a 

particular disease 129. A vaccine typically contains an active compound, the antigen, that 

resembles the disease-causing agent and becomes the target for subsequent immune 

system action. The active compound is typically accompanied by a “danger signal”, the 

adjuvant, an innate immunostimulatory compound that does not provide immunity by 

itself but potentiates and facilitates the processing of the active compound by the immune 

system.  
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DAMPs and pathogen-associated molecular patterns (PAMPs) are recognized as “danger 

signals” by pattern-recognition receptors (PRRs) in cells of the immune system. An 

important PRR family are Toll-like receptors (TLRs), which are primarily found in DCs 

and macrophages 26. On accounts of their relevance in cancer therapy, various TLR 

agonists have been proposed as some of the “twelve immunotherapy drugs that could cure 

cancer” 130. Chemotherapy and ferroptosis-inducing agents may trigger ICD through 

TAAs and DAMPs release and thus be used for their adjuvant-like properties 44,45,131.  

Vaccines may be administered to fight an already existing disease (therapy) or in 

prevision of that disease (prophylaxis). Vaccines are most active when administered 

prophylactically. Indeed, the advent of the COVID-19 pandemic showed that 

development of potent adaptive memory requires time (and multiple booster doses) 132. 

However, the chaotic, patient-specific development of the tumor and immunoediting 

impedes the development of universal generalizable prophylactic vaccines for cancer 133.   

Antigen-presenting nano-vehicles (or nanovaccines) are gathering increasing interest as 

means of therapeutic anticancer immunization 134–136. These systems can be used to 

overcome the inherent limits of therapeutic vaccination and break through tumor 

immunoediting mechanisms. Nanovehicles can protect the antigen from early 

degradation and powerful adjuvants can be co-loaded onto the construct to enhance 

immunization 137.  

Smart construct design offers unique opportunities to improve tissue targeting and 

intracellular trafficking, ensuring efficient antigen presentation and developing 

immunological memory against the tumor 89. In the chapters that follow, it will be shown 

how cancer nanovaccines can be “chemically programmed” to be delivered into the tumor 

site and lymphoid tissues to induce effective anticancer immunization to fight the disease 

124. 

1.4.2. Nano-enabled pharmacokinetic control 

Five key pharmacokinetic characteristics can be controlled through nanomedicine: 

improved drug circulation, tissue accumulation, tissue penetration, cell internalization, 

and drug release (shortened as CAPIR) 138. For any given nanovehicle, it will be key to 
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find an optimal equilibrium between mechanisms of drug protection from early 

degradation and drug release in the target tissue (Fig. 1.7).  

We can broadly distinguish two main strategies for controlled therapy delivery 85,139:  

a) Passive Targeting, which aims to gain control over therapy biodistribution, tissue 

penetration and retention by tuning passive physicochemical parameters of the 

vehicle such as particle size, surface charge or shape. 

b) Active Targeting, which aims to enhance target-specific delivery through 

“directing ligand” particle surface decoration and “stimuli-responsive” reactivity. 

Directing ligands are biomolecules functioning as agonists of receptors that are 

unique or overexpressed in the target tissue. The carrier is thus able to distinguish 

target from off-target tissue. Additionally, reactive moieties of various nature (e.g. 

moieties sensitive to changes in pH, redox potential, enzyme concentration, etc.) 

can be incorporated onto the vehicle structure to trigger site-specific drug release.   

 

Figure 1.7. CAPIR pharmacokinetic indications for efficient nanomedicine therapy. 

Drug circulation, tissue accumulation, tissue penetration, cell internalization, and drug 

release are key pharmacokinetic features of the therapy that may be controlled through 

smart nanomedicine design. Figure adapted from 138. 

1.4.2.1. Passive tissue targeting 

Inherent physicochemical features of the nanovehicle such as size, shape or surface 

charge have long been revealed to influence their biodistribution. The tuning of these 

basic features can be used to improve therapy biodistribution among different organs and 

tissues of interest: 
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• Size, stiffness and shape: Treatment accumulation in the tumor has been reported 

to be optimal for medium-sized particles (30 - 80 nm) 138. Very small vehicles 

(<7nm) can penetrate deeper into the tumor but are readily excreted by renal 

filtration. Larger vehicles (>100nm) demonstrate increased circulation times but 

can also lead to clearance by the reticuloendothelial system (RES) and struggle to 

penetrate into the tumor 140. Depending on the specificities of each cancer type 

and TME dynamics, shape or stiffness can also be tuned to influence 

biodistribution, tissue penetration and cell uptake 141,142. 

• Surface charge: Positive surface charges facilitate cell uptake through interaction 

with anionic lipids of the cellular membrane. Although this could enable enhanced 

intracellular delivery to the targeted cells (e.g. cancer cells), the effect is also true 

for untargeted cells. Positively charged vehicles might thus induce off-target 

therapy internalization before reaching the tissue of interest. Instead, negatively 

charged surfaces might avoid early uptake and provide longer circulation times. 

Krantz et al. demonstrated how negative liposome-based formulations 

accumulated into the spleen and lymph nodes, crucial neuralgic centres of the 

immune system, whereas positive formulations accumulated in the lung 143.  

1.4.2.1.1. Cellular uptake and intracellular trafficking control 

Reaching the target tissue remains very challenging and yet it offers no guarantee for 

therapeutic success. Gold-standard chemotherapy drugs like cisplatin need to reach the 

nucleus to impair DNA replication 144. Immunotherapeutic activation of certain TLRs (i.e. 

TLR3, TLR7, TLR8 and TLR9) requires TLR agonist trafficking into intracellular 

endosome and lysosome compartments 145. Antigens need to be transported into the 

cytosol to be processed and presented by APCs 146. Hence, a key objective in cancer 

nanomedicine design is to seize control over drug uptake and intracellular trafficking.   

Transfection is the process of deliberately introducing foreign nucleic acid structures into 

the intracellular space by crossing the lipid membrane 147. The transit is governed by the 

dynamic electrostatic interactions of the semi-fluid, anionic lipid membrane. Molecular 

structures designed to facilitate transfection are called transfecting agents. Typically, 

these agents are enriched with positively charged moieties that facilitate membrane 

trespassing through: 
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i. Ion-pair-induced defects. Cationic particles accommodated onto anionic 

membrane lipids may induce structural deformations. These defects may develop 

into pores through which the particles can diffuse into the cell 147–150. Inclusion of 

hydrophobic chains into the structure may further stabilize amphiphilic membrane 

trespassing 151–155. 

ii. Facilitated endocytosis. Endocytosis mediates the cellular uptake of agents that 

are too big to diffuse through the membrane. Nanoparticles are thus typically 

uptaken through endocytosis pathways 156 (Fig. 1.8, a). Cationic particles, by 

remaining proximal to the anionic membrane, as well as directing ligand-

decorated devices, by attaching to specific cell receptors (see below), have higher 

chances of cellular uptake. The cell is thus able to engulf the particle and 

internalize it inside intracellular vesicles (endosomes and lysosomes) 143.  

One of the major functions of endosomes and lysosomes is the digestion of material and 

nutrients uptaken by the cell. These compartments have thus been exploited by 

biodegradable carriers to trigger site-specific intracellular drug release (Fig. 1.8, b-c; see 

below) 156. However, endosome and lysosome digestion can also degrade and deactivate 

many therapeutic agents. In such cases, various strategies have been devised to promote 

endosome escape, by which the therapeutic cargo is relocated into the cytosol (Fig. 1.8, 

d-f) 157: 

i. Proton sponge effect: The introduction of structures that can be highly-

protonable in the acidic endosome will induce absorption of protons and counter 

anions into the vesicle. The process produces an increase in osmotic pressure 

stress that ruptures the endosome (Fig 1.8, d). 

ii. Mechanical destabilization:  Structures that once they are highly protonated can 

induce mechanical vesicle rupture by: (a) swelling and pressing against the vesicle 

(Fig. 1.8, e); or (b) disassembling into multiple ion-pair-inducing fragments (Fig. 

1.8, f).    

iii. Membrane oxidation: ROS generation through redox-active and photosensitive 

agents loaded into the endosome have been used to transform H2O2 and incident 

light into oxidative stress (see below), yielding lipid peroxidation, membrane 

defects and rupture 158. 
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Figure 1.8. Schematic representation of nanoparticle endocytosis and opportunities for 

intracellular drug trafficking control. (a) Owing to their size, nanoparticles are mainly 

uptaken into the cell by mechanisms of endocytosis. Nanovehicles can then incorporate 

(b-c) cleavable bonds for site-specific drug release in the endosome. Two common 

mechanisms of site-specific drug release can occur through (b) pH-sensitive and (c) 

enzyme-sensitive digestion. Nanovehicles can also incorporate (d-f) mechanisms of 

endosome escape for cytosol drug delivery. Three common endosome escape mechanisms 

occur through (d) proton-sponge effects (high osmotic pressure), (e) mechanical strain 

by particle swelling and (f) vesicle destabilization by multiple ion-pair defect-inducing 

fragments. Figure (b-c) adapted from 156. Figures (a, d-f) adapted from 157. 

1.4.2.2. Active tissue targeting  

In many cases passive targeting is not be sufficient to deliver the nanocarrier to the target 

tissue. It has been estimated that in most cases only 1-2% of particle dosage accumulates 

into the targeted tissue 141,159,160. The two main particle design strategies to “actively” 
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enhance tissue targeting and intracellular trafficking control are: (i) particle surface 

decoration with targeting ligands and (ii) stimuli-sensitive drug delivery. 

1.4.2.2.1. Ligand-directed targeting  

As previously mentioned, directing ligands are biomolecular structures that selectively 

bind to receptors that are unique or overexpressed on the target tissue 161,162. These can 

be biomolecules of a very wide nature (e.g. small peptides, polysaccharide chains, 

proteins, etc.). By incorporating directing ligands onto the particle surface, the carrier 

may recognize and attach to specific receptors on the target cells. The therapy can then 

be site-specifically accumulated and processed (Fig. 1.9).  

 

Figure 1.9. Expected outcomes from active ligand-directed targeting. (a) Upon reaching 

the TME, ligand-targeting nanoparticles can be designed to recognize and bind cell 

surface receptors on target cells, like cancer cells, to facilitate accumulation and cell 

uptake. (b) In contrast, passive targeting nanoparticles may not interact with the target 

cells, thus remaining in circulation. Figure adapted from 156. 

There are many bioconjugation options to enable particle surface decoration. The 

chemistry is typically chosen according to two common requirements: (a) to prevent 

cargo degradation during the bioconjugation process to maintain binding activity; and (b) 

to provide a particle-ligand bonding that is stable enough to reach the target tissue. It is 

also desirable that they should be high yielding, versatile, and produce by-products that 

are easy to remove (click-chemistry approaches) 163–165. Some relevant examples are 

hydrazone-based conjugation and thiosuccinimide linkage formation 166–168.  
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1.4.2.2.2. Stimuli-sensitive drug delivery  

Nanovehicle stability is key to protect the drug payload from early degradation. However, 

failure to release the cargo when reaching the target will still result in ineffective 

treatments. To achieve effective drug release when reaching the target, some 

nanovehicles incorporate stimuli reactive moieties 169–171. 

Stimuli-sensitive moieties can be either organic or inorganic in nature. In response to site-

specific or time-controlled stimuli, these moieties react inducing structural rearrangement 

or breakdown of the vehicle. The process attenuates and cleaves the interactions that hold 

the therapeutic cargo, which is then released.  

According to the origin of the stimuli, two broad categories can be distinguished: 

(i) Endogenous stimuli: These are caused by gradients in pH, redox potential or 

enzyme concentrations between cellular compartments and tissue. 

(ii) Exogenous stimuli: These are caused by the application of external signal, such 

as the incidence of light, magnetic fields or acoustic waves.  

1.4.2.2.2.1. Endogenous stimuli 

1.4.2.2.2.1.1. pH-sensitive drug delivery 

Certain biological compartments of interest for cancer therapy are distinctively acidic. 

This is the case for the TME (pH ~ 6.5) and intracellular endolysosomal compartments 

(pH = 3-6) 172. Site-specific delivery is thus possible by using moieties that can be 

protonated/deprotonated and/or hydrolysed within this range of pH gradients. We can 

distinguish two main strategies for pH-sensitive drug delivery: 

(i) Structural rearrangement: Protonation-deprotonation processes inside the 

nanovehicle can modulate the strength of interactions such as hydrogen bonds, 

hydrophobic and electrostatic interactions. When protonation/deprotonation 

weakens drug-vehicle interactions the drug is detached and released from the 

vehicle 173–176. Alternatively, when it affects vehicle-vehicle interactions, the 

nanovehicle might swell and rearrange exposing the drug outwards to the 

environment (Fig. 1.10 a) 177,178. These are common strategies used in soft 
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polymeric nanovehicle structures. However, although this can provide a simple 

strategy for triggering drug release, the weak and non-specific interactions 

involved in these strategies may result in off-target drug leakage. 

(ii) Structural breakdown: Hydrolysis-sensitive moieties/bonds can also be used to 

trigger vehicle breakdown and drug release. Although more elaborate, covalent 

bond chemistry enables more controlled and precise site-specific drug delivery 

mechanisms. Amides, oximes, hydrazones, carbonates and esters are common 

examples of pH-responsive moieties (Fig. 1.10, b) 179. Customization of the 

environment surrounding the reactive moiety may be used to obtain very specific 

windows of acid-catalysed hydrolysis. This approach enabled the development of 

nanovehicles that can distinguish between biological compartments of different 

pH 167,180,181. Hydrolysis-based strategies may be also sensitive to concentration 

gradients of small molecules and enzymes that catalyse hydrolyzation 182,183.  
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Figure 1.10.  Acid-responsive drug release strategies. (a) Illustrative example of 

structural rearrangement triggered by nanovehicle protonation in the TME (pH ~ 6.5). 

Image extracted from 184 (b) common acid-catalized hydrolizable moieties and 

mechanisms used for pH-sensitive structural breakdown. 

1.4.2.2.2.1.2. Redox-mediated drug delivery 

As discussed above, the unique cancer cell metabolism yields a TME that is hypoxic, 

acidic and abundant in metabolic subproducts such as ROS. Site-specific TME delivery 

is thus possible by using moieties and materials sensitive to redox reactivity and 

degradation. Three common strategies of redox-mediated nanomedicine delivery are: 

(i) Carrier breakdown: Common examples are inorganic materials containing 

transition metal oxides, such as manganese, iron or copper 185–191 as well as 
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calcium peroxides 192,193. Nanomaterial doping with iron and manganese can be 

used to increase vehicle biodegradability in the TME 110. In addition, the products 

of their degradation, oxygen and metal ions, may show therapeutic benefits. For 

instance, Fe2+/3+ ions may promote immunogenic tumor ferroptosis  32, the Mn2+ 

and Fe2+/3+ ions can work as a contrast agent for biodistribution monitoring (see 

below) 187,194 and oxygen may relieve TME hypoxia and revert key 

immunosuppressive TME traits (e.g. TAM repolarization) (Fig. 1.11, a) 192,193. 

(ii) Oxidation state modulation in organometallic compounds: Changes in the 

oxidation state of the central metal ion can induce changes in the biological 

relevance of an organometallic drug. Well-known clinically relevant metal-

organic can be activated/generated through redox processes. 195,196. For example, 

this is the case of biologically inactive Pt(IV)-based metallodrugs which can 

undergo activation upon Pt(IV) to Pt(II) reduction by intracellular thiol-rich 

glutathione, ascorbate or iron-rich heme groups (Fig. 1.11, c) 197.  

(iii)Enzyme-initiated self-immolative substrates: Self-immolative substrates are 

clinically relevant redox-responsive moieties used in covalent bioconjugation 

strategies. They are typically initiated by enzymatic bond cleaving, which 

followed by an elimination reaction liberating CO2, breaks the covalent structure 

and liberates the drug unmodified. A well-known example is para-amino benzyl 

alcohol (PABC) linked to Cathepsin B or glucuronidase enzyme-sensitive 

initiating linkers (Fig. 1.11, b) 198,199. 
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Figure 1.11. Redox-mediated drug release strategies. (a) Redox-reactivity of hollow 

MnO2 carriers can disassemble in the acidic and H2O2-rich TME triggering site-specific 

drug release and production of traceable Mn2+ ions and O2 for hypoxia relief. Figure 

adapted from 187. (b) PABC undergoes breakdown upon enzyme-initiated electron 

elimination thus releasing the captured drug. Figure adapted from 200. (c) Two 

intracellular mechanisms of electronic reconfiguration for Pt(IV)-based metallodrugs 

yielding chemotherapy-active cisplatin (see Chapter 3). 

1.4.2.2.2.2. Exogenous-stimuli responsive drug delivery 

1.4.2.2.2.2.1. Magnetic-responsive stimuli 

Magnetic-responsive materials have proven beneficial for a wide variety of clinically-

relevant therapeutic and diagnosis applications 201. Among then, IONPs stand out for their 

excellent biocompatibility and tailorable properties 133,202. Indeed, many synthetic 
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pathways have been devised to modulate IONP properties, including particle size, shape, 

surface area 203–208, phase change 209,210 or metal doping 211. 

Two main strategies have been adopted for magnetic-responsive drug delivery:   

(i) Hyperthermic release: Fast alternating magnetic spins generate heat resulting in 

increased local temperatures (hyperthermia). By modulating particle size, IONPs 

can acquire superparamagnetic behaviour (Fig. 1.12, a) 133. Superparamagnetic 

iron oxide nanoparticles (SPIONs) require less energy inputs for spin inversion 

and thus show high heat generation capacity 212,213. When an alternating magnetic 

field is applied, SPIONs embedded in the nanovehicle matrix can induce 

hyperthermia to trigger structural collapse and on demand drug release (Fig. 1.12, 

b) 214,215. In addition, induction of magnetic hyperthermia as an anticancer therapy 

is known to trigger tumor ICD through DAMP and TAA release and MHC-I 

upregulation 216–221.  

(ii) Magnetic actuation: Concentrating the therapeutic system into the tissue of 

interest is possible through magnetic navigation. Under an external magnetic 

field, therapeutic IONP nanovehicles can be directed and accumulated into the 

tissue of interest. These studies report an elevation in CD8+ T-cell populations in 

tumor-draining lymph nodes 222 while decreasing systemic CD8+ activation, 

which could become counterproductive for the therapy 223–226. Similarly, ligand-

presenting magnetic beads can be used to bind and isolate DC and CD8+ T-cells 

114,227,228 Finally, antigen-presenting magnetic beads can induce TCR clustering to 

enhance T-cell activation and expansion 83.  

Magnetic fields can penetrate the target tissue, which allows for the treatment of both 

superficial and deep-seated tumors 229–231. However, magnetic hyperthermia strategies are 

limited by the large concentrations of iron required and by the current impossibility of 

locally focusing the magnetic field at the targeted tissue 232,233. 

1.4.2.2.2.2.2. Light-responsive stimuli  

Photonic energy can be transformed into ROS and heat using a photosensitizer (PS). 

When a PS is exposed to light, it absorbs a photon which is promoted into an excited 

singlet state. This energy can be dissipated either by (i) thermal decay, (ii) emission of 
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fluorescence or (iii) intersystem crossing (ISC). ISC is a spin-forbidden process in which 

the excited singlet state S1 moves to a lower-energy excited triplet state T1. Release of 

energy from T1 state may induce singlet 1O2 generation from molecular ground-state 

triplet 3O2 (Fig. 1.11, c). ROS might be also generated after an electron is transferred from 

the photosensitizer to receptor molecules 234.  

When the PS is loaded onto the endosome membrane, light-incidence can allow for on-

demand endosomal drug escape through oxidative membrane damage (Fig. 1.12, d) 235–

238. Since the incidence of photoirradiation can be spatially concentrated, these therapies 

enable localized oxidative damage for tumor ICD and enhancement of DC maturation 

and TAM M1-activation 239–245. However, the limited penetration depth of incident light 

limits these strategies to applications in superficial tumors only. Light-based strategies in 

the TME are also limited by lack of oxygen. Hence, they are typically coupled to redox-

active O2-generating nanodevices 193,246,247.  

1.4.2.2.2.2.3. Ultrasound-responsive stimuli 

Vibrational ultrasound (US) energy can be used to induce local increases in temperature 

and mechanical/cavitation effects for on-demand drug delivery. Vibrational energy can 

be transformed into ROS using sonodynamic synthetisers. These materials share their 

electronic properties and mechanisms of action with PSs (Fig. 1.12, c, e). Notable 

examples of sonodynamic synthetisers are organic porphyrins, 248,249 ZnO and TiO2 

nanoparticles 250,251 and quantum dots. 252  

Under incident US waves, temperature-sensitive structures can undergo on-demand 

structural collapse and liberate the cargo 253,254. Also, mechanogenetics is a recently 

described therapeutic US-application that allows on demand mechanical modulation of 

signalling pathways and cell dynamics. In this context and for modulation of immune 

responses for anticancer application, Piezo1 is a Ca2+ ion channel and mechanical sensor 

that affects macrophage and T-cell immunity 255,256. Incidence of vibrational ultrasound 

to Piezo1-targetting microbubbles has been shown to activate Piezo1 and favor T-cell 

anticancer killing effects (Fig. 1.12, f) 257. US-based therapies can also cause tumor 

damage through temperature and mechanical strain. Ultrasound can be applied to increase 

blood flow and rearrange TME tumor vasculature for enhanced immune infiltration and 
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hypoxia relief 258. US-mediated tumor killing can induce ICD and enable TAM M1-

activation and DC maturation 253,259–262. In comparison to heat-intensive hyperthermia or 

photo-thermal therapies, DAMP and TAA release can be triggered without generation of 

heat thus preventing protein denaturation 263. However, ultrasound-based therapies suffer 

from limited tissue penetration due to wave scattering and intensity attenuation, 

particularly through air-filled organs such as the lungs and intestines 264. 

 

Figure 1.12. Exogenous stimuli-responsive strategies. (a) Schematic representation of 

IONP superparamagnetic properties and their dependence with particle size. SPM, 

superparamagnetism, FM, ferromagnetism, Ms, magnetization saturation, Hc, magnetic 

coercivity.  (b) Schematic representation of SPION-embedded liposomes for thermally 

controlled drug release. Figure taken from 215. (c) Simplified Jablonski energy diagram 

for the generation of singlet oxygen after light or vibration energy absorption by photo- 

or sonosensitizers. Figure taken from 265. (d) Endosome escape triggered upon PS 

induced ROS emission enhancing DC antigen cross-presentation and anticancer T-cell 

activation. Figure taken from 240 (e) Common porphyrin structures used as photo or sono-

sensitizers. Figure adapted from 249. (f) US-triggered mechanogenetic Piezo1 activation 

for enhanced T-cell anticancer action. Figure adapted from 257. 
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1.4.2.3. Theranostics 

Theranostics refers to the combination of therapeutics and diagnostics. The term 

describes molecular or nanosized systems that integrate therapeutic agents with imaging 

probes for in vivo therapy monitoring 266–268. Theranostic vehicles enable the detection 

and treatment of the disease while visualizing the activity of the therapy (i.e. 

biodistribution, intracellular trafficking, drug release activation) in a non-invasive 

manner. Theranostics are useful to study the expression of relevant targetable markers 

before and after treatment, control off-target toxicities, determine alternative strategies 

for nonresponsive patients and accumulate information for further therapeutic 

improvement.  

The imaging modalities commonly integrated in cancer nanomedicine carriers make use 

of: 

a) Magnetic Resonance Imaging (MRI): MRI is a diagnostic imaging modality 

that uses non-ionising -radiation, suitable for deep-tissue, high-resolution 

imaging. MRI is based on nuclear magnetic resonance and the magnetic properties 

and imaging of mainly hydrogen nuclei (protons) in the target tissue. Under a 

strong magnetic field, their nuclear spins align with the applied magnetic field. A 

radio-frequency pulse is then applied perpendicular to magnetic field, which 

causes the nuclei to resonate and alter their magnetic alignment. When the pulse 

is removed, the nuclei realign with the original magnetic field. This realignment 

phenomenon is referred to as “relaxation”. Relaxation releases energy in form of 

electromagnetic waves which can be recorded and reconstructed into a 3-

dimentional MRI image 269–271. Relaxation can be measured in two ways: T1 

relaxation, which defines the time needed for longitudinal magnetization to 

recover (> 63% of ground state magnetization); and T2 relaxation, which defines 

the time needed for transverse magnetization to disappear. Image resolution is 

increased when the relaxation times of the water protons are shortened. Relaxation 

shortening can be achieved by increasing the strength of the incident magnetic 

field. However, this is a very costly approach. Instead, administration of contrast 

agents (CAs) can be used to decrease relaxation times of the protons surrounding 

the agent, leading to shaper and more precise images 272. Broadly, CAs are divided 
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into: T1-weighted CAs, or positive contrast agents, when they shorten T1 

relaxation times thus the enhanced areas appearing bright on T1-weighted images; 

or T2 CAs, or negative contrast agents, when they shorten T2 relaxation times 

thus appearing as darker areas in T2-weighted images. T1-CAs are usually highly 

paramagnetic agents consisting of Gd3+ and Mn2+. T2-CAs are usually SPIONs.  

b) Nuclear imaging: Nuclear imaging techniques are deep-tissue imaging 

modalities which detect high-energy photon (γ-ray) emission by radioactive 

tracers (radiotracers). The two main nuclear imaging techniques are Positron 

Emission Tomography (PET) and Single Photon Emission Computed 

Tomography (SPECT). SPECT detects γ-rays emitted from the radioactive decay 

of the radiotracer. Common SPECT radiotracers are technetium-99m (99mTc; t1/2 

= 6 h), iodine-123 (123I; t1/2 = 13 h) and gallium-67 (67Ga; t1/2 = 78 h). Instead, PET 

detects γ-rays emitted from an annihilated positron emitted by a proton-rich 

radiotracer. A positron (positive β-radiation) is emitted when a proton decays into 

a neutron in proton-rich isotopes. The emitted positron travels a short distance 

before it is annihilated by colliding with a surrounding electron. The collision 

produces the simultaneous emission of two anti-parallel high-energy γ-photons. 

The two γ-photons are recorded as a single coincident event, which produces 

images with higher resolution than SPECT. Common PET tracers like gallium-68 

(68Ga; t1/2 = 68 min) or fluor-18 (18F; t1/2 = 110 min), which show relatively short 

half-lives and limit long-term experimentation 268,273,274 

c) Optical imaging: Optical imaging offers the highest spatial resolution of the three 

imaging modalities. However, its penetration depth is limited due to tissue light 

absorption and scattering. Hence, fluorescence imaging techniques are widely 

used for in vitro or ex vivo assays. When used for in vivo studies, it is limited to 

imaging centimetre-deep tissue. Optical imaging is mainly based on fluorophore-

labeled tracers conjugated to targeting ligands, which allows the detection and 

quantification of different disease markers, as well as studying intracellular drug 

trafficking 275–278.  

To compensate for each technique weaknesses and limitations, there is increasing interest 

in the design of multimodal systems that can be used for multimodal imaging 

applications. Again, owing to their highly biocompatible and tailorable features, IONPs 
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have shown unique features for the design of such multimodal theranostic vehicles for 

cancer therapy and diagnosis 202,279–281. 
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1.5. Justification and objectives of this research 

Better understanding of the mechanisms involved in immunoediting, the immune 

response and development of novel technologies for site-specific drug delivery have 

enabled increasingly effective approaches for cancer therapy and diagnosis. The sections 

above provided an overview of the immunotherapeutic, nanomedicine and theranostic 

strategies that can be used to enhance clinical success. However, none of those strategies 

is free from limitations. There is a need for the development of combination cancer 

therapies and multimodal diagnostic strategies that can compensate for the weaknesses 

of each individual technique/therapy. 

This thesis aims to harness the properties of IONP-based systems for cancer 

immunotherapy and combination therapy. A systematic nanoparticle engineering design 

rationale is established to integrate ICD-inducing redox reactivity, site-specific drug 

delivery and non-invasive imaging modalities for the development of generalizable 

theranostic platforms (Chapter II). The IONP redox activity is utilized to complement and 

enhance the scope and efficiency of platinum-based drugs for chemoimmunotherapy 

(Chapter III). ROS-mediated therapeutic mechanisms combined with potent TLRa 

adjuvants, antigen-presentation mechanisms and state-of-the-art ICB therapies are shown 

to result in complete tumor regression and long-memory acquisition in vivo (Chapter IV). 

Finally, specific customization of the vehicle is used to enable the delivery of potent 

ferroptosis inducers for cancer-specific cell death and the development of neoantigen-

presenting nanovaccines for cancer (Chapter V).  

The specific objectives of this work can be summarized as: 

• The optimization of IONP-filled micelles (mIONPs) for cancer therapy by 

investigating: 

o The customization of intrinsic physicochemical features of the device 

(size, surface charge, stability, chemical reactivity). 

o The redox-active IONP core and the loading of TLRa adjuvants, DAMP-

like danger signals and ferroptosis inducers to trigger cytotoxic immune 

cell activation and cancer-specific cell killing. 
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o The loading and delivery of gold-standard chemotherapy drugs to 

complement and enhance their anticancer activity. 

o The incorporation of targeting ligands for tissue recognition and site-

specific drug delivery.  

o The presentation of tumor neoantigens for the development of therapeutic 

nanovaccines for cancer. 

• The demonstration of the efficacy of these mIONP systems as therapeutic agents 

in vitro in a panel of cancer of cell lines and in vivo in an aggressive and difficult 

to treat mouse melanoma model.  
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2.1. Introduction 

Cancer nanomedicine has emerged as a promising approach for the development of new 

tools against cancer. The engineering of devices that can safely deliver therapeutic agents 

into the tissue of interest can help to make cancer treatments safer and more effective and 

precise. However, the complexity and uniqueness of each patient’s disease limits the 

development of generalizable, “off-the-shelf” cancer therapies. Cancer nanomedicine 

therapies have to refine their design principles to better suit the specificities and 

uniqueness of each patient’s cancer. To this end, a chemistry and material science 

perspective has been used to fine-tune the efficacy of nanodevices for personalized cancer 

treatments. Effective drug delivery can be achieved through (i) the modulation of 

nanodevice physicochemical properties such as size, charge, device stability; (ii) surface 

decoration with biofunctional ligands that target the tissue of interest; (iii) loading of 

synergistic therapeutic drug cocktails (iv) incorporation of stimuli-responsive moieties 

that trigger site-specific drug delivery; and (v) incorporation of imaging features that 

enable to non-invasively track the delivery of the drugs and monitor the efficacy of the 

therapy. The growing successes of immunotherapy established that it is also key to 

incorporate bioactive features that can stimulate the immune system to kill cancer cells. 

This chapter, sets the design principles and approaches used in this thesis for the 

development of highly customizable nanodevices for personalized cancer therapy. The 

devices are based on iron oxide nanoparticles (IONPs), a material that offers a unique 

combination of anticancer chemical reactivity and non-invasive imaging features. 

2.1.1. IONP-based nanomedicine for cancer therapy and diagnosis 

Nanomedicine for cancer entails the development of nanosized structures and materials 

to enable innovative and more precise means of diagnosis, patient stratification and 

treatment 1. A key nanomedicine asset is the enhanced control that it offers over the 

delivery of therapeutic drugs and diagnostic imaging probes. Cancer develops in a patient 

and cancer type-specific fashion, which limits the development of universally applicable 

therapies. To better suit the particularities of each patient, modern oncology therapy 

development can use an extensive range of nanomedicine systems 2. Among them, recent 

research has highlighted the unique material-specific features that IONPs offer for cancer 

therapy and diagnosis 34.  
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IONPs are inorganic nanomaterials offering excellent biocompatibility, functional 

features and tuneability 5. Indeed, iron is the most abundant transition metal in the human 

body and it plays crucial functions for tissue oxygenation and immune cell proliferation 

and maturation. Also, the major endogenous iron storage protein is ferritin, which 

contains iron in the form of IONPs (a combination of ferrihydrite, maghemite and 

magnetite structures) 6. Under physiological conditions, IONPs can be metabolized and 

degraded in a way that it is impossible for other materials (i.e. gold nanoparticles, 

mesoporous silica particles or polymeric meshes) 7. IONP degradation products are also 

much safer than those of other biodegradable inorganic particles (i.e. copper, titanium or 

zinc oxides)8. Most notably, it has been the intriguing oxidative, magnetic and imaging 

active properties of IONPs that establishes the basis for their utility in different cancer 

diagnosis, therapy and theranostic strategies. 

2.1.1.1. IONP redox properties for cancer therapy 

Iron ions can catalyse the generation of reactive oxygen species (ROS) like hydroxyl and 

peroxyl radicals from H2O2. These reactions are enabled under acidic conditions and are 

referred to as Fenton chemistry. Under these conditions, iron is considered to “mimic” 

the natural enzyme peroxidase 9,10. Iron-based compounds may also catalyse generation 

of O2 from H2O2 at neutral and basic pH, thus “mimicking” the natural enzyme catalase 

11. Only a few other elements such as copper or cobalt are capable of Fenton-like 

chemistry 12, but their therapeutic application has been limited due to safety concerns 8. 

Redox reactions enabled by iron-containing compounds can be summarized as follows: 

Fe2+ +  H2O2 

𝑃𝑒𝑟𝑜𝑥𝑖𝑑𝑎𝑠𝑒−𝑙𝑖𝑘𝑒
(pH<7)

→             Fe3+ + ⋅ OH + OH−   (1) 

Fe3+ +  H2O2 

𝑃𝑒𝑟𝑜𝑥𝑖𝑑𝑎𝑠𝑒−𝑙𝑖𝑘𝑒 
(pH<7)

→             Fe2+ + ⋅ OOH + H+   (2) 

 H2O2

𝐶𝑎𝑡𝑎𝑙𝑎𝑠𝑒−𝑙𝑖𝑘𝑒
(pH≥7)

→           O2  +  2H2O         (3) 

Fenton chemistry can also occur on the IONP surface. The reaction is favored by 

coordinated Fe2+ ions and oxygen vacancies 13. Nanoparticles capable of enzymatic-like 
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activity are generally identified as nanozymes. In the case of catalytic IONPs, they have 

been referred as IONzymes 14.  

Two characteristic features of the tumor microenvironment (TME) are its acidic pH (pH 

~ 6.5) and high levels of H2O2 15,16. They both represent very favorable conditions for 

exploiting therapeutically Fenton chemistry. Hence, IONzyme-mediated ROS generation 

can be triggered in the TME in a site-specific fashion. Another key characteristic of the 

TME is its rich density in pro-tumoral immune cells. These cells serve as a barrier to stop 

anticancer immune system attacks and promote wound healing-like mechanisms for 

cancer growth and tumor tissue repair 17,18. In such environment, therapy-induced ROS 

can function as a messaging signal to transform pro-tumoral immune cells into anticancer 

immune cells 19,20. Pro-tumoral M2-like tumor-associated macrophages (TAMs), which 

are ubiquitous in the TME, can be activated (polarized) towards an anticancer cytotoxic 

M1-like phenotype (Fig. 2.1) 21,22. M1-like macrophages display increased cytotoxic 

phagocytotic activity and can function as cancer cell scavengers 23. The 

immunostimulatory signals that M1-like macrophages elicit can also facilitate the 

recruitment and infiltration of other anticancer immune cells into the TME 24. Therapy-

induced ROS can also potentiate the antitumor features of other cancer therapy and 

immunotherapy drugs. A promising pathway for M2-to-M1 macrophage polarization is 

via the administration of Toll-like receptors (TLR) agonists (TLRa) 25. These compounds 

stimulate the immune system as they are recognized as “danger signals”. ROS generation 

has been reported to synergise with TLRa immunostimulatory features, facilitating 

anticancer immune cell maturation and infiltration into the TME 26–29.  

Elevated local ROS levels induce oxidative stress and cell damage. Accumulation of 

irreversible oxidative damage is also important to trigger ferroptosis, a recently described 

ROS- and iron-mediated cell death mechanism  30. It has been shown that cancer cells are 

especially susceptible to this cell death mechanism given their already high intracellular 

ROS levels (Fig. 1.4; see Chapter I) 31. A cancer cell undergoing ferroptosis might release 

messaging signals like ROS and damage-associated molecular patterns (DAMPs), which 

can work as a stimulatory “danger signal” for the immune system. It may also release 

tumor-associated antigens (TAAs) and tumor-specific antigens (TSAs), which are 

molecular structures only- or overexpressed by the tumor cells. TAA and TSA release 

can be assimilated by the immune system to identify and kill cancer cells, thus working 
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as an in situ vaccine 32. Ferroptosis is thus considered a promising new way to induce 

anticancer immunostimulatory cell death (ICD). All in all, this mechanism holds 

enormous interest as a safer cytotoxic pathway alternative to classic chemotherapies 4, 31, 

41,33–40.  

 

Figure 2.1. IONP peroxidase-like features enable ROS-mediated cancer therapies. 

Schematic representation of cytotoxic M2-to-M1 macrophage activation. 

2.1.1.2. IONP magnetic properties for cancer therapy  

IONP magnetic features have been extensively applied in anticancer therapy. Cytotoxic 

T-cells are activated (CD8+) when TAAs or TSAs is presented to them by antigen-

presenting cells (APCs). The presentation occurs through the T-cell receptor (TCR) 

expressed on the T-cell membrane. Through this process, T-cells acquire a target, the 

antigen, to direct their cytotoxic action. Antigen-presenting magnetic beads can bind to 

TCRs to artificially induce T-cell activation. Upon the incidence of a magnetic field, the 

beads induce TCR clustering which has been reported to enhance T-cell activation and 

expansion 42–44. A magnetic field can also be used to concentrate IONP-containing 

vehicles into the tissue of interest through magnetic navigation (Fig. 2.2, a) 45–47. Finally, 

IONPs show size-dependent superparamagnetic behaviour 48. Superparamagnetic iron 

oxide nanoparticles (SPIONs) are of great interest for their application in magnetic 

hyperthermia therapies (MHTs). In these therapies, an alternating magnetic field is 

applied for the SPIONs to produce heat. Local high temperatures induce tumor cell killing 

and have been reported to release DAMPs and TAAs for immune cell recruitment and 

ICD (Fig. 2.2, b) 49–54.  
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Figure 2.2. IONP (super)paramagnetic features can be applied in cancer therapy. 

Schematic representation of magnetically navigated SPION-containing vehicles into the 

TME. Image adapted from 55; (b) Schematic representation of SPION-enabled MHT 

inducing cancer cell death and immunostimulatory DAMP, TAA, TSA release for 

cytotoxic immune cell activation and recruitment. 

2.1.1.3. IONP imaging properties for cancer diagnosis 

SPIONs are widely used as diagnostic probes for magnetic resonance imaging (MRI). 

This imaging modality is used in the clinic for non-invasive deep-tissue visualization and 

disease diagnosis (Fig. 2.3, a). SPION-loaded vehicles can be visualized by MRI and can 

thus be used also to monitor treatment biodistribution 56,57, 66–69,58–65. If the particles are 

functionalized with targeting ligands (these are molecular structures that can selectively 

bind to specific cell surface receptors), MRI can be used as a diagnostic tool for predictive 

tumor markers and studies of immune 70–78 and tumor 3,79–81 cellular dynamics.  

The MRI-active imaging properties of IONPs can be complemented with positron 

emission tomography (PET) or photon emission computerized tomography-computerized 

tomography (SPECT). PET and SPECT are non-invasive nuclear imaging modalities that 

commonly use radioactive 67Ga, 68Ga or 18F as tracers (radiotracers). Typically, the 

incorporation of chelating agents is required for the radiolabelling of nanomedicine 

vehicles. However, previous studies from our group showed that magnetite structures can 

accommodate gallium radiotracers given their comparable size to iron ions 82. Thus, the 

intrinsic SPION characteristics readily enable the chelate-free design of multimodal 

diagnostic vehicles monitorable by MRI, SPECT (67Ga) and PET (68Ga) (Fig. 2.3, b-d).  
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Figure 2.3. SPIONs serve as efficient diagnostic agents. (a) High-resolution MRI image 

of the human abdominal aorta and bilateral lower extremity obtained after 

administration of Ferumoxytol, a clinically approved IONP-based MRI active agent. 

Image (a) extracted from 83; (b-d) SPECT images of 67Ga-doped SPION-based vehicles 

allowing for the study of treatment biodistribution depending injection site. Images taken 

3 h post injection. SPION-based vehicles were injected in the (b) left forearm, (c) hind 

hook and (d) flank in mice. I, injection site, aLN, axillary lymph node, inLN, inguinal 

lymph node, iLN, iliac lymph node, pLN, popliteal lymph node;  Images (b-d) extracted 

from 82. 

2.1.2. Functionalization of IONP-based theranostic devices for cancer therapy 

Success in anticancer nanomedicine is an interdisciplinary effort. A biological and 

medical perspective can assess the therapeutic benefits and toxic side-effects of a drug 

delivery construct. However, a chemistry and material science perspective is needed to 

allow efficient drug loading, targeting-ligand incorporation and device imaging features. 

In the discussion above, the intrinsic IONP characteristics have been shown to offer key 

features for the design of multimodal therapeutic and diagnostic (theranostic) vehicles 

84,85. However, careful particle functionalization is fundamental to enable and optimize 

their biomedical applications.  

Previous research from our group showed that IONP-filled immunostimulatory 

nanovehicles provide more safety and efficacy in decreasing tumor growth than gold-

standard platinum-based chemotherapies. Their 67Ga-doped SPION structure could be 

monitored by MRI/SPECT to accumulate in the tumor as well as in crucial immune cell-
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rich tissues (such as lymph nodes and spleen). Careful particle functionalization enabled 

site-specific delivery of potent immunomodulatory drug cocktails and effective antigen 

presentation, yielding complete tumor elimination and long term immune protection for 

mice in vivo 82,86,87.  

The sections that follow will study how chemistry can be used to further customize, adapt 

and optimize theranostic IONP-based devices for cancer therapy. In this chapter, the 

devices will be assembled to: (i) optimize their stability in aqueous suspension, (ii) 

display IONP-mediated peroxidase-like reactivity, (iii) load bioactive compounds in 

inner hydrophobic sites, (iv) capture immunomodulatory TLR agonists through 

electrostatic self-assembly, and (iv) incorporate directing ligands for active targeting 

using reversible covalent surface decoration (via hydrazone and thiosuccinimide bonds; 

see Chapter I). Fenton chemistry-mediated IONP degradation is aimed at being site-

specifically catalysed in acid environments like the TME and intracellular endolysosomal 

compartments 16. Structural breakdown of the device is expected to induce drug release 

and reveal “stealth” immunostimulatory structures (Fig 2.4). Amongst the therapeutic 

nanodevices designed in this work, three key functional levels can be distinguished: 

1. Core: The devices of this work share a common IONP core. The solid inorganic 

particle will provide a stable foundation for the construction of the therapeutic device. 

Their peroxidase-like redox reactivity and theranostic features will be exploited in 

future chapters to unite and enhance various anticancer strategies.  

2. Inner Framework: The IONP core requires aqueous stabilization for systemic in 

vivo delivery of the multimodal therapy. Aqueous stabilization will be critical to 

produce a first functional layer, or “inner framework”, which can be customized to 

control and optimise hydrodynamic size, particle charge and device stability. The 

inner framework, dense in hydrophobic sites, will also enable the loading of small 

amphiphilic bioactive compounds.  

3. Outer Framework: Outward exposure of electrostatic charges and chemically 

reactive moieties will enable surface particle functionalization. The device outermost 

layer will be customized to (i) capture immunomodulatory drug cocktails through 

electrostatic self-assembly, and (ii) to incorporate targeting ligands through covalent 

click-chemistry conjugation strategies. In further chapters, it will also serve for the 
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delivery and presentation of chemotherapy compounds (Chapter III) and tumor 

antigens (Chapter IV and Chapter V). 

 

Figure 2.4. Multilevel customizable scaffolds for personalizable anticancer therapies. 

Schematic representation of IONP-based nanodevice chemical features and framework 

design facilitating metabolization in the cell, structural breakdown and drug release.  
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2.2. Results and Discussion 

2.2.1. IONP core: synthesis and characterization 

A wide variety of IONP synthetic routes have been designed to attain control over size, 

shape, crystallographic phase and metal doping 48,88,89. Among them, methods of 

controlled thermal decomposition of metalorganic complexes provide higher particle 

growth control and reproducibility 90.  

Upon heating to 200 °C, mixtures of iron (III) acetylacetonate with the reducing agent 

oleyamine and oleic acid, yield the in-situ formation of iron oleates (II) and (III). 

Increasing the heating to 300 °C initiates cluster growth (Fig. 2.5, a) 91. The presence of 

oleic acid, oleylamine and 1,2-hexandiol offer kinetic control over particle growth. 

Hence, particle size can be fine-tuned by varying their concentrations in the mix 92. After 

simple purification steps, oleic acid-coated iron oxide nanoparticle spheres of 7 nm and 

low polydispersity could be obtained with excellent reproducibility (Fig. 2.5, a). High-

resolution X-ray photoelectron spectroscopy (XPS) confirmed the elemental Fe3O4 

composition of the IONP particles used in this work (Fig. 2.5, b-c) (see Materials and 

Methods). The Fe 2p region confirmed the presence of multiplet peaks (~725 eV and 

~710 eV) assigned to Fe-O bonds and absence of the ~707 eV peak assigned to metal Fe-

Fe bonds (Fig. 2.5, b) 93. Fe 3p region (60 - 50 eV) confirmed the elemental Fe3+/Fe2+ 

ratio of ~1:2 expected for Fe3O4 magnetite structures by calculating the areas of each peak 

(Fig. 2.5, c) 94. 
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Figure 2.5. IONP synthesis using thermal decomposition methods and 

characterization. (a) Reaction scheme and representative example of particle size 

frequency distribution as imaged by Transmission Electron Microscopy (TEM). (b-c) XPS 

measurements were carried out on (b) Fe 2p and (c) Fe 3p regions to confirm the 

elemental Fe3O4 composition of our IONPs. XPS measurements (b-c) were kindly 

performed by Dr. A Ruiz-de-Angulo (CIC BioGUNE, Spain 95. 

2.2.2. Inner framework functionalization 

2.2.2.1. mIONP stabilization  

Systemic nanodevice administration requires aqueous stabilization. However, the oleic 

acid-coated IONPs are hydrophobic. Supramolecular self-assembly represents as an ideal 

strategy to drive aqueous suspension of the hydrophobic IONP core. Amphiphilic 

molecules can be interdigitated among oleic acid chains to yield aqueous suspensions of 

IONP-filled micelles (mIONPs).  

Amphiphile polyethylene glycol (PEG) phospholipids (PEG-PLs) are a ubiquitous 

resource for aqueous nanoparticle stabilization. Owing to their versatility and 
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biocompatibility, PEG-based polymers are present in many FDA-approved formulations 

for cancer therapy. They are commercially available in a variety of lengths and chemical 

terminations, each conferring a specific set of physicochemical properties such as surface 

charge, hydrodynamic size or chemical reactivity 96,97.  

Hydrophobic IONP and amphiphilic PEG-PL self-assembly followed previously 

stablished methods of thin-film formation 82. IONPs and PEG-PLs were solubilized and 

mixed in CHCl3. Complete solvent evaporation resulted in the deposition of a thin dry-

film. Its hydration yielded aqueous suspensions of PEGylated mIONPs. Aggregates and 

IONP-empty micelles could be removed by centrifugation (see Materials and Methods). 

mIONP hydrodynamic size, charge and chemical reactivity depended on PEG-PL 

selection. In the chapters of this work, numerous PEGylated mIONP formulations will be 

developed and evaluated. Different IONP- to-PL ratios were used to optimize suspension 

formation for each kind of PEG-phospholipid. The most common formulation used 

carboxylic acid (-COOH) terminated PEG-PL chains. Typically, 1 mg of IONP was 

mixed with 2 mg of PEG(2000 kDa)-carboxylic acid, leading to <40 nm IONP-filled 

micelles that will be referred to as mIONP-COOH (Fig. 2.6). 
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Figure 2.6. Aqueous self-assembly stabilization of IONP-filled PEGylated micelles 

(mIONP). (a)  PEG-PL coating of hydrophobic IONPs is necessary to yield stable 

hydrophilic suspensions and can be used to modulate key physicochemical properties of 

the resulting particle. (b) Schematic representation of dry-film hydration methods for the 

obtention of IONP-filled micelles. (c) Representative nanoparticle size distribution as 

percentage (%) of events by z-number from mIONP-COOH suspensions and 

physicochemical characterization summary. Representative values as mean ± SEM for 

different mIONP suspensions for at least three independent experiments as characterized 

by Dynamic Light Scattering (DLS). 

 



 74 

2.2.2.2. mIONP catalytic activity  

Peroxidase-like activity from aqueous stabilized mIONPs could be studied using 

colorimetric methods. 3,3′,5,5′-tetramethylbenzidine (TMB) is a well-known 

peroxidase substrate which through oxygen radical-mediated oxidation forms a blue 

TMBOX complex (ɛ652 = 3.9 × 104 M-1 cm-1). As a confirmation, o-phenylenediamine 

(OPD), which turns yellow upon oxidation (ε418 = 1.67 × 104 M−1 cm−1) yielding 2,3-

diaminophenazine (DAP), was also used as peroxidase substrate (Fig. 2.7) (see Materials 

and Methods).  

mIONPs demonstrated pH-dependent catalytic activity peaking at acidic conditions 

equivalent to those found in intracellular endolysosomal compartments (pH=4.5). 

Peroxidase-like catalysis decreased when rising pH, becoming negligible at normal 

physiological conditions (pH = 7.5) (Fig. 2.7, b). Negligible catalytic activity arising 

from free iron ions leached under acidic pH (accumulated after a 40-minute incubation 

at pH = 4.5) confirmed that the observed catalytic activity occurs on the particle surface 

(Fig. 2.7, b).  

Catalytic mIONP performance could be evaluated at room temperature in steady-state 

Michaelis–Menten terms of catalytic rate (kcat), maximal rate (Vmax), Michaelis 

constant (KM), and catalytic efficiency (kcat/KM). By varying the concentration of H2O2 

and TMB (Fig. 2.6, c-d), we obtained values of KM (H2O2) = 338 µM, KM (TMB) = 

351 µM, Vmax = 6.59 × 10-8 M-1 s-1 and Kcat = 3.9 s-1 (Fig. 2.7, d-e). These values are 

indicative of a strong catalytic performance. The mIONPs show a H2O2 affinity that is 

ten-fold stronger than that of horseradish peroxidase (HRP),  for which the KM at 

similar conditions is 3.7 mM 11. This value is relevant for anticancer therapeutic 

purposes as it accounts for the levels of H2O2 required for our mIONPs to be 

catalytically active. It is known that cancer cells continuously produce elevated levels 

of H2O2, much higher than non-cancerous cells 98 and it is reasonable to expect this 

production to be further increased upon immune stimulation. H2O2 steady-state levels 

in human blood can reach a range of 30 – 50 μM during inflammation 14.  
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Figure 2.7. mIONPs display strong pH-dependent peroxidase-like catalytic 

properties. (a) Reaction schemes of TMB and OPD oxidation. (b-c) Time course curves 

assessing the catalytic activity of mIONPs at different pH values and released free iron 

cations for the oxidation of (b) TMB ([TMB] = 830 µM) and (c) OPD ([OPD] = 3 

mM). Concentrations of [Fe] = 150 µM for mIONPs and [H2O2] = 30 mM were used. 

c, d) Michaelis-Menten kinetics plots for TMB oxidation at varying concentrations of 

(c) H2O2 and (d) TMB. The reactions were monitored at room temperature using 10 

mm pathlength quartz cuvettes. Results are shown as mean ± SEM from three 

independent experiments.  
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2.2.2.3. Bioactive compound loading  

The mIONP amphiphilic coating forms a hydrophobic inner framework layer. This 

feature is already of interest to cancer immunotherapies, as hydrophobicity can be 

recognized by the immune system as a stimulatory “danger signal” 99. In addition, 

hydrophobic interactions in this region can be used to load amphiphilic bioactive 

compounds.  

In this work, the amphiphilic bioactive compound of choice was linoleic acid. Linoleic 

acid is an essential fatty acid that can be obtained from vegetable oils, nuts and seeds. 

This polyunsaturated lipid has been shown to induce membrane lipid peroxidation and 

enhance numerous processes involved in ICD and ferroptosis 100. Hence, linoleic acid has 

attracted interest for cancer therapy 101. Two methods were used for the loading of the 

compound: (i) dry-film hydration methods and (ii) solvent exchange methods. 

2.2.2.3.1. Formation of linoleic acid-rich mIONPs by dry film hydration methods  

Formation of PEG-stabilized linoleic acid-rich IONP-filled micelles (mIONP-PEG-Lin) 

followed previously described processes of thin dry-film hydration. In this case, the dry-

film would be enriched with increasing amounts of linoleic acid following linoleic acid 

addition to the IONP and PEG-PL mix in CHCl3. It was found that increasing the 

proportion of linoleic acid in the mIONP coating yields bigger particles and suspensions 

that were more prone to aggregation (Fig. 2.8). Formulations in which the molar 

percentage of linoleic acid was higher than 50% led to mIONP with low stability. Indeed, 

it was expected that the presence of linoleic acid chains would form less compact particle 

coatings, a feature that could be beneficial to expose the immunostimulatory hydrophobic 

portions and facilitate targeted delivery of the linoleic acid to membrane of cancer cells  
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Figure 2.8. Increasing linoleic acid loading leads to bigger mIONP particles. 

Nanoparticle size distribution as percentage (%) of events by z-number from IONP-PEG-

Lin suspensions and physicochemical characterization summary after 7 days in 

phosphate saline buffer (PBS). Larger proportions of linoleic acid in the mix led to the 

formation of larger particles. Representative values as mean ± SEM for at least three 

independent experiments as characterized by DLS. 

2.2.2.3.1.1.  Linoleic acid-loading: Confirmatory tests 

Two colorimetric TMB-based methods could be used to confirm linoleic acid loading in 

mIONP suspensions (see Materials and Methods): 

• Method A: As it has been discussed above, IONPs are able to catalyse the 

formation of ROS from H2O2 and thus oxidise TMB. However, H2O2 and ROS 

can also oxidise unsaturated lipids 102. Hence, linoleic acid content in the sample 

could be expected to compete with TMB for the oxidative ROS agent. In this case 

an increase in the linoleic acid content of our mIONPs would result in a drop in 

the rate of IONP-catalysed TMB oxidation by H2O2. Indeed, we observe a 

decrease in in the kinetic parameters associated with TMB oxidation for mIONP-

Lin-PEG (50:50) compared to mIONP-COOH (Fig. 2.9, a). 

• Method B: Ag+ ion in solution is an oxidant strong enough to induce quick 

oxidation of TMB (Fig. 2.9, b, Negative Control). However, unsaturated fatty 

chains can chelate Ag+ ions and sequestrate them , thus limiting their oxidative 

action 103. Therefore, we reasoned that an increase in the linoleic acid content of 

the mIONPs would be reflected in decrease of the rate and extent of Ag+-TMB 

oxidation. Indeed, the studies showed this expected trend in Ag+-TMB oxidation: 

Negative Control (absence of particle) > mIONP-COOH > mIONP-Lin-PEG 

(50:50) (Fig. 2.9, b). 
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Figure 2.9. Colorimetric confirmation of linoleic acid content in stabilized mIONP-

PEG-Lin particles. Time course curves assessing the catalytic activity of mIONP-

COOH and mIONP-PEG-Lin for the oxidation of 3,3′,5,5′-tetramethylbenzidine (TMB) 

at (a) [TMB] = 840 uM and [H2O2] = 10 mM; and (b) [TMB] = 300 uM and [Ag+] = 

175 uM; Concentrations were [Fe] = 150 µM for both mIONPs and mIONP-PEG-Lin. 

Negative control means absence of particle. pH was controlled with sodium acetate 

(0.1M) buffer (pH=4.5). The reactions were monitored at room temperature using 10 

mm pathlength quartz cuvettes. 

2.2.2.3.2. Formation of linoleic acid-coated IONPs by a phase-transfer strategy 

Linoleic acid-only coated IONP-filled micelles (IONP-Lin) were obtained using a phase-

transfer strategy.  (Fig. 2.10, a). Hydrophobic IONPs were dispersed in linoleic acid and 

deposited on top of a concentrated sodium linoleate solution. Under very gentle stirring, 

linoleic acid chains rearranged to coat the IONP-oleic particles in the interphase. Linoleic 

acid-coated IONP-filled micelles, c. 10nm hydrophilic nanoparticles, transferred into the 

aqueous phase (Fig. 2.10, b). The product was purified through centrifugation and spin-

filter cycles to discard big aggregates and empty linoleic micelles (see Materials and 

Methods).  

Avoiding the use of PEG-PLs has its advantages, as the polymer has been reported to 

limit cellular uptake 104.  Although, these IONP-Lin systems were stable in deionized 

water, in PBS it led to uncontrolled particle aggregation.  
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Figure 2.10. Solvent exchange methods enable the formation of linoleic acid-only 

coated IONPs. (a) Schematic representation of solvent-exchange methods for the 

obtention of IONP-Lin micelles. (b) Nanoparticle size distribution as percentage (%) of 

events by z-number from IONP-Lin suspensions and physicochemical characterization 

summary. Representative values as mean ± SEM for at least three independent 

experiments as characterized by DLS. 

2.2.2.4. Optimizing mIONP stabilization 

2.2.2.4.1. Assessing structural matching during amphiphilic self-assembly 

In an attempt to demonstrate the versatility and potential to further tune the stability and 

properties of the mIONP, these were combined with some custom made amphiphiles. 

Structural matching between IONP surface oleic acid chains and these amphiphiles was 

expected to govern the mIONP self-assembly. Hence, four amphiphilic compounds were 

synthetized as candidates to study and optimize mIONP formation. These molecules 

shared a common hydrophilic peptide backbone (P1) (Fig. 2.11, a) kindly provided by 

our collaborators (see Materials and Methods). The P1 is rich in positively charged 

arginine-moieties, which were expected to stabilize mIONP suspensions through 

interparticle electrostatic repulsion 105. However, the molecules were designed to differ 

in terms of the structure of their hydrophobic units (Fig. 2.11, b). The peptide was 

engineered to allow covalent attachment to the hydrophobic structures through click-

chemistry via hydrazone adduct formation, with the adduct formed through the reaction 

of the aldehyde groups with the P1 hydrazine moieties (2.11, a).  

Following previously stablished methods, hydrazine-rich peptides P1 were conjugated to: 

cyclohexane-carboxaldehyde (T1), benzaldehyde (T3), dodecanal (T20) and oleic 
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aldehyde (T25) 105. The reaction yielded four different P1-Tx amphiphilic candidates for 

mIONP self-assembly (Fig. 2.11, b). The candidates were used immediately after their 

synthesis to minimize stability issues. P1-Tx-coated mIONPs (P1-Tx-IONP) assembly 

used an adapted version of previously described methods of dry film formation. P1-Tx 

and hydrophobic IONPs were solubilized in CHCl3 in a 2:1 mass ratio. However, this 

time, the CHCl3 solvent was not left to evaporate overnight, but instead it was made to 

evaporate quickly under a gentle nitrogen flow at room temperature. Once the CHCl3 was 

evaporated, Milli-Q water was added to form the aqueous suspension of P1-Tx-IONPs 

(see Materials and Methods).  

Combinations of hydrophobic IONPs with P1-T1 and P1-T3, which contained shorter 

cyclic chains of low structural matching to oleic acid, resulted in IONP-filled micelles of 

high polydispersity and instability. Instead, P1-T20/25-IONP, which contained longer 

hydrophobic chains of higher structural matching to oleic acid, led to stable < 200nm 

micelle suspensions (Fig, 2.11, b-d). Among these two, P1-T25-IONP showed 

preferential formation of particles of < 100nm (Fig, 2.11, d). 
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Figure 2.11. Structural matching governs mIONP self-assembly. (a) Structure of the 

peptide backbone P1 and hydrazone adduct reaction scheme (a) Schematic 

representation of the interaction between oleic-acid coated IONPs with peptide (T1) 

decorated with cyclohexane-carboxaldehyde (P1-T1), benzaldehyde (P1-T3), dodecanal 

(P1-T20) and oleic aldehyde (P1-T25). (b) Size and (c) PDI monitoring of P1-T1-IONP 

(light grey line, circle), P1-T3-IONP (dark grey line, square), P1-T20-IONP (gold line, 
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triangle) and P1-T25-IONP (green line, inverted triangle). (d) Frequency particle size 

distribution by Z-Intensity of P1-T20-IONP and P1-T25-IONP. Suspensions incubated in 

Milli-Q water at room temperature and characterized by DLS. Image (a) adapted from 
105. 

2.2.2.4.2. Assessing PEGylation and solid IONP core stabilizing contributions 

P1-T20-IONP and P1-T25-IONP systems were unstable when suspended in PBS buffer 

(Fig. 2.12, b). This could be due to interactions of the phosphate ions with P1 arginine 

moieties through electrostatic and hydrogen bonds, thus attenuating interparticle 

electrostatic repulsion.  

As discussed above, PEG chains are polymeric chains used as nanoparticle stabilizers. 

They form bulky meshes that prevent particle coalescence through steric hindrance. Here, 

PEG-PLs were also expected to stabilize the vehicle through increased coating cohesion, 

as phosphate moieties in the PEG-PL structure could also interact with P1 arginines 

through electrostatic and hydrogen bonds (Fig. 2.12, a).  

To test this hypothesis, PEGylated P1-Tx-IONP assembly followed methods of particle 

formation described in the section above (2.2.2.4.1.). Now, PEG-PL chains were added 

into the CHCl3 mix at a mass ratio of 1:2:1 (IONP: P1-Tx : PEG-PL) (see Materials and 

Methods). PEGylation of P1-T25-IONPs yielded particle suspensions that proved stable 

in PBS until the end of experimentation (10 days). Although PEGylation could also 

stabilize IONP-free micelles, the oleic acid-coated IONP core was also needed to ensure 

long-term stability (Fig. 2.12, b-c). Thus, these results highlight the stabilizing 

contributions of both PEG-PLs and the solid particle core in mIONP formation.  

PEG-PL with different chemical terminations could be interchanged without harming the 

product. PEG(2000 kDa)-PLs terminated in either maleimide (-MAL) or methoxy (-

OMe) moieties could be used to form stable, < 30 nm particle suspensions of low 

polydispersity. The two vehicles differed in surface charge (Fig 2.12. d) and in chemical 

reactivity (see section 2.2.3.2.1), which will be key for downstream surface particle 

functionalization strategies. 
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Figure 2.12. PEGylation and solid IONP core confer strong mIONP stabilizing 

contributions (a) Schematic representation of the proposed structural changes resulting 

of PEGylation. (b) size and (c) PDI monitoring of P1-T25-IONP (green line, full 

triangle), IONP-free P1-T25 (green line, empty circle),  P1-T25-IONP-OMe (blue line, 

full diamond) and IONP-free P1-T25-PEG(OMe) (blue line, empty diamond). 

Suspensions incubated in PBS at room temperature and characterized by DLS. 
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Nanoparticle size distribution as percentage (%) of events by z-number from (a) P1-T25-

IONP-OMe, (b) P1-T25-IONP-MAL suspensions and (c) physicochemical 

characterization summary. Representative values as mean ± SEM for different mIONP 

suspensions for at least three independent measurements as characterized by DLS. 

2.2.3. Outer framework functionalization 

2.2.3.1. TLRa capture through electrostatic self-assembly 

As previously discussed, TLR agonists are used in cancer immunotherapies to stimulate 

anticancer immunity. TLRa serve as “danger signals”, or adjuvants, which support the 

development of strongly immunostimulatory systems for vaccine development and 

anticancer applications. A variety of nanomedicine devices have been used to deliver 

TLRa adjuvants into the TME. These strategies demonstrated capacity of inducing in situ 

protumoral-to-antitumoral immune cell activation for cancer immunotherapy 25,27. 

However, TLRa adjuvant administration alone can suffer from limited therapeutic 

efficiency 106. Recent research has shown that ROS release can sensitize immune cells to 

TLRa-mediated activation and potentiate their effects 29. Hence, TLRa delivery using 

IONzyme-based vehicles offers promising strategies for the development of more potent 

immunotherapies 26,95.  

Previous research from our group showed that electrostatic self-assembly offers an 

efficient and straight forward strategy for mIONP-mediated TLRa delivery 82,86. In 

previous sections, variations in the mIONP assembly process were shown to yield 

mIONPs solutions with distinguishable particle size, stability and surface charge. P1-

T25-IONP-OMe particles showed positive surface charges owing to the arginine-rich P1 

backbone 105. P1-T25-IONP-OMe could then be used load negatively charged TLRa 

adjuvants like polyinosinic:polycytidylic acid (poly(I:C) or pIC). Poly(I:C) is a clinically 

relevant TLRa adjuvant proposed as one of the “twelve immunotherapy drugs that can 

cure cancer” 107. The compound shows a negatively charged phosphate-rich structure in 

the form of a double-strand (Fig. 2.13, a). In addition, poly(I:C) activates the TLR3 found 

in intracellular endolysosomal compartments. Previous research from our group observed 

that mIONPs are trafficked through such compartments 82, thus making them ideal for 

poly(I:C) delivery. pH-catalysed Fenton chemistry-mediated IONP disassembly (typical 

endolysosome pH ~ 3-5 16) may further facilitate site-specific delivery of the compound. 
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A range poly(I:C) concentrations were mixed with P1-T25-IONP-OMe vehicles and left 

overnight to self-assemble at room temperature. An ultra-centrifugation cycle was applied 

to remove non-bound poly(I:C) remaining in the supernatant. The IONP pellet formed 

could be resuspended in aqueous media and evaluated (see Materials and Methods). UV-

vis assessment confirmed pIC capture (absorbance peak at 260 nm) (Fig. 2.13, b) by the 

mIONP. Their self-assembly yielded particle suspensions that proved stable (Fig. 2.13, 

a). Increasing amounts of poly(I:C) (0 – 500 µg/mL) led to a progressive decrease in 

particle surface charge (z-potential) (Fig. 2.13, c). Finally, TEM imaging confirmed 

absence of aggregates in pIC-loaded P1-T25-IONP-OMe samples (Fig. 2.13, d).  
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Figure 2.13. mIONP surface charge enables stable TLRa electrostatic self-assembly. 

(a) Poly(I:C) (pIC) chemical structure. Nanoparticle (b) size distribution as percentage 

(%) of events by z-number from P1-T25-IONP-OMe ([Fe] = 600 µM) + pIC (50 µg/mL) 

at day 0 and day 10 and physicochemical characterization summary; (c) Absorbance 

spectra comparison between P1-T25-IONP-OMe and P1-T25-IONP-OMe + pIC after 
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purification, indicating effective capture of pIC; (d) Z-potential from P1-T25-IONP-OMe 

+ pIC (0-500 µg/mL) combinations; (e) TEM images of the construct. Representative 

values as mean ± SD for at least three independent measurements as characterized by 

DLS. 

2.2.3.2. Targeting ligand decoration through maleimide-thiol adducts  

Several studies have stablished the limited scope of passive targeting, where only an 

approximate 1% of the dose accumulates in the tumor site 108. As previously described 

(see Chapter I), literature has devised many active targeting drug strategies to better 

control payload delivery 97109,110. Among them, the incorporation of active targeting 

ligands offers intriguing means for controlled therapy delivery by selectively recognizing 

and binding to specific cell receptors.  

In this section, we study the surface decoration of our mIONP systems with antibodies 

acting as targeting ligands. These are biological bodies (MW ~ 150 kDA) that stand out 

for their high binding specificity 111,112.  

2.2.3.2.1. ICB antibody-surface particle decoration  

Thiosuccinimide adduct formation has proven a useful bioconjugation pathway and 

indeed was adopted in many clinically approved compounds 124–127.Reduced thiols react 

with maleimide groups through Michael addition to form thiosuccinimide adducts (Fig. 

2.14, a). The reaction is quick and quantitative under mild conditions (neutral pH, saline 

buffer, room temperature), which avoid biomolecule degradation and loss of biological 

activity 124. However, reactive available thiols may be scarce in the antibody surface. 

Hence, surface thiolation using 2-Iminothiolane (Traut’s reagent) is an attractive strategy 

to turn surface lysine amine residues into reactive thiols (Fig. 2.14, b) 128.  The reaction 

also occurs at mild conditions avoiding concerns over structural integrity of the modified 

antibody 129.  

 



 88 

 

Figure 2.14. Thiol-maleimide “click-chemistry” bioconjugation and antibody 

thiolation strategies scheme. (a) Michael addition between nucleophilic thiol and π-

conjugated maleimide double bond yields thiosuccinimide. Further hydrolyzation of the 

ring prevents retro-Michael reactions. Early maleimide hydrolyzation will prevent thiol 

conjugation. Figure adapted from 124. (b) Schematic representation of antibody structure 

and (c) surface thiolation strategies through lysine modification.   

The discovery of programmed death ligand type-1 (PD-L1) was a breakthrough for cancer 

immunotherapy. PD-L1 overexpression is a relevant mechanism used by cancer cells to 

induce immune cell deactivation 113. As previously described (see Chapter I), PD-L1 

functions as an immune checkpoint yielding the deactivation of cytotoxic CD8+ T-cells, 

downregulation of important immune stimulatory signalling, stabilization of M2-like 

macrophage phenotypes and, overall, reinforcing the immunosuppressive character of the 

TME 114,115. Hence, we devise that mIONP decoration with an anti-PD-L1 (aPD-L1) 

antibody could simultaneously provide: (i) therapeutic effects via immune checkpoint 

blockade immunotherapy 116 (ii) PD-L1 detection and patient discrimination through non-

invasive imaging techniques (only 20% of cancer patients express PD-L1) 117–120 and (iii) 

active targeted drug/vaccine delivery.  

IONP were coated with MAL-terminated PEG(2000 kDa)-PLs using the methods of dry-

film hydration described in sections above (Fig. 2.6, a-b; See Materials and Methods). 
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Typically, 1 mg of IONP were mixed with 2.5 mg of PEG-PL-MAL yielding IONP 

suspensions that will be referred to as mIONP-MAL (Fig. 2.15). Following previously 

stablished methods and manufacturer instructions, antibody and 2-Iminothiolane were 

mixed at 1:10 molar ratio and left to react for one hour at room temperature in PBS 112. 

Then, 2-Iminothiolane excess was removed through spin-filtration (using 100 kDa pore 

size filters) to avoid interferences with maleimide-thiol conjugation. To prevent early 

thiol degradation, antibody thiolation was only performed when ready to use. mIONP-

Mal suspensions were combined with thiolated antibodies in a 1:9 molar ratio (IONP : 

Antibody) and left to react overnight at room temperature. Free aPDL1 and reagent excess 

was removed by spin-filtration, yielding 50 nm aPDL1-coated mIONP (mIONP-aPDL1) 

suspensions of low polydispersity (Fig. 2.15, a) (see Materials and Methods). mIONP-

aPDL1 suspensions would remain stable until end of experimentation (one week; Data 

not shown).  

The amount of antibody in these systems was quantified using bicinchoninic acid assays 

(BCA) (see Materials and Methods). BCA tests are well-stablished methods for total 

protein quantification by UV-Vis spectroscopy. The test uses copper Cu2+ ions that are 

reduced to Cu+ in proportion to the amount of protein in solution. Proteins contain 

multiple moieties (i.e. cysteine, cystine, tryptophan or the peptide bond) that can induce 

induce Cu2+ to Cu+ reduction 130. Two molecules of bicinchoninic acid will chelate free 

Cu+ yielding a blue organometallic complex (absorbance peak at 562 nm) that is 

quantifiable by UV-Vis spectroscopy (Fig. 2.15, b) 131. BCA tests indicated that mIONP-

aPDL1 particles retained an average 24 ± 7 % of the aPDL1 added (Fig. 2.15, c). The 

amount captured was equivalent to 4 mols of aPDL1 antibodies decorating each IONP. 

Negligible amounts of aPDL1 were retained by similarly sized and charged non-reactive 

IONP-COOH particles thus confirming that antibody binding was due to covalent 

thiosuccinimide bonds (Fig. 2.15, c). 
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Figure 2.15. Maleimide-thiol bioconjugation enables aPDL1 decoration of IONP-filled 

micelles (a) Nanoparticle size distribution as percentage (%) of events by z-number from 

mIONP-MAL and mIONP-aPDL1 suspensions, physicochemical characterization and 

aPD-L1 retention summary as characterized by DLS. (b) BCA fit curve for protein 

quantification and (c) initial aPDL1 retained (% m/m) after purification steps in 

comparison with non-reactive mIONP-COOH vehicles. Representative values as mean ± 

SEM for at least three independent experiments. 

2.2.3.2.1.2. Antibody binding activity after particle decoration 

Commercial enzyme-linked immunosorbent assays (ELISAs) were used to evaluate 

mIONP-aPDL1 binding activity to PD-L1 (Fig, 2.15, a-c) (see Materials and Methods). 

ELISA tests are well-stablished methods for analyte quantification by UV-Vis 

spectroscopy. Routine ELISA tests use a surface coated with analyte capturing 

biomolecules (typically antibodies) which bind to the analyte in solution. The 

immobilized analyte is then labeled with another analyte-binding antibody that is 

typically linked to a peroxidase enzyme. The peroxidase enzyme catalyses the oxidation 

of TMB, which yields the blue coloured charge transfer complex TMBOX as described 

above. Final HCl excess addition will yield complete TMBOX
2 oxidation, which shows a 

characteristic yellow colour (absorbance peak at 450 nm). The intensity of the yellow 
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colour is thus proportional to the amount of analyte in the sample, which can then be 

quantified (Fig. 2.16, c).  

Free PD-L1 (80 pg/mL) in solution displayed a positive bright yellow colour by ELISA 

(Fig. 2.16, a). Instead, when mIONP-aPDL1 suspensions were added into a solution of 

free PD-L1, the antibody was captured by the IONP-based formulation (Fig. 2.16, c) and 

removed from solution during well wash cycles, resulting in baselevel absorbance values 

by ELISA (Fig, 2.16, a-b). In comparison, minimal non-specific antibody removal from 

solution was observed when PD-L1 was incubated with mIONP-MAL. These results 

confirmed that mIONP-aPDL1 suspensions retained PD-L1-specific binding activity 

after conjugation.  

 

Figure 2.16. mIONP-aPDL1 retains antibody binding activity. PD-L1 concentration 

was measured by ELISA test kit following PD-L1 incubation with mIONP-MAL and 

mIONP-aPDL1 for 1 hour at room temperature.  (a) ELISA kit picture after HCl excess 

solution addition; (b) variation in absorbance signal (λ= 450 nm) relative to positive 

control (80 pg PD-L1/mL); (c) Schematic representation of the indirect ELISA assay 

method used. Concentrations used were [Fe] = 0.5 mM for both mIONPs and [aPDL1] 

= 40 ug/mL for mIONP-aPDL1. Representative values as an ± SEM for two independent 

experiments.  

2.2.3.2.1.3. mIONP-aPDL1 active targeting features in vitro 

Finally, we assessed activity of mIONP-aPDL1 treatments in in vitro cell cultures. Their 

properties were evaluated using murine melanoma B16-F10(OVA) cells, which show 
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high PD-L1 expression (See Chapter 4) and murine macrophages RAW 264.7 cells, which 

may express PD-L1 only after M2-like activation 132. Melanoma and macrophage cells 

were co-cultured together in the same compartment (Fig. 2.17, a). The TME is rich in 

different immune cell types 133, among which macrophages represent a predominant 

population 134. Hence, these heterogeneous cell co-cultures can offer interesting 

indications on the dynamics of treatment action in the TME.  

Cell viability per each cell type was measured by Flow Cytometry. After treatment, cells 

were collected and labeled with fluorescent Zombie NIR™ dye. This is an amine-reactive 

dye that permeates through cells with compromized membranes (typical of dead cells) 

and accumulates inside the amine-rich cytosol 135. Hence, from differences in fluorescent 

intensity we can distinguish living and dead cell populations (Fig. 2.17, b; y-axis). 

Collected cells were also labeled with fluorescent antibodies targeting F4/80, which is a 

membrane protein expressed only in macrophage cells 136. Hence, from differences in 

fluorescent intensity we can distinguish the two cell types (Fig. 2.17, b; x-axis) (see 

Materials and Methods).  

In comparison to non-decorated mIONP treatments, mIONP-aPDL1 triggered an increase 

in cancer cell death with no detrimental effect towards macrophages (Fig, 2.17, c-d). 

Research developed in this thesis has proven that increased IONzyme uptake by 

melanoma cells can induce oxidative stress and cancer-specific ferroptosis 95. In turn, 

increased cancer cell ferroptosis can trigger anticancer macrophage activation. These 

results were not reproduced by free aPDL1 and mIONP co-administration. Hence, the 

increase in melanoma-specific cancer death here reported is indicative of increased 

IONzyme delivery through effective PD-L1+ targeting by IONP-aPDL1 vehicles. 
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Figure 2.17. mIONP-aPDL1 selectively reduce cancer cell viability. B16-F10(OVA) 

and RAW 264.7 cell viability in direct cell-to-cell co-cultures measured by flow cytometry 

following 24 h treatment. (a) Schematic representation of the immune-cancer co-culture 

assay set-up. (b) flow cytometry gating strategy for cell death (y-axis) and cell-type (x-

axis) discrimination.  (c) Cell viability per cell type after 24-hour treatment with mIONP, 

mIONP + free aPDL1 or mIONP-aPDL1. Concentrations were [Fe] = 250 µM and 

[aPDL1] = 25 µg/mL. (d) Proposed schematic representation of PD-L1 targeting 

strategy. Results are shown normalized to non-decorated mIONP-COOH control. 

Representative values as mean ± SEM for three independent experiments. 
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2.3. Conclusions 

The multilevel customizable features of redox-active IONP-based devices were here 

characterized and optimized. Variations in the mIONP assembly process provided control 

over distinguishable device properties (i.e. size, charge, stability, chemical reactivity, 

bioactive molecule loading and particle surface functionalization) key for downstream 

anticancer applications. The constructs were assembled and evaluated demonstrating: 

• IONPs functioning as the core of our devices can be synthetized with high 

reproducibly and size-control. The mIONPs display peroxidase-like properties. 

Their high affinity for H2O2, an abundant subproduct of the accelerated cancerous 

metabolism, makes them ideal for site-specific redox stress-inducing therapies in 

the TME. Their catalytic behaviour proved negligible in standard physiologic 

conditions found outside the acidic tumor site and intracellular endolysosomal 

compartments.  

• The oleic acid coating of the IONP core provides anchoring sites for amphiphilic 

self-assembly and aqueous stabilization. Self-assembly dynamics are governed by 

structural matching between interlaced amphiphilic compounds. The solid IONP 

core and surface PEGylation contribute to mIONP stabilization through increased 

steric hindrance and particle-micelle cohesion.  

• Inner hydrophobicity resulting from mIONP self-assembly can be utilized for 

bioactive compound loading. Through the pH-mediated Fenton reactivity 

demonstrated by the IONP, the formulation is expected to undergo structural 

disassembly in acidotic biological compartments of interest like the TME, which 

represents an intriguing feature to trigger site-specific drug delivery and reveal 

“stealth” bioactive and immunostimulatory properties of the vehicle. 

• Functionalization of the mIONP outmost layer can be optimized for:  

o Electrostatic self-assembly with immunostimulatory TLRa adjuvant 

molecules. Modulation of the particle surface charge could be suited to 

load other clinically relevant immunostimulatory compounds.  

o Targeting ligand decoration through stable covalent bonding. 

Functionalization of surface particle coating with thiol-maleimide “click 

chemistry” allowed the incorporation of clinically PD-L1 immune check 
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blockade inhibitors. mIONP-aPDL1s retained antibody binding activity 

and triggered cancer-specific cell death in complex macrophage-

melanoma co-cultures. It is envisioned that these results open the door for 

potential applications in: (i) PD-L1 detection and diagnosis, (ii) ICB 

therapy strategies and (iii) active targeting. 

The multilevel customization rationale stablished here will enable the “programming” of 

IONP-based vehicles towards the reinforcement of non-redundant anticancer therapies in 

the chapters that follow. 
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3.1. Introduction 

Platinum-based drugs serve as the first front of action for many anticancer therapies. 

Cisplatin was the first Pt (II)-based drug approved against testicular and ovarian cancer 

in 1978. Since then, the drug has taken part in more than three thousand anticancer clinical 

trials, with ca. 25 % of them reaching advanced clinical phases III and IV 1. Today, 

cisplatin and some of its derivates are listed in WHO’s list of Essential Medicines 2. 

However, the clinical use of these drugs is limited by severe side effects and drug 

resistance. In the past decade, a major shift in platinum-based drug design has occurred 

with the development of kinetically inert Pt(IV) drugs and prodrugs 3. Although some of 

these Pt(IV) complexes have undergone clinical trials, there are currently no clinically 

approved platinum(IV) agents. Recent research shows that oxidative stress-inducing 

therapies offer new routes of overcoming some of the limitations of chemotherapy. 

Ferroptosis, a newly defined reactive oxygen species (ROS)- and iron-mediated 

mechanism of programmed cell death, offers a potentially safer and more effective 

alternative means of triggering cancer cell death and immunogenic cell death (ICD). 

Studies have also reported chemotherapy enhancement through the action of redox-active 

iron oxide nanoparticle (IONP)-mediated drug delivery. In this chapter, mIONPs loaded 

with Pt(IV) chemotherapy prodrugs (mIONP-Pt) are investigated as new systems for 

enhanced cancer chemotherapy and immunotherapy (chemoimmunotherapy). ROS 

generation, the Fenton reaction and peroxidase-like activity triggered by the mIONPs 

combined with nanoparticle (NP)-assisted lymphatic delivery are used in this system to 

improve the cancer-specific sensitivity towards oxidative damage, ferroptosis and 

treating metastatic and therapy-resistant cancer. Indeed, the results show that mIONP-

Pt(IV) systems achieve significantly enhanced suppression of melanoma tumor growth 

compared to cisplatin-based chemotherapy and chemoimmunotherapy  

3.1.1. Platinum-based cancer therapy 

Cisplatin is a small platinum-based metallodrug with the formula cis-[Pt(NH3)2Cl2]. It 

enters the cell via two pathways: i) passive diffusion, and ii) active transport mechanisms 

mediated by membrane proteins such as copper transporters 4. Upon entering the cell, the 

low intracellular chloride ion concentration ensures a chloride ligand is replaced by a 

water molecule, a reaction which under these conditions has a half-life of approximately 
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two hours 5. Cisplatin becomes then an “activated” compound with high binding 

reactivity towards nucleophilic N7-guanine purine bases in DNA (Fig. 3.1). Ligand 

exchange and binding is favored by neighbouring N7-guanines that can replace both 

cisplatin chloride ligands, yielding cross-linked DNA structures. In accordance with hard-

soft acid-base theory, the soft platinum(II) metal centre will form also stable complexes 

with other ligands and biomolecules presenting soft donor atoms, such as sulphur in 

reduced glutathione (see Chapter I, Fig. 1.1, c) 6,7.  Cisplatin-derived Pt (II) metallodrugs 

target DNA in the nucleus, where they cause a plethora of lesions that arrest the cell cycle 

and induce apoptosis (Fig. 3.1) 7. The action of platinum drugs has also been linked to the 

induction of oxidative damage through elevation of H2O2 and reactive oxygen species 

(ROS) levels 8. Moreover, platinum drug-mediated cancer cell death may elicit 

immunogenic cell death via presentation and secretion of damage-associated molecular 

patterns (DAMPs), inducing dendritic cell phagocytic and tumor antigen recognition and 

T cell activation  9–11. 

Cisplatin uptake is higher for nutrient-avid cancer cells. Its DNA binding capacity is also 

most active in rapidly dividing cancer cells. However, the diffusive and highly reactive 

character of the drug is known to lead to severe off-target toxicities. Only the higher 

chloride concentration in blood plasma prevents early aquation of cisplatin 12. The side 

effects in platinum-based treatments include severe neurotoxicity or nephrotoxicity, 

myelosuppression or gastro-intestinal toxicity 13–16.  

Development of chemoresistance is a common concern that correlates with development 

of immunosuppressive mechanisms and tumor relapse 6,7,16. Cancers are highly dynamic 

systems able to adapt and evolve in response to the therapy to develop mechanisms of 

protection. Two major cisplatin drug resistance mechanisms are (i) modulation of 

intracellular drug accumulation and (ii) increased antioxidant glutathione (GSH) 

expression (Fig. 3.1). Cisplatin-resistant cells have been shown to downregulate relevant 

uptake transmembrane transporters (like Copper Transporter 1) and upregulate secretion 

transporters (like Transmembrane Protein 205). As a result, the drug spends less time in 

the cytosol and is removed before it can be activated. In turn, elevated levels of free 

reactive thiols in GSH can deactivate cisplatin by binding to it, and thus ejecting it out of 

the cell. GSH overexpression will also protect the cell from oxidative damage induced by 

the therapy 17.  
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Figure 3.1. Cisplatin mechanisms of action and chemoresistance acquisition. Cisplatin 

is activated upon entering the lower chloride concentration of the cytosol. The compound 

acquires high DNA binding reactivity resulting in inhibition of DNA replication and 

transcription, cell cycle arrest and/or apoptosis. GSH overexpression and increased drug 

efflux might lead to chemoresistance acquisition. Image adapted from 17, 18 and 19.  

3.1.1.1. Chemistry approaches for mitigating off-target toxicity  

Cisplatin side effects can be reduced by preventing early aquation 20,21. Customization of 

the platinum coordination sphere and oxidation state can modulate drug bioactivity and 

fine-tune desirable biological properties by providing a means to control redox stability, 

specific targeting, lipophilicity, orthogonal bioactivity and improved cellular uptake, 

among others. For example, other Pt(II) drugs such as carboplatin and oxaliplatin use 

chelating ligands to confer greater water stability and modulate DNA binding 6, 12,22,23.   

More recently, metallodrug candidates used kinetically inert Pt(IV) as metal centre. 

Pt(IV)-based prodrugs remain biologically inactive until reduced to their Pt(II) analogue 

(see Chapter I, Fig. 1.11, c). Reduction of these prodrugs is facilitated by high 

intracellular GSH, iron-heme and NADH concentrations 24,25. The reduction potential of 

the Pt(IV) centre is modulated by the nature of the ligands used 26. Photoirradiation can 

also be used to trigger on-demand Pt(IV) reduction 27. Satraplatin once led to hope for an 

orally-administered Pt(IV)-based chemotherapy. However, Phase III clinical trials in 

2009 showed that although the compound was better tolerated, it failed to improve patient 

survival rates 28. New generations of Pt(IV)-based compounds have shown promising 
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results but still remain in early clinical phases 29,30. Finally, other chemotherapy 

metallodrugs have exchanged their metal centre for ruthenium, gold, silver, copper or 

iron 31. However, platinum compounds remain as the only chemotherapeutic 

metallodrugs available in the clinic with arsenic trioxides standing as the only exception 

32. 

3.1.1.2. Ferroptosis as a complementary cell killing mechanism for 

chemotherapy and metastasis control 

Oxidative stress-inducing therapies offer intriguing routes for chemotherapy 

enhancement 33. Depletion of antioxidant protection can overcome mechanisms of cancer 

cell chemoresistance and induce sensitization towards ROS- and iron-mediated cell death 

mechanisms (ferroptosis) (Fig. 3.2, a) 34–36. Indeed, cancer cell susceptibility to oxidative 

damage has been used as a predictive tool for chemotherapy success 37.  

IONPs have gathered enormous interest for their oxidative stress-inducing features. 

IONPs can exploit intrinsic tumor microenvironment (TME) features such as its acidity 

(pH ~6.5) and high concentration of H2O2 for the site-specific ROS generation through 

Fenton chemistry. Increased ROS generation can induce antioxidant GSH depletion and 

cancer sensitization to ferroptosis 38. IONP oxidative features mimic those of peroxidases, 

thus acquiring the label of “IONzymes”. IONzyme administration has been shown to re-

sensitise cisplatin-resistant cancer cells through ROS-mediated antioxidant depletion for 

various malignancy types 39–42. IONPs have been shown to enhance also other clinically 

relevant chemotherapy drugs like Doxorubicin, Artesunate 43 and Sorafenib 44 (Fig. 3.2, 

b). 

However, these IONPs are typically designed and optimized for intravenous 

administration of the therapy, which greatly limits the ability to target melanoma cells in 

lymph fluid and in the tumor draining lymph nodes (TDLNs). This is an important design 

limitation. The lymph nodes (LNs) provide a microenvironment distinct from the primary 

tissue 45 and differences in oxidative stress in lymph fluid compared to in blood plasma 

have been shown to promote the survival of metastasizing melanoma cells and their 

resistance to ferroptosis (Fig. 3.2, c) 46. Although cancer metastasis can occur through the 

blood, it is a highly inefficient process in which few cancer cells survive 47. Indeed, 
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epithelial cancers are known to metastasize to draining LNs mainly via lymphatic vessels 

48 and, in melanoma, regional lymph node metastasis is one of the most important 

predictors of distant metastasis and death 49. Many studies have provided clear 

demonstration of the principle and therapeutic benefit of LN targeting using lymphatic 

draining NPs to improve cancer immunotherapy 50–53. However, little or no attention has 

been devoted to lymphatic delivery of platinum based chemotherapy 54,55 and 

nanomaterials for ferroptosis/ROS-mediated therapy. The biological mechanisms that 

allow tumor cells to survive and grow exploiting the lymphatic system are not well-

known, but recent evidence points to the unique therapeutic potential of targeting their 

enhanced ability to withstand oxidative stress 56.  

 

Figure 3.2. Ferroptosis for chemotherapy and metastasis control (a) Schematic 

representation of chemotherapy and complementary ferroptosis action; (b) IC50 variation 

for different chemotherapeutic drugs (cisplatin, oxaliplatin, carboplatin, doxorubicin and 

artesunate) after cell pre-treatment with iron salts (Fe2+, Fe3+ or both) or iron 

nanoparticles (Fe-NP3); (c) Schematic representation of antioxidant lymph metastases 

protection. Image (b) was adapted from 41; Image (c) was adapted from 46. 

3.1.1.3. Macrophages, chemoimmunotherapy and nanomedicine 

Increasing studies are now showing that chemotherapy benefits are in part due to its 

ability to stimulate immunity. Cancer chemoimmunotherapy, the combination of 

chemotherapy and immunotherapy, is an emerging promising approach to combat the 

disease 57.  
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Cancer cell growth establishes an intricate network of dynamic signalling pathways to 

protect itself from recognition and attack by the immune system 58. The TME is home to 

various types of deactivated, protumoral immune cells. In some cancers, tumor associated 

macrophages (TAMs) account for over 50% of the cells within the site 59. TAMs present 

a M2-like phenotype that has been shown to aid tumor growth and metastasis, and are 

key drivers of immunosuppression in the TME 60. Killing or reprogramming of TAMs in 

the TME is thus a key new target in cancer immunotherapy (Fig. 3.3, a). In particular, the 

shift of tumor-promoting M2 TAMs toward tumor-suppressive M1-type macrophages is 

desirable (“TAM reprogramming”), and can be triggered by pro-inflammatory TLR 

signalling, DAMPs and ROS 61,62. M1-like macrophages display increased cytotoxic 

phagocytotic activity, promote tumor identification as a target by the immune system, 

induce the release of immunostimulatory signals and increase cytotoxic ROS levels for 

anticancer ICD 60,63,64. Moreover, by displaying high phagocytotic activity and mobility, 

and ability to sense chemotactic cues and home to tumors with high efficiency, several 

recent studies have established a new paradigm for using macrophages as “Trojan horses” 

for drug and therapeutic NP delivery (Fig. 3.3, b-c). These cells have been shown to 

internalize the drug or therapeutic NP, carry it through biological barriers, infiltrate the 

TME and release it deep into the tissue 65,66.  

 

Figure 3.3. M2-to-M1 polarization and macrophage-mediated drug biodistribution 

strategies. (a) Schematic representation of macrophage phenotype balance for cancer 

immunotherapy. (b) loading of theranostic agents for biodistribution visualization and 

(c) deep-tissue drug release into the TME. Figure adapted from 66. 
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Nanomedicine has become an important area of research for cancer chemotherapy 

enhancement. The development of nanomaterials that incorporate and carry anticancer 

drugs has offered a plethora of approaches for safer, targeted therapy. Through properly 

tailored carriers, therapeutic agents can be concentrated in the disease-affected tissue to 

prevent off-target degradation and toxicities 67. Nanomedicine also allowed the design of 

multidrug delivery systems to establish synergies among different cancer therapy 

strategies and compensate for each other weaknesses 68.  

A wide range of platinum-loaded NP systems have been developed aiming to improve 

drug accumulation in the tumor by intravenous administration relying on the enhanced 

permeability and retention (EPR) effect. Although this approach can work in some 

instances, it has major limitations and has led to major clinical failures in cancer 

nanomedicine 69,70. In the specific case of melanoma, none of these systems have been 

demonstrated to provide improved in vivo treatments compared to the clinically used 

Pt(II)-based chemotherapy. Therefore, new strategies to enhance and expand the activity 

and delivery of platinum-based treatments in melanoma and other therapy-resistant 

cancers are necessary. 

Therapy-induced antioxidant depletion combined with NP-directed lymphatic delivery 

could offer unique opportunities to control both primary tumor growth and cancer 

metastasis. Previous research in our group developed platinum (IV)-loaded IONP-filled 

micelles suspensions (IONP-Pt(IV) or mIONP-Pt) (Fig. 3.4, a), which reported increased 

intracellular platinum accumulation, enhanced cytotoxicity rates in various human cancer 

cell lines and synergies with potent immunostimulatory drugs to enhance immune cell 

activation 71. This chapter investigates the oxidative features of the mIONPs and different 

ways in which the mINOP-Pt system can contribute to their ability to provide enhanced 

suppression of melanoma tumor growth compared to cisplatin-based chemotherapy and 

chemoimmunotherapy (Fig. 3.4, b). It also develops an active targeting strategy 

exploiting insertion of glyco-amphiphiles.  
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Figure 3.4. Pt(IV)-decorated IONPs synthesis and opportunities for therapy. (a) 

Chemical structure of Pt-PEG and dry-film mIONP-Pt self-assembly methods reproduced 

in this work 71. (b) mIONP-Pt(IV)-mediated platinum-based pro-drug delivery and 

sensitization to ferroptosis, combined with NP-directed lymphatic delivery, provide 

unique opportunities to induce suppression of tumor growth and metastasis.  
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3.2. Results and discussion 

3.2.1. Pt(IV) prodrug-loaded mIONP synthesis and physicochemical 

characterization  

Adopting the Pt(IV) prodrug approach, the inert Pt(IV) prodrug cis,cis,trans-

[Pt(NH3)2Cl2(O2CCH2CH2CO2H)2] (kindly synthetized by our colleagues; see Materials 

and Methods) was functionalized for delivery using water soluble IONPs micelles. 

Methods of self-assembly of amphiphiles and thin dry-film formation (see Chapter 2) 

were used to obtain aqueous suspensions of Pt(IV)-decorated IONPs (mIONP-Pt(IV)) 

(Fig. 3.5, a). Typically, 1 mg of IONPs would be combined with 2.5 mg of Pt(IV)-

modified PEGylated phospholipid (PEG-PL-functionalized Pt(IV) prodrug). Excess 

reagents, particle aggregates and IONP-free micelles resulting from the process were 

removed by several cycles of centrifugation and ultracentrifugation (see Materials and 

Methods). The synthesis of the PEG-PL-functionalized Pt(IV) prodrug followed well-

established methods of covalent amide coupling between the symmetric dicarboxylic-

presenting Pt(IV) prodrugs (PtSym) and amine-terminated PEG-PLs 71 (see Materials and 

Methods).  

mIONP-Pt formation yielded nanoparticles with a size of 30 nm and low polydispersity 

(Fig. 3.5, e). TEM imaging confirmed absence of aggregates (Fig. 3.5, f-g). Platinum 

loading in the nanoparticle could be quantified using a previously optimized colorimetric 

method (see Materials and Methods). In this method, ortho-phenylenediamine (OPD) 

reacts with Pt(II)-complexes by substituting labile cis-chloro ligands, yielding Pt-OPD. 

The compound presents a strong absorbance peak at 706 nm monitorable by UV-Vis 

spectroscopy. OPD is a also strong reducing agent so the method can be used to quantify 

also cisplatin liberated from Pt(IV) prodrug reduction (Fig. 3.5, a-d) 72, as the PEG-PL-

functionalized Pt(IV) prodrug is designed to yield the Pt(II) cisplatin complex upon 

reduction in the cell 73. mIONP systems were unable to capture free cisplatin drug, thus 

confirming that the Pt detected in purified mIONP-Pt is covalently conjugated (Fig. 3.5, 

b). However, Pt(IV) prodrug reduction to cisplatin is not completely quantitative (81 ± 

2% yield; N=3) (Fig. S3.1). This is consistent with recent research, which has indicated 

that Pt(IV) prodrug reduction results in the formation of different complexes and that the 

assumption of clean axial ligand loss needs to be reassessed 74.  
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Figure 3.5. Pt(IV) mIONP decoration is confirmed by colorimetric methods. (a) OPD-

mediated Pt(IV) reduction and formation of green colour Pt(II)-OPD complex. (b) Pt-

OPD absorbance peaks at increasing Pt(II) concentrations and (c) linear fit. (d) Pt-OPD 

absorbance peaks confirming that mIONPs do not capture free Pt(II) cisplatin drug. (e) 

Nanoparticle size distribution as percentage (%) of events by z-number from mIONP-Pt 

suspensions as evaluated by Dynamic Light Scattering (DLS) and physicochemical 

characterization summary. Values as mean ± SEM from at least three independent 
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experiments. (f-g) Representative mIONP-Pt imaging by Transmission Electron 

Microscopy (TEM).   

The peroxidase-like activity of mIONP-Pt was assayed by the colorimetric reaction of 

H2O2 with the peroxidase substrate 3,3′,5,5′-tetramethylbenzidine (TMB) as described 

previously (see Materials and Methods). The catalytic studies were studied at 

physiological temperature (37°C). UV-vis absorption time course curves and the 

kinetic parameters obtained by Lineweaver–Burk plots and fitting the catalytic reaction 

curves to the Michaelis–Menten equation were indicative of high catalytic activity: KM 

(H2O2) = 127 µM, Vmax = 3.8 × 10-8 M-1 s-1 and kcat = 2.3 s-1 (Fig. 3.6). Notably, the 

apparent KM (H2O2) value for mIONP-Pt  is indicative of  these nanozymes having 10-

fold higher affinity for the H2O2 substrate than natural peroxidases like horseradish 

peroxidase (HRP) 75. Also, Pt(IV) to Pt(II) reduction is expected to be contributing to 

the overall oxidative reactivity demonstrated by the formulation. 

 

Figure 3.6. mIONP-Pt display strong catalytic oxidative activity. TMB oxidation ([TMB] 

= 830 µM) at 37 °C in sodium acetate (0.1M) buffer (pH = 4.5) using increasing 

concentrations of H2O2 (0 - 10 mM) as (a) Michaelis-Menten or (b) Lineweaver-burk data 

fit. (c) TMB oxidation rate comparison between mIONP-Pt and absence of particle using 

10 mM H2O2. (d) Kinetic evaluation data summary. Data shown as average ± SEM 

(N=3). 
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3.2.2. mIONP-Pt biological activity evaluation  

3.2.2.1. Effects on melanoma cell viability  

B16-F10(OVA) murine melanoma cells were treated for 24 h with mIONP-Pt to evaluate 

its cancer cell killing features. Equivalent concentrations of Pt(II)-drug cisplatin and 

Pt(IV)-prodrug Ptsym were used as controls, as well as similarly sized and charged, Pt-

free mIONP-COOH (synthesis and characterization described in Chapter 2). After the 24-

h treatment, non-internalized therapies were removed, and cells were then incubated for 

additional 24 h. Cell viability was evaluated by colorimetric 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) assays 76.  

The results show that Pt-free mIONP-COOH and Pt(IV) prodrug Ptsym induce low 

toxicity in the melanoma cells (Fig. 3.7). However, at the same concentrations mIONP-

Pt(IV) and Pt(II) drug cisplatin (including cisplatin combinations with mIONP-COOH) 

reduced the melanoma cell viability to below 60%. As previously discussed, Pt(IV) 

prodrugs require intracellular reduction to Pt(II) to become active and cytotoxic. The 

higher mIONP-Pt(IV) cytotoxicity in comparison to free PtSym and mIONP + Ptsym is 

clearly indicative of significantly improved intracellular Pt(IV) prodrug delivery and 

activation. Indeed, mIONP-Pt(IV) cytotoxic activity is comparable to that of cisplatin.  

 

Figure 3.7. mIONP-Pt(IV) effects on melanoma. mIONP, mIONP-Pt ([Fe] =500 µM) 

and equivalent doses of Pt(II)-drug cisplatin and Pt(IV)-prodrug Ptsym ([Pt] = 13 µM) 

were loaded into B16-F10(OVA) for a 24-hour pre-treatment. Non-internalized 
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treatments were removed, and cells were incubated for an additional 24 hours before 

assessing cell viability. Cell viability was assayed by MTT assay. Cell viability is shown 

relative to negative control as (a) absence of both H2O2 and pre-treatment to show 

absolute cell viability variation; and (b) absence of H2O2 per pre-treatment to show 

variations in oxidative sensitivity. Data is shown as average ± SEM (N=3).   

3.2.2.2. IONzyme effects on cisplatin re-sensitization  

Fenton chemistry ROS production has been shown to re-sensitize cisplatin resistant 

cancer cells. IONzyme loading into cancer cells can deplete antioxidant GSH 

concentrations, thus decreasing the threshold of redox stress that cells can sustain before 

inducing ferroptosis. The lowering of this threshold can then translate into enhanced 

cancer cell killing 39–41.  

To test this hypothesis, the melanoma cells were treated for 6 h with mIONPs. Non-

internalized particles were removed, and cells were then treated for 72 h with increasing 

concentrations of cisplatin. The results showed that IONP-pre-treatment does not increase 

cisplatin cytotoxicity in the melanoma cells (Fig. 3.8). Indeed, biochemical pathways and 

cellular mechanisms involved in ROS-mediated chemotherapy enhancement are known 

to be strongly dependent on cancer cell type, as well as drug dosage and timing 77. 

Melanoma cells, and in particular the B16-F10-derived cells used in this work, are known 

for their aggressive growth and strong chemotherapy resistance 78,79. The non-

responsiveness to cisplatin chemotherapy highlights the previously discussed limitations 

of these therapies, and the pressing need to study alternative, complementary mechanisms 

of cancer cell death.  

 

Figure 3.8. mIONP pre-treatment does not re-sensitize B16-F10(OVA) melanoma cells 

to cisplatin. mIONPs ([Fe] =500 µM) are loaded into B16-F10(OVA) cells during a 6h 
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pre-treatment. Various concentrations of cisplatin (0-100 µM) are then administered for 

a 72h treatment. Cell viability was assayed by MTT assay. Data shown as average ± SEM 

(N=3). 

3.2.2.3. mIONP-Pt effects on melanoma membrane lipid peroxidation  

Accumulation of lipid hydroperoxides in the cell membrane is indicative of unbalanced 

redox stress 80,81, and one of the most critical indicators of ferroptosis 36. Cisplatin induced 

lipid peroxidation is known to be involved in its nephrotoxicity 80, but some evidence 

suggests it can induce similar oxidative damage to tumor cells 81. To study the possible 

contribution of peroxidase-like activity and ferroptosis in the cancer cell killing effects of 

IONP-Pt(IV), we measured lipid peroxidation in the melanoma cells. Membrane lipid 

peroxidation was studied using Liperfluo™. After treatment, the dye is loaded into the 

cell membrane and selectively reacts with hydroperoxides yielding the fluorescent 

oxidated Liperfluo-Ox product (Fig. 3.9, a). Flow cytometry was used to study the 

accumulation of hydroperoxide lipids in the cell membrane (see Materials and Methods). 

Cell treatment with cumene hydroperoxide (100 µM) was used as a known source of 

membrane peroxidation and thus as positive control 83. The melanoma cells showed signs 

of lipid peroxidation upon IONzyme administration, confirming the generation of 

biologically relevant increases in ROS production. Notably, treatment with mIONP-Pt 

increased the levels of lipid peroxidation (Fig. 3.9, b). These effects are consistent with 

previous studies which reported antioxidant GSH depletion upon intracellular Pt(IV)-to-

Pt(II) reduction, thus increasing ROS-mediated damage 82. 

 

Figure 3.9. mIONP-Pt induce lipid peroxidation in melanoma cells. (a) Schematic 

representation of Liperfluo oxidation and fluorescence activation with membrane 
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hydroperoxide lipids; (b) Lipid peroxidation levels as measured by fluorescent positive 

cell populations (%) using Liperfluo. Concentrations were [Fe] = 500 µM for mIONPs 

and [Pt] = 10 µM for Pt-containing therapies after a 24-hour treatment. Cumene 

hydroperoxide (100 µM) for a 1-hour treatment was used as positive control. Image 

(a) extracted from 83.  

3.2.2.4. mIONP-Pt effects on melanoma cell viability in H2O2-rich 

environments 

The metabolic reprogramming  in the TME is characterized by nutrient deficiency and 

accumulation of specific metabolic subproducts such as lactate and H2O2 
84. The 

production of ROS is elevated in the TME and it is reasonable to expect further increases 

in ROS levels resulting from a pro-inflammatory response to chemoimmunotherapy 

treatments. The H2O2-dependant oxidative features of the IONzyme are thus expected to 

be increased in the tumor tissue, leading to increased accumulation of lipid 

hydroperoxides and ferroptosis 36.  

Hence, we investigated the effect of exogenously applied H2O2 on melanoma cell 

survival. As shown in Fig. 3.10, a treatment with 50 and 75 μM H2O2 for 24 h resulted in 

ca. 20% cell death. These are physiologically relevant H2O2 concentrations, as H2O2 can 

reach 30 – 50 μM during inflammation 85.  We sought to identify if the H2O2-induced 

cancer cell death could be enhanced by the IONP and platinum-based treatments. For this, 

melanoma cells were first exposed to the treatments for 24 h, the non-internalized drugs 

were removed, and the cells were exposed to H2O2 for another 24 h. The mIONP-

delivered Pt(IV) prodrug induced higher levels of melanoma cell death than mIONP 

treatment (Fig 3.10, a). Moreover, when the data was normalized to absence of H2O2 

treatment, it showed that the mINOP and platinum-based treatments enhanced the H2O2-

induced cell death (Fig 3.10, b).  It is evident from the results that the combined effects 

of the mINOP and Pt(IV) prodrug delivery ultimately result in a combination of redox-

triggered effects that enhance melanoma cell death.  
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Figure 3.10. Melanoma cell viability in the presence of exogenously added H2O2. 

Equivalent doses of mIONP and mIONP-Pt ([Fe] =500 µM) were used for pre-treatment 

of the melanoma cells for 24 h. Then, increasing concentrations of H2O2 (0, 25. 50 and 

75 µM) were added for a 24-h incubation. Cell viability was assayed by MTT assay. Cell 

viability is shown as (a) relative to absence of both H2O2 and pre-treatment to show 

absolute cell viability variation; and (b) relative to absence of H2O2 per each pre-

treatment to show variations in redox stress sensitivity. Data is shown as average ± SEM 

(N=3). Data is shown as mean ± SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.005, 

****P < 0.001  using two-way ANOVA test.   

3.2.2.5. mIONP-Pt effects on melanoma cell viability in combination with 

Vitamin C  

Recent research showed that concentrations (0.3-20 mM) of sodium ascorbate 

(deprotonated ascorbic acid, Vitamin C) can show beneficial antitumor effects and 

synergies with chemotherapy. Sodium ascorbate can react with ROS in the TME, yielding 

ascorbate radical species to trigger enhanced ROS generation, oxidative damage and 

cancer cell ferroptosis 86–90. In addition, ascorbate is a well-known reducing agent to 

intracellularly convert the Pt(IV) prodrugs into the corresponding Pt(II) drugs 3. 

A screening of ascorbic acid (AA) concentrations (0-40 mM) revealed that short 1 h 

treatments were enough to trigger strong cytotoxicity in the melanoma cells (Fig. 3.11, 

a). AA cytotoxicity towards the melanoma cells was then evaluated following IONP and 

Ptsym therapy pre-treatments. The cells were treated with IONP-COOH, mIONP-Pt or 

Pt(IV) prodrugs for 24 h. Non-internalized drugs were removed, and the cells were then 
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treated with 5 mM AA for 1 h. Excess AA was then removed, and the cells were incubated 

for an additional 24 h before assessing cell viability by MTT. The results showed that 

cancer cell killing was enhanced according to the following trend: Pt(IV) prodrug < 

mIONP < mIONP-Pt (Fig. 3.11, b). Consistent with the results from the previous sections, 

the enhanced mIONP-Pt cytotoxic activity can be explained by the oxidative IONzyme 

activity, facilitated Pt(IV) intracellular accumulation and facilitated Pt(IV)-to-Pt(II) 

intracellular activation.  

 

Figure 3.21. Effects of AA on mIONP-Pt treated melanoma cells. mIONP, mIONP-Pt 

([Fe] =500 µM) and equivalent doses of Pt-drug ([Pt] = 10 µM) were loaded into B16-

F10(OVA) for a 24-hour pre-treatment. Indicated concentrations of ascorbic acid (AA) 

were then added for 1-h. Excess AA was removed, and cells were incubated for an 

additional 24 h before assessing cell viability. Cell viability was assayed by MTT assay. 

Data is shown as mean ± SD (n = 1) 

3.2.2.6. Effects on macrophage viability and polarization  

Macrophages account for a large proportion (ca. 50%) of the TME, where exhibiting a 

predominantly M2 functionality they are the main drivers of immunosuppression in the 

TME 91. Thus, induction of cytotoxic effects on M2-polarized macrophages could be 

important to improve the therapeutic efficiency of administered drugs 92. On the other 

hand, effective antitumor immunotherapy can be achieved by reprogramming TAMs 

from the M2 protumoral phenotype toward the M1 antitumoral phenotype 93,94. 

Macrophages also offer considerable potential if they can act as “drug depots” of 

therapeutic NPs 65,66,95. However, the drug delivery role of macrophages requires attaining 

a high drug loading without compromising macrophage cell viability and functions. 
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Hence, we studied the effects of mIONP-Pt(IV) on macrophage viability and 

repolarization and for the cytotoxic effects on M1- and M2-polarized macrophages.  

To study the cytotoxicity, RAW 264.7 macrophages were incubated with mIONPs or 

mIONP-Pt for 24 h and the cell viability was determined by MTT assays. As expected, 

the mIONP-Pt are significantly more cytotoxic to macrophages than mIONPs (Fig. 3.12).  

 

Figure 3.12. mIONP-Pt(IV) effects on RAW264.7 macrophage viability. RAW264.7 

macrophages were treated with the indicated concentrations of mIONP-COOH or 

mIONP-Pt for 24 h. Cell viability was assayed by MTT assay. Data shown as average ± 

SEM (N=3).   

To study the effect of mIONP-Pt on macrophage repolarization, bone marrow derived 

macrophages were  polarized towards M1-like phenotype (stimulated with IFN-γ) 96 and 

M2 type (IL4) 62. Stimulation with macrophage colony-stimulating factor (M-CSF) 

induces M2d phenotypes, which are considered to be a distinctive macrophage phenotype 

of immunosuppressive TAMs 97,98. Following mIONP-Pt treatment, macrophage viability 

and surface marker expression typical of anticancer immunity (CD80/86 and MHCII) 96, 

pro-tumoral immunity (CD11c, CD206) 99 or immune suppression checkpoints PDL1/2 

13100 were analysed by Flow cytometry (Fig. 3.13).  

The results show that 24 h macrophage incubation with mIONP-Pt (150 M and 500 M 

[Fe]) does not induce phenotype-selective cell killing or repolarization. We observed no 

significant differences among surface markers analysed (Fig. 3.13, a-g). For all 

macrophage populations, cell viability remained above 75% (Fig. 3.13, h). Overall, these 
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results are indicative of macrophage cell tolerance towards mIONP-Pt treatments at these 

concentrations.  

 

Figure 3.13. mIONP-Pt effects on polarized macrophages. Flow cytometry fluorescent 

marker expression quantification of (a) MHC-II, (b) CD-80, (c) CD-86, (d) PD-L1, (e) 

CD11c, (f) CD-206, (g) PD-L2 and (h) macrophage cell viability after mIONP-Pt 

treatment ([Fe] =500 and 150 µM; [Pt] = 13 and 4 µM). In blue bars, M2d macrophages; 

In red bars, M2a macrophages; in green bars, M1 macrophages. Data shown as average 

± SEM (N>4).  Using our custom-synthetized treatments described above, these studies 

were kindly performed by Arnold, J. group in King’s College London (UK). 

3.2.2.7. Effects in macrophage-melanoma cell co-cultures 

Following previously described methods B16-F10(OVA) murine melanoma and 

RAW264.7 murine macrophage cells were co-cultured under direct cell-to-cell contact. 

Since macrophages are a dominant immune cell population in the TME, these co-cultures 

offer a closer resemblance to the TME reality than cell monoculture studies. Cell viability 

per cell type after treatment was evaluated using Flow cytometry (see Materials and 

Methods).  

In these studies, administration of cisplatin (10-100 µM) lead to high macrophage killing, 

an effect that relates to the known systemic toxicity of the drug 13–16, which in turn appears 

to increase melanoma cell viability (Fig. 3.14, a). The free Pt(IV) prodrug administration 

did not lead to noticeable anticancer effects. Of all the treatments, although it was still 
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accompanied by a decreased macrophage viability, only mIONP-Pt triggered a significant 

decrease in melanoma cell viability in comparison to cisplatin. The enhancement seen in 

comparison with free Pt-drugs can be understood from the combination of enhanced 

intracellular Pt(IV)-to-Pt(II) prodrug activation, cancer cell sensitization to ferroptosis 

and lower immunocompromising effects. Indeed, Liperfluo assays confirmed higher lipid 

hydroperoxide accumulation in melanoma cells than in macrophages after the treatments 

(Fig. 3.14, b). These results are consistent with recent studies showing that unlike cancer 

cells, macrophages are quite resistant to oxidative damage 101. Overall, these studies 

support the potential offered by mIONPs as anticancer-selective oxidative stress-inducing 

therapies. 

 

Figure 3.14. mIONP-Pt effects in melanoma-macrophage co-cultures. B16-F10(OVA) 

melanoma cells and RAW 264.7 macrophages were seeded in direct cell-to-cell contact 

co-culture. (a) Following 24 h treatment Flow Cytometry was used to measure cell 

viability. Data are shown as mean ± SEM (n = 3). (b) Lipid peroxidation as measured by 

fluorescent positive cell populations (%) using Liperfluo. Cumene hydroperoxide (100 

µM) for a 1-hour treatment was used as positive control. *P < 0.05, **P < 0.01 using 

two-tailed t-test. 

3.2.2.8. Active targeting strategies for mIONP-Pt administration 

Glucose receptors (GLUTs) are transmembrane proteins that recognize and facilitate 

sugar transport into the cytosol. Malignant cells upregulate GLUT expression as a 

survival mechanism against TME nutrient deficiency. Indeed, GLUT overexpression is 

common among many cancer types and can be used as prognosis tool for disease survival 
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102. Their expression is also higher in metastases than in primary tumors 103. Hence, 

surface functionalization of nanocarriers with glucose and other carbohydrates has been 

used to improve cancer cell targeting and uptake 104105. For example, glucose-conjugated 

Pt(II) drugs have displayed enhanced cytotoxicity and therapeutic index for various 

cancer cell lines 106. Also, glucose-decorated nanoparticles enhanced doxorubicin 107 and 

paclitaxel 108 chemotherapies providing improved in vivo drug biodistribution.  

To incorporate glucose moieties on the mIONP-Pt, 1,3,5-triazine-cored dimaltoside 

amphiphiles were used (Malt-T9; Fig. 3.15, a; compounds kindly provided by our 

colleagues, See Materials and Methods). These glucose-presenting compounds offered 

various features of interest: (i) their amphiphilic structure was expected to be compatible 

with previously described methods of mIONP self-assembly and stabilization; (ii) the 

triazine moiety has been reported to induce DNA strand intercalation and cross-linking 

leading to cancer cell cycle arrest and apoptosis, the efficiency of which has been 

demonstrated by various triazine-derivates reaching advanced clinical trials and approval 

109–111; (iii) finally, these compounds have been designed as scaffolds for membrane 

protein extraction and stabilization 112,113. Hence, it is reasonable to hypothesize that these 

compounds could provide favorable targeting of both cancer cells and immune cells, in 

situ cancer DAMP and TAA capture and delivery to immune cells 114.  

Previously discussed methods of self-assembly of amphiphilic molecules and dry-film 

hydration were used to obtain water soluble and stable maltose- and Pt(IV)-decorated 

IONPs (mIONP-Pt-Malt). Typically, 1 mg of IONPs would be combined with 1.6 mg of 

Pt-PEG and 0.3 mg Malt-T9 (65:35, Pt-PEG:malt-T9 molar ratio). mIONP-Pt-Malt 

formation yielded nanoparticles of approximately 50 nm and low polydispersity (Fig. 

3.15, c).  

As discussed above, murine melanoma and macrophage cells were co-cultured under 

direct cell-to-cell contact. Cell viability per cell type after treatment was evaluated using 

Flow cytometry (see Materials and Methods).  

The results show that mIONP-Pt-Malt systems achieved better anticancer cytotoxic 

discrimination than any of the controls (Fig. 3.15, b). A decrease in melanoma viability 

was observed while enabling increased macrophage viability in comparison to mIONP-
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Pt treatments. mIONP-Pt-Malt also counteracted the cancer cell growth induced by 

control Pt-less mIONP-Malt administration. Indeed, in here glucose acts as a double-

edged sword as the tumor is wired to boost its growth upon glucose administration as a 

mechanism to survive TME nutrient-deficiency 115,116. Enhanced mIONP-Pt uptake 

through active GLUT targeting is the proposed driver of therapy enhancement (Fig 3.16, 

a). The capacity for mIONP-Pt-Malt to capture and present DAMPs and TAAs to immune 

cells remains to be studied. 

 

Figure 3.3. mIONP-Pt-Malt effects in complex melanoma-macrophage co-cultures. (a) 

Amphiphilic Glu-T9 structure used in this work and proposed schematic representation 

of GLUT targeting strategy. (b) B16-F10(OVA) melanoma cells and RAW 264.7 

macrophages were seeded in direct cell-to-cell contact co-culture. Following 24 h 

treatment, Flow Cytometry was used to measure cell viability. (c) Nanoparticle size 

distribution as percentage (%) of events by z-number from mIONP-Pt-MAlt suspensions 

as evaluated by DLS and physicochemical characterization summary. Data is shown as 

mean ± SEM (n = 3). *P < 0.05, **P < 0.01 using two-way ANOVA test. 
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3.2.2.9. Therapy evaluation in vivo 

The results obtained in this chapter allow us to better understand previous in vivo studies 

of our group. These were performed by Dr. Ane Ruiz-de-Angulo and in collaboration 

with Dr. Jordi Llop’s research group at CIC biomaGUNE (Spain). These studies 

evaluated:  

• mIONP-Pt in vivo biodistribution: As discussed in previous chapters, the 

magnetite core of our mIONPs can be doped with 67Ga radiotracers to monitor  by 

non-invasive MRI and PET/SPECT in vivo its trafficking and biodistribution to 

reach the tumor and tumor draining lymph nodes (see Chapter 2) 117.  

• In vivo therapeutic efficacy of mIONP-Pt against therapy-resistant and 

aggressive melanoma: Chemotherapy in the clinic is often administered after 

primary treatment (typically surgery or radiotherapy) to limit cancer remission. 

The approach has shown clear benefits for various cancer cell malignancies 118,119 

and its success depends on establishing controlled short timings between primary 

treatment and chemotherapy administration 119,120. A single, low dose mIONP-Pt 

administration at the time of tumor implantation was used to evaluate the capacity 

of this system to prevent tumor establishment. 

• mIONP-Pt therapeutic efficacy against established melanoma tumors: 

Chemotherapy is also used as primary treatment or as a means to reduce tumor 

sizes prior to surgery 121. Preoperative chemotherapies allow for less invasive, 

organ-preserving surgical operations to limit major wound complications 122,123. 

Low dose mIONP-Pt administration against established melanoma tumors is used 

to evaluate the capacity of this system to decrease tumor size and growth rates. 

3.2.2.9.1. mIONP-Pt biodistribution 

Following previously established methods, the IONP core was radiolabeled with 67Ga 

ions to enable non-invasive SPECT imaging of therapy biodistribution 117. The process is 

based on magnetite doping given the comparable size of Ga(III) and Fe(III) to ions 117. 

The radiocation [67Ga][Ga(H2O)6]Cl3 (aq.) obtained on-site in reacted with mIONPs at 

70 °C for 30 min. Following purification by ultracentrifugation, IONP 67Ga-doping 

reports very good yield (Fig. 3.16, a). The 67Ga-doped mIONP-Pts showed excellent 



 132 

stability, as less than 10% of the bound 67Ga is released over 48 h even when challenged 

with 106-fold molar excess of DOTA chelator (Fig. 3.16, b).  

For SPECT/CT imaging B16–F10(OVA) melanoma cells were implanted in the left flank 

of C57BL/6 mice, and after tumor establishment, and 67Ga-doped mIONP-Pt was injected 

in the peritumoral region. The results show that IONP-Pt(IV) selectively accumulates in 

LNs and tumor (Fig. 3.16, c-f). This biodistribution is consistent and confirms the 

lymphatic drainage from the tumor implantation site (Fig. 3.16, c). Particles clear from 

the injection site and accumulate at the tumor draining LNs (TDLNs) after 3, 24 and 48 

h post-injection. IONP-Pt(IV) residing at LNs distant from the injection site is also seen. 

The results demonstrate that micellar IONP-Pt(IV) are sufficiently small and stealth to be 

quickly taken up into lymphatic vessels and transit to the draining LN after injection. 

Peritumoral lymphatics are responsible for providing access to cancer cells during 

metastasis. Here, the IONP-Pt(IV) system is able to use the peritumoral lymphatics to 

target the tumor tissue and TDLN without direct intratumoral injection.  

 

Figure 3.16. mIONP-Pt micelles biodistribution in vivo. (a) Radiolabelling yield in PBS 

buffer and (b) stability in the presence of the chelator DOTA (106 molar DOTAP excess) 

of mIONP-Pt(IV) and mIONP micelles. Biodistribution studies of the mIONP-Pt were 

carried out in tumor bearing mice injected peritumorally with mIONP-Pt (23 μg of 

magnetite). (c) In vivo SPECT/CT images were taken 3 and 24 h after injection. Ex vivo 

biodistribution analysis after 3, 24 and 48 h: (d) photograph and SPECT/CT images of 

harvested organs at determined time points; biodistribution expressed as percentage of 
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injected dose per gram of tissue (%)/g of (e) tumor and (f) lymph nodes over time. Data 

are presented as mean ± SEM of two mice. T, tumor; bLN, brachial LN; aLN, axillary 

LN; Lu, lungs; L, liver; S, spleen; K, kidneys; iLN, iliac LN; sLN, sciatic LN; inLN, 

inguinal LN; pLN, popliteal LN. These studies were performed by our collaborators in 

the research institutes of CIC biomaGUNE, in Donostia (Spain).  

3.2.2.9.2. mIONP-Pt and melanoma co-injection 

To evaluate whether Pt(IV) delivery by IONPs is beneficial compared to administration 

of cisplatin and IONP alone or combined with IONP and can control tumor establishment, 

we implanted the B16-F10-OVA melanoma cells with administration of a single low dose 

(0.55 mg Pt/kg) of cisplatin, Pt(IV) prodrug, mIONP, mIONP-Pt and mIONP + cisplatin. 

The results show that mIONP-Pt administration greatly decreased tumor growth and 

increased median survival for mice in comparison to Pt-free mIONP and Pt(IV) prodrug 

administration. The Pt(IV)-loaded mIONPs also reported stronger preventive effects 

against tumor stablishment than benchmark cisplatin. (Fig. 3.17). 15 days after challenge, 

tumor volumes upon mIONP-Pt administration remained unnoticeable in most mice (Fig. 

3.17, c).  
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Figure 3.4. Pt(IV)-IONPs effects on co-injected melanoma cells.  C57BL/6J female 

mice were subcutaneously co-injected with the different treatments (12 mg Fe/kg, 0.55 

mg Pt(IV)/kg) mixed with 3 x 105 B16-F10 cells in the back of the animal. a) Average 

tumor growth curves and b) Kaplan-Meier survival curves. c) Comparison of tumor 

volume of different experimental groups at day 15 after tumor challenge. d) Individual 

tumor growth curves for each experimental group. The data show mean ± SEM from a 

representative experiment. **p < 0.01, ***p < 0.001 by b) log rank (Mantel-Cox) test 

against NaCl 0.9% group, and one-way c) ANOVA followed by Tukey’s test. Figure based 

on data from A. Garaikoetxea (PhD Thesis) 124. These studies were performed by our 

collaborators in the research institutes of CIC biomaGUNE, in Donostia (Spain). 

3.2.2.9.3. mIONP-Pt effects on established melanoma tumors 

To evaluate the therapeutic effects against established melanoma tumors, mIONP-Pt was 

administered on days 7, 10 and 13 after melanoma injection. Subcutaneous mIONP-Pt 

administration was used as means to enable LN-draining NP trafficking (Fig. 3.16) 125,126. 

Cisplatin, Pt(IV) prodrug and parent mIONP were administered likewise to compare the 

therapeutic efficacy of the different iron and platinum-based systems.  
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Therapeutic mIONP-Pt administration was shown to decrease tumor growth rates and 

increase median survival times in comparison to controls. During and immediately after 

administration, mIONP-Pt were the only treatment to consistently contain the growth of 

small ~100 mm3 tumor volumes (Fig. 3.18, d). A week after the end of therapy 

administration, tumor volumes upon mIONP-Pt administration remained the smallest 

among the different treatments (Fig. 3.18, c).  

These in vivo results show that mIONP-Pt systems are able to achieve significantly 

enhanced suppression of melanoma tumor growth compared to cisplatin-based 

chemotherapy 

 

Figure 3.5. Pt(IV)-IONPs effects after therapeutic subcutaneous administration  

C57BL/6J female mice were challenged with 3 x 105 B16-F10 cells in the back and on 

days 7, 10 and 13 mice were treated with the different formulations (4.6 mg Fe/kg, 0.24 

mg Pt(IV)/kg of animal) subcutaneously in the peritumoral region. (a) Average tumor 

growth curves and (b) Kaplan-Meier survival curves. (c) Comparison of tumor volume of 
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different experimental groups at day 20 after tumor challenge. (d) Individual tumor 

growth curves for each experimental group until date of first mouse sacrifice within each 

group.  The data show mean ± SEM from a representative experiment. *p < 0.05, **p < 

0.01 by log rank (Mantel-Cox) test against NaCl 0.9% group (b). These studies were 

performed by our collaborators in the research institutes of CIC biomaGUNE, in 

Donostia (Spain). 
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3.3. Conclusions 

In this chapter, Pt(IV) prodrug-loaded mIONP-Pt systems were successfully formed, 

characterized and evaluated for their peroxidase activity and effects on melanoma cells 

and macrophages. Overall, these studies showed: 

• mIONP-Pt devices could be self-assembled following previously established 

methods of dry-film hydration. The process yielded stable nanosized particle 

suspensions of low polydispersity. Pt(IV) prodrugs were demonstrated to be 

stably attached through covalent bonds onto the nanoparticle-filled micelles.  

• mIONP-Pt displayed strong peroxidase-like activity. The particles showed an 

affinity towards H2O2 substrate over 10-times greater than HRP. Therapy-

mediated ROS generation yielded increased lipid hydroperoxide accumulation in 

melanoma cell membranes, which is one of the key characteristics of ferroptotic 

cell death.  

• mIONP-Pt successfully integrated features for induction of redox stress and 

ferroptosis with cisplatin-based cytotoxicity to provide enhanced melanoma cell 

killing.  

• mIONP-Pt did not induce macrophage repolarization or phenotype-specific cell 

killing under the experimental conditions used. Still, macrophage tolerance to 

treatment suggests that immunotherapy strategies of cytotoxic macrophage 

activation and immune cell-mediated drug delivery cannot be ruled out. 

• In melanoma-macrophage co-cultures, mIONP-Pt were the only treatment to 

increase melanoma cytotoxicity in comparison to cisplatin. Instead, Pt(II) drug 

treatments induced toxicity in macrophages only, which resulted in enhanced 

melanoma cell survival.  

• Maltose-rich amphiphiles could be incorporated by the same methods of dry-film 

hydration to create mIONP-Pt-Malt systems. Our results are indicative of the 

potential of these amphiphiles to provide a slight improvement to cancer-specific 

cell killing via GLUT targeting strategies. 

The findings reported in this chapter expanded the understanding of previous in vitro and 

in vivo data of our group. mIONP-Pt accumulation in the TME enabled a more potent and 

targeted anticancer activity through enhanced Pt(IV) prodrug activation and cancer-
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specific redox damage, and improved drug delivery The observed IONP-mediated 

trafficking into lymph nodes via subcutaneous administration is ideal for sensitizing 

metastasizing melanoma cells towards oxidative damage, and overcome the 

resistance/protection lymph provides to cancer cell ferroptosis.  
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3.4. Supporting Information 

 

Figure S3.1. Comparative studies for Pt(IV) and Pt(II) quantification methods. Pt-OPD 

absorbance peaks at increasing Pt(II) and Pt(IV) concentrations as a comparative (a) 

linear fit, (b) relative Pt(IV) absorbance to Pt(II) and (c) observable Uv-Vis peaks. 
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4.1. Introduction 

Cancer immunotherapies have yielded impressive results in clinical trials, opening a new 

era in cancer treatment. However, only some tumor types and a minority of patients 

respond to the current immunotherapy treatments. Hence, new strategies are required to 

potentiate immunotherapy. Ferroptosis is a newly described mechanism of iron-mediated 

oxidative cell death that connects with crucial pathways of immunogenic cancer cell death 

and immunotherapies that stimulate the immune system against cancer cells. In this 

chapter, we report the engineering of a therapeutic platform based on iron oxide-loaded 

nanovaccines (IONVs). The IONVs were “chemically programmed” to exploit the 

characteristics of the TME and enable multi-pronged tumor attacks. IONV’s antitumor 

effects arise from: (i) cancer cell sensitization towards ferroptosis; (ii) macrophage 

repolarization towards tumor-suppressing M1 phenotypes and enhanced ROS generation; 

(iii) optimization of tumor-antigen processing and cross-presentation; (iv) monitorable 

therapy biodistribution and delivery; and (v) synergy with state-of-the-art 

immunostimulatory antibodies. Altogether, these results demonstrate the feasibility of 

using IONVs as generalizable platforms for the enhancement of cancer immunotherapy.  

4.1.1. IONPs as an anticancer immunity boost in the TME 

The tumor microenvironment (TME) evolves to establish a complex network of 

intercellular dynamics that support cancer growth and stabilization (see Chapter I) 1. The 

site contains a tolerogenic mix of exhausted and regulatory T-cells (Tregs), myeloid-

derived suppressor cells (MDSCs) and tumor associated macrophages (TAMs) 2. The site 

also shows characteristic metabolic alterations such as hypoxia, low pH, nutrient 

deprivation, and high levels of ROS and H2O2. The combination of these features yields 

a TME that is difficult to infiltrate by active anticancer immune reactions 3. 

Redox stress-inducing therapies can rewire the TME to make it permeable or more 

susceptible to antitumor immune responses. Cancer cell ferroptosis is a recently described 

mechanism of programmed cell death in which cells can undergo immunogenic cell death 

(ICD) triggered by irreversible accumulation of oxidative damage 4. The pathway has 

been shown to enhance non-redundant means of immune cell recruitment and activation, 

including by inducing the release of damage-associated molecular patterns (DAMPs), 
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reactive oxygen species (ROS) and tumor-associated antigens (TAAs) 5. ICD can induce 

TAM reprogramming (or repolarization) from pro-tumoral (M2-like) phenotypes to 

anticancer (M1-like) phenotypes 6–12. M1-like macrophages display increased cytotoxic 

activity and induce the release of immunostimulatory signals like tumor necrosis factor-

α (TNF-α), interferon-γ (IFN-γ) and an additional increase in cytotoxic ROS levels 13–16. 

M1 macrophage recruitment in the TME can be achieved in situ as TAMs constitute a 

predominant part of the cells in the tumor site 17,18. Also, ICD can enhance cancer cell 

identification by the immune system through facilitated TAA cross-presentation in 

antigen presenting cells (APCs) like macrophages or dendritic cells (DCs) (see Chapter 

I) 19.  

The acidity of the TME and its large H2O2 availability represent very favorable conditions 

for ROS generation by catalytic iron-mediated Fenton chemistry reactions 20,21. 

Elevations in local iron concentration have also been reported to facilitate ROS-mediated 

M2-to-M1 macrophage polarization 6,22 and increased expression of co-stimulatory 

receptors CD80 and CD86 for cytotoxic T-cell activation 23,24 (Fig. 4.1, d-e). Ferumoxytol 

is an example of a clinically approved IONP formulation reported to favor immune 

stimulation through M1 macrophage polarization (Fig. 4.1, a-c).  

 

Figure 4.1. Oxidative Fenton chemistry induces TAM cytotoxic polarization (a) Tumor 

immunofluorescence staining for CD11B, CD80 and CD206 as extracted after 7-day and 

21-day ferumoxytol treatment in vivo; (b) In vitro mono or co-culture of cancer cells and 
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macrophages showing signs of M2-to-M1 macrophage activation upon feromuxytol 

treatment; (c) colorimetric detection of hydrogen radical released in the aforementioned 

cultures upon treatment; tumor cell populations extracted after 15-day IONP in vivo 

treatment showing signs of (d) CD206 expression decrease and (e) increased cytotoxic 

CD8+ T-cell infiltration; (f) Schematic representation of M2-to-M1 macrophage 

phenotype change. (a-c) images were adapted from 22; (d-e) images were adapted from 
23.  

IONPs have been reported to synergize with various immunostimulatory compounds to 

enhance DC activation, CD8+ T-cell activation and anticancer cytokine signalling 25–27. 

Lipid peroxidation is also suspected to enhance TAA cross-presentation and immune 

memory acquisition through endosome escape mechanisms (Fig. 4.2, a; see Chapter I) 19. 

In addition, state-of-the-art immune checkpoint blockade (ICB) therapies offer 

complementary means for tumor sensitization to oxidative damage and ferroptosis (Fig. 

4.2, b). ICB therapies aim to “block” immunosuppressive “checkpoints”, like 

Programmed Death Ligand-1 (PD-L1), that are highly expressed on the surface of cancer 

cells and immunosuppressive cell populations. PD-L1 binds to Programmed Death 

Ligand-1 (PD-1) expressed in active T-cells to deactivate them. 28 The blockade of the 

PD-1/PD-L1 interaction prevents T-cell deactivation thus “releasing the breaks” of the 

antitumor immune action. The activated T-cells secrete IFN-γ, which depletes cancer cell 

uptake of relevant precursors (cystine) required for the production of intracellular 

protecting antioxidants (glutathione; GSH) provide sensitization to tumor cell ferroptosis, 

and therefore, a new approach for improving immunotherapy 28–32.  
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Figure 4.2. Oxidative Fenton chemistry induces anticancer immunity boost. 

(a)  Schematic representation of antigen cross-presentation enhancement via ROS-

enabled endosome escape and (b) ferroptosis sensitization from ICB therapy via effector 

T-cell IFN-γ release. 

4.1.2. Chemically programmed nanovaccines for cancer combination 

immunotherapy 

This chapter reports the engineering of immunostimulatory IONP-filled micelles 

(mIONPs) and IONVs to exploit site-specific TME biochemical properties for therapeutic 

H2O2 and ROS “self-generation”. H2O2 production is induced through 

immunostimulatory properties and M1-macrophage polarization is converted into highly 

toxic ROS through IONP-enabled Fenton chemistry. This coupled reactivity is used to 

drive and concentrate complementary or synergistic antitumor mechanisms in the TME. 

The IONVs design provide: (i) non-invasive Magnetic Resonance Imaging (MRI) and 

Single Photon Emission Computed Tomography (SPECT) monitorable imaging and 

therapy delivery to the tumor and tumor draining lymph nodes; (ii) immunostimulatory 

drug delivery; (iii) a redox-active iron oxide core that can drive M2-to-M1 macrophage 

polarization and cancer cell ferroptosis sensitization; and (iv) improved tumor antigen 

cross-presentation by pH responsive hydrazone-mediated bioconjugation (Fig. 4.3). 

Combination of IONVs with state-of-the-art antibody-mediated immunotherapies 

resulted in complete eradication of established tumors in vivo and acquisition of long-

lived protective antitumor immunity against tumor rechallenge.  
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Figure 4.3. Summary of IONV features and mechanisms of action. Therapeutic IONVs 

are made of chemically programmed multi-functional elements to activate and reprogram 

immune cells and cancer cells for effective combination therapy and cancer-specific 

ferroptosis. Image extracted from 33. 
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4.2. Results and discussion 

4.2.1. mIONP synthesis and physicochemical characterization  

Methods of self-assembly of amphiphiles and thin dry-film formation (see Chapter 2) 

were used to obtain stable mIONP suspensions with defined and controllable size and 

surface charge. In this chapter, we form mIONPs that are coated with:  

• 2000 kDa polyethylene glycol (PEG) phospholipids (PEG-PL) terminated in 

carboxylic acid (-COOH). The process yielded the previously characterized 

negatively charged mIONP-COOH particles (see Chapter 2). 

• 2000 kDa methoxy-terminated PEG-PLs (PEG-OMe) with 1,2-dioleoyl-3-

trimethylammonium-propane (DOTAP). Typically, 1 mg of hydrophobic IONP 

would be mixed with 2 mg of PEG-OMe and 1 mg of DOTAP. The process 

yielded the positively charged nanoparticles we refer to as mIONP-TAP (Fig. 

4.4). 

 

Figure 4.4. Physicochemical mIONP-TAP characterization. Nanoparticle size 

distribution as percentage (%) of events by z-number (b) mIONP-TAP suspensions and 

physicochemical characterization summary. Representative values as mean ± SEM for 

different mIONP suspensions for at least three independent experiments as characterized 

by Dynamic Light Scattering. 

4.2.1.1. Evaluation of redox IONP catalytic activity  

Previously described methods based on 3,3′,5,5′-tetramethylbenzidine (TMB) and o-

phenylenediamine (OPD) oxidation assays were used to evaluate the peroxidase-like 

catalytic features of the mIONPs (see Materials and Methods). As discussed in previous 

chapters, mIONP catalytic activity was shown to be pH-dependent, peaking at pH=4.5, 
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which is within the acidic pH of intracellular endolysosome compartments (see 

Chapter 2). The results also showed mIONP displayed stronger peroxidase-like catalytic 

properties than commercially-available ferumoxytol (Fig. 4.5, a,b). Substitution of 

mIONP for polyethylenimine-coated gold nanoparticles (Au@PEI) sharply decreased 

the oxidative activity.  

Catalytic performance was evaluated at physiological temperature 37 °C in terms of 

catalytic rate (kcat), maximal rate (Vmax), Michaelis constant (KM), and catalytic 

efficiency (kcat/KM) (see Materials and Methods). By varying the concentration of H2O2 

we obtained values of KM (H2O2) = 305 µM, Vmax = 6.45 × 10-8 M-1 s-1 and kcat = 1.9 s-

1. KM(H2O2) is a relevant indicator as it accounts for the concentration of substrate 

needed for the catalyst to reach half of its maximum activity. Cancer cells continuously 

produce elevated levels of H2O2, much higher than non-cancerous cells 34. 

Furthermore, it is reasonable to expect this production to be increased upon cell 

stimulation with TLR ligands. Human blood can reach a range of 30 – 50 μM 

H2O2 during inflammation 21.  



 159 

 

Figure 4.5. Characterization of mIONP peroxidase-like catalytic properties.  Time 

course curves assessing the catalytic activity of mIONPs at different pH values, 

AuNP@PEI, ferumoxytol and released free iron cations for the oxidation of (a) TMB 

([TMB] = 830 µM) and (b) OPD ([OPD] = 3 mM). Concentrations of [Fe] = 150 µM 

for mIONPs, 550 µM for ferumoxytol and [H2O2] = 30 mM were used. (c) Michaelis-

Menten and (d) Lineweaver-Burk kinetics plots for TMB oxidation at varying 

concentrations of H2O2. (a-b) comparative kinetic studies were monitored at room 

temperature using 10 mm pathlength quartz cuvettes. (c-d) steady-state kinetics were 

monitored at 37°C. Results are shown as mean ± SEM from three independent 

experiments. 

4.2.2. Immunomodulatory drug delivery strategies 

As previously discussed, ROS generation can enhance various processes of anticancer 

immunity. In addition, mIONPs have an inner hydrophobic core, which is a well-known 

molecular feature recognized by the immune system as a immunostimulatory  

DAMP/“danger signal” (see below) 35. However, oxidative stress is a double-edged sword 

that can also lead to counterproductive states of chronic inflammation and pro-tumoral 

tissue repair 36,37. Hence, targeted delivery of immunostimulatory molecules is required 

to activate cytotoxic anticancer responses without systemic toxicity. Research has also 
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been focused on screening potent anticancer immunostimulatory drugs and evaluating 

their synergistic combination for immunotherapy 38. Co-administration of 

polyinosinic:polycytidylic acid (poly(I:C) or pIC) and imiquimod (R837) was identified 

as one of the most powerful combinations of immunostimulatory TLR agonist for 

anticancer applications 39. Poly(I:C) and R837 are synergistic TLR agonists (TLRa) for 

TLR3 and TLR7, which are TLRs that co-localize in intracellular endolysosomal 

compartments 40,41. Previous research from our group demonstrated that the mIONP-

based systems are trafficked into these  compartments  and co-localise with the TLR 

receptors 42, making them ideal vehicles for TLR3/7 drug delivery 43. 

4.2.2.1. Poly(I:C) capture  

Poly (I:C) is a synthetic analogue of viral dsRNA  recognized by TLR3 localized in 

endolysosome compartments of immune cells such as DC, T cells or macrophages 38. 

Activation of TLR3 by poly I:C in DCs culminates in the production of proinflammatory 

cytokines (IFNγ, TNFa and IL-6) as well as increased membrane expression of co-

stimulatory CD80/86 and cytokine receptor CCR7 to orchestrate innate and adaptive 

immunity. Previous research from our group had observed that DC stimulation was 

greatly enhanced through mIONP + pIC combination 25. pIC has also been shown to 

induce cell proliferation inhibition and apoptosis in some cancer cells 40.  

Poly (I:C) structure contains repetitive negatively charged phosphate moieties (Fig. 2.13, 

a; See Chapter 2). These moieties can be captured by the positively charged surface of 

mIONP-TAP. Various concentrations of pIC (0- 500 µg/mL) were combined with 

mIONP-TAP ([IONP] = 0.5 µM) and left overnight to self-assembly. After removing 

excess pIC by ultracentrifuge (see Materials and Methods), the results showed that 

mIONP-TAP could efficiently capture and retain up to 500 µg/mL of pIC (Fig. 4.6). The 

obtained mIONP-TAP-pIC (from here on mIONP-pIC) system proved stable for at least 

seven days in PBS. Only a slight degree of aggregation could be observed when mIONP-

TAP were combined with pIC concentrations above 200 µg/mL (Fig. 4.6, a-c). Poly(I:C) 

capture was confirmed by UV-Vis analysis (poly IC shows absorption peaks at 245 and 

267 nm) (Fig 4.6, d-e) and quantitatively determined upon its hydrolyzation at basic pH 

(0.1 M NaOH; absorption peaks of hydrolysed pIC shift to 260 nm) (Fig. 4.6, f-i) (see 

Materials and Methods).  
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Figure 4.6. mIONP-pIC self-assembly characterization. Hydrodynamic size 

characterization by DLS of IONP-TAP functionalized with increasing amounts of pIC 

(mIONP-pIC); crude product just after synthesis (Crude) and after purification (Pure) at 

days 0 (D0) and 7 (D7) stored at 4°C in PBS: (a) particle size mean by intensity and (b) 

polydispersity index (PDI); (c) particle size mean by number after purification. (d) 

Absorbance spectra comparison between mIONP-DOTAP and mIONP-pIC after 

purification, indicating the effective capture of pIC. (e) Typical pIC absorption spectra. 

(f) pIC absorption peaks after digestion in basic environment (λ = 260 nm) and (h) linear 

regression made to determine the (i) pIC capture yield in the mIONPs surface (%).  

4.2.2.2. Imiquimod capture  

Imiquimod is a small synthetic derivative of imidazoquinoxaline (Fig 4.7, a). It functions 

as an agonist of TLR7 localized in endolysosome compartments of immune cells such as 

DC, T-cells or macrophages. Activation of TLR7 by R837 results in the production of 

potentiators of cytotoxic immunity like IFN-γ as well as increased immune cell 

proliferation and membrane expression of co-stimulatory CD80/86 44. Combinatory pIC-
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R837 treatments have been shown to drive strong immunostimulatory profiles 41. 

Previous research from our group had observed that immunostimulation was further 

enhanced through mIONP- delivery of pIC + R837 combination 43. Imiquimod has also 

been shown to induce apoptosis in some cancer cells 45 and to sensitize cancer cells to 

oxidative damage 46.  

Base-to-base interactions and hydrogen bonding is proposed to mediate R837 

intercalation into pIC chains 43. mIONP-pIC ([IONP] = 0.5 µM) and excess R837 

concentrations (250 µg/mL) were left overnight to self-assemble. After removing non-

retained R837 by ultracentrifuge (see Materials and Methods), the product obtained, 

mIONP-pIC-R837, displayed complete stability after 14 days of storage in PBS (Fig. 4.7, 

a-c). The system displayed low polydispersity like mIONP-TAP and mIONP-pIC 

systems. R837 shows an absorbance peak at 320 nm that allows for quantitative analysis 

by UV-Vis (Fig. 4.7, d-f). Owing to the weaker nature of pIC-R837 interactions and the 

limited number of interaction sites, capture yield by mIONP-pIC proved relatively low 

(Fig. 4.7, h). However, as we show in our in vitro cellular tests (see below), very little 

R837 amounts are required for mIONP-pIC-R837 to drive powerful anticancer immune 

responses. 
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Figure 4.7. mIONP-PIC-R837 self-assembly characterization. (a) Chemical structure 

of imiquimod (R837). (b-d) Hydrodynamic size characterization by DLS of mIONP-

DOTAP micelles functionalized with pIC and R837 (mIONP-pIC-R837), after synthesis 

and purification at days 0 (D0), 7 (D7) and 14 (D14) in PBS at 4°C: (b) particle size 

mean by intensity, (c) PDI, and (d) particle size mean by number. Data are presented as 

an average of three readouts. Absorbance spectra comparison between (e) mIONP-

DOTAP and mIONP-pIC, (f) mIONP-pIC-R837 and mIONP-pIC, and (g) and mIONP-

pIC-R837 and mIONP after purification, indicating effective capture of both pIC and 

R837. Final capture yield (%) of (h) pIC (measured upon basic digestion) and (i) R837 

(measured at λ = 320 nm prior to digestion).  

4.2.3. mIONP biological activity evaluation  

4.2.3.1. Effects on tumor cell intracellular redox balance  

Cystine is a key precursor for intracellular antioxidant GSH production. The molecule 

enters the cell through cysteine-glutamate antiporter (Fig. 4.8, a). GSH functions as the 

substrate of the enzyme glutathione peroxidase-4 (GPX4), which catalyses intracellular 

reduction and detoxification of H2O2 and ROS (Fig. 4.8, a) 47. Excess redox stress against 
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cells with deficient intracellular antioxidant protection will induce the accumulation of 

irreparable oxidative damage and trigger ferroptosis 48,49. 

The accelerated metabolism of cancer cells is linked to large intracellular ROS 

concentrations. This yields a delicate state of redox homeostasis that can be exploited by 

oxidative stress-inducing therapies 4. To evaluate their susceptibility to ferroptosis cell 

death, murine melanoma B16-F10(OVA) were treated with cystine depleting agent 

Erastin. Erastin binds to cysteine-glutamate antiporter and impedes intracellular cysteine 

uptake (Fig. 4.8, a). After a 24-hour treatment, melanoma viability was evaluated using 

previously described colorimetric MTT assays (see Materials and Methods). The 

experiments showed that Erastin-mediated cystine depletion triggered significantly 

higher melanoma cell death. In comparison, murine macrophages RAW264.7 

demonstrated higher oxidative resistance towards ROS-mediated damage (Fig. 4.8, b). 

This is consistent with previous research, which reports that macrophages are designed 

to survive and achieve self-protection against oxidative stress 37,50. Hence, these results 

confirm the tumor-specific character of ferroptosis-inducing cancer therapies.  

It was thus sought to evaluate the ferroptosis-inducing features of mIONPs. The 

melanoma cells were first administered increasing concentrations of Erastin for 24-hours 

and then treated with mIONP-COOH ([Fe] = 0.5 mM) for another 24 hours. Cell viability 

was evaluated using MTT assays after treatment. The results showed that mIONP 

administration alone was unable to trigger strong cytotoxic effects in the melanoma cells. 

However, these cytotoxic effects were significantly enhanced in melanoma cells 

previously treated with Erastin (Fig. 4.8, c). Accumulation of lipid hydroperoxides in the 

cell membrane could be revealed by previously described Flow Cytometry assays (see 

Materials and Methods). Liperfluo™ dye was loaded into the cells after treatment. Once 

loaded, the dye turns fluorescent when selectively oxidated by lipid hydroperoxides as a 

sign of accumulated oxidative damage (see Chapter 3). Cancer cells showed increasing 

signs of membrane lipid peroxidation following cysteine depletion by Erastin and 

oxidative mIONP treatments (Figure 4.8, d).  
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Figure 4.8. mIONP induce cancer-specific sensitization towards ferroptosis. a) 

Effects of Erastin on the cell viability of RAW 264.7 (blue bars) and B16-F10(OVA) 

(green bars) in their respective monocultures, after 24 h of exposure as determined by 

MTT assay. Data was normalized to the absence of treatment. b) Effects of mIONPs on 

the cell viability of B16-F10(OVA) after 24 hours of exposure upon 24 h preconditioning 

with increasing concentrations of Erastin (stripped red bars). Concentration used for 

IONP was 39 µg/mL. Data was normalized to the absence of mIONP treatment for each 

Erastin concentration (solid green bars). Data are shown as mean ± SEM (n = 4). c) 

Effects of mIONPs on cell lipid peroxidation as measured by fluorescent positive cell 

populations using Liperfluo. Concentrations used for IONP was 78 µg/mL, for Erastin 

was 1.25 µM. Cumene hydroperoxide (100 µM) was used as positive control. 

4.2.3.2. Effects on macrophage-melanoma co-cultures 

In the sections that follow, mIONP-based therapies are evaluated in different murine 

melanoma B16-F10(OVA) and murine macrophage RAW264.7 co-culture set-ups. 

Previous research has reported that M2-to-M1 macrophage repolarization is crucial to 

immunotherapy success 14–16. Pro-tumoral TAMs constitute a major fraction of the cells 

found in the TME and take an active role in facilitating tumor growth and in mechanisms 

of immune suppression  1,13. Hence, macrophage-melanoma co-cultures offer a closer 

resemblance to the reality of the TME than cell monocultures. To better elucidate the 
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effects of mIONPs on macrophage-melanoma dynamics, the two cell lines will be co-

cultured maintaining two different degrees of intercellular contact: (i) non-contacting cell 

co-cultures, where the two cell lines are separated by a membrane but left to communicate 

through long-distance signalling; and (ii) contacting co-cultures, where close-range cell-

to-cell contact is enabled (see Materials and Methods).  

B16-F10(OVA) cells are derived from a cell strand known for their distinctively 

aggressive and low immunogenic character 51,52 and RAW264.7 cells are also one of 

the most used cell lines for investigating the antitumor effects of macrophages 53. 

Anticancer macrophage activation will be estimated by quantifying the production of M1-

like immunostimulatory tumor necrosis factor-α (TNF-α) and M2-like 

immunosuppressive interleukin 10 (IL-10) cytokines 13.  

4.2.3.2.1. Non-contacting cell co-cultures  

B16-F10-OVA and RAW264.7 cells were co-cultured in separate compartments in a 

transwell system (Fig. 4.9, a). The cells were separated by a porous membrane (<300nm) 

that impeded cell-to-cell contact and migration but allowed for long-distance biochemical 

signalling.  

In these conditions, gold-standard chemotherapy drug cisplatin triggered very high rates 

of macrophage cell death while inducing none-to-low cytotoxicity to cancer cells (Fig. 

4.9, b-c). Although treatment with pIC led to high increases in pro-inflammatory TNFα 

secretion (Fig. 4.9, c), indicative of M1-macrophage polarization, this rendered no effects 

on cancer cell viability. mIONPs were the only treatment providing for a slight decrease 

in cancer cell viability, comparable to cisplatin at highest dosage (100 µM) (Fig. 4.9, b), 

while maintaining macrophage viability. All treatments remained at baseline levels for 

immunosuppressive IL-10 release (Fig. 4.9, e). Overall, indirect co-cultures rendered 

therapeutic effects equivalent to monocultures.  
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Figure 4.9. Distant cancer and immune cell co-culture limits the therapeutic action of 

mIONP treatments. (a) Schematic representation of B16-F10(OVA) and RAW 264.7 

transmembrane co-culture set-up. Comparison of b) B16-F10(OVA) and c) RAW 264.7 

cell viability in monoculture (M, solid bars) or transmembrane co-culture (C, stripped 

bars), represented as subtraction from normalized necrotic cell death triggered upon 

treatment. TNF-α and IL-10 cytokine levels were measured using commercial ELISA kits 

(see Materials and Methods). 

4.2.3.2.2. Contacting co-cultures 

B16-F10-OVA and RAW264.7 cells were co-cultured in the same well (Fig. 4.10, a). The 

cells were under direct cell-to-cell contact allowing immediate biochemical signalling 

and intercellular interaction (see Materials and Methods).  

Again, cisplatin triggered very high levels of macrophage cell death but it was unable to 

induce cytotoxic effects in the melanoma cells (Fig. 4.10, a-b). However, mIONP 

administration now was able to decrease cell viability to a similar extent in both the cancer 

cells and the macrophages. Individual treatments of pIC or R837, although 

immunostimulatory (Fig. 4.10, c), did not affect cell viability. However, pIC-R837 
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treatment resulted in increased levels of TNFα and cancer cell death without affecting 

macrophage cell viability. mIONP-pIC-R837 treatments maximized the effects of its 

individual components, resulting in a synergistic response that killed the cancer cell 

population retaining high (ca. 70%) macrophage cell viability. Although the pIC-R837 

treatment resulted in increased levels of pro-inflammatory TNFα, it also increased the 

levels of IL-10, a cytokine traditionally considered immunosuppressive due to its anti-

inflammatory properties (Fig. 4.10, d). Instead, mIONP-pIC-R837 treatment resulted in 

increased production of TNF-α without increasing IL-10 levels.  

These studies showed that the mIONP-pIC-R837 system is more effective inducing 

anticancer effects under the cell-cell contact interactions that can take place in the TEM. 

Indeed, the short-lived ROS reactivity cannot survive long distances 54 and direct 

phagocytotic action by M1-activated macrophages is prevented by the membrane. IONP 

administration sensitized cancer cells to ferroptosis and synergized with powerful 

immunostimulatory cocktails to drive macrophage activation for cancer cell cytotoxicity.  

 

 



 169 

 

Figure 4.10. Treatments of mIONP-pIC-R837 enable powerful anticancer action 

leading to tumor cell annihilation. (a) schematic representation of B16-F10(OVA) and 

RAW 264.7 direct co-culture set-up. Cell viability was measured by flow cytometry 

following 24 h treatment. b) B16-F10(OVA) melanoma cells and c) RAW 264.7 

macrophages in cell-to-cell contact co-culture approach (77 µg/mL magnetite = 1 mM 

of [Fe]). Data are shown as mean ± SEM (n = 3). d,e) Cytokine levels elicited upon 

treatment under cell-to-cell contact co-culture approaches for d) TNF-α and e) IL-10. 77 

µg/mL magnetite = 1 mM of Fe. Data are shown as mean ± SEM (n =3). TNF-α and IL-

10 cytokine levels were measured using commercial ELISA kits (see Materials and 

Methods). mIONP-pIC-R837 was administered at concentrations of 77 µg/mL magnetite 

(1 mM of [Fe]), 40 µg/mL pIC and 3 µg/mL R837.   
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4.2.3.3. In Vivo molecular imaging studies and anticancer therapy  

Immunostimulatory mIONP-pIC-R837 particles formed and characterized above were 

administered in vivo in combination with various state-of-the-art immunotherapies. These 

studies were performed by Dr. Ane Ruiz-de-Angulo and Dr. Jordi Llop’s research group 

at CIC biomaGUNE (Spain) 33. These studies included strategies for:  

• IONP radiolabelling for biodistribution imaging studies: As discussed in 

previous chapters, the magnetite core of our mIONPs can be doped with 67Ga 

radiotracers for IONP biodistribution to be monitored and characterized by non-

invasive MRI and PET/SPECT in vivo (see Chapter 2) 25.  

• Elucidating the contribution of “stealth” immunomodulatory drug delivery: 

Redox catalysed mIONP disassembly will reveal the “stealth” 

immunostimulatory features of the device (see Chapter 2). As previously 

discussed, the inner hydrophobic core of our mIONPs can be recognized by the 

innate immune system as immunostimulatory DAMP 35. Accessibility to the 

hydrophobic sites is sought to stimulate the immune system reaction and enhance 

immunotherapy.  

• IONVs designed to enhance tumor antigen cross presentation by DCs : In an 

attempt to expand on the previous work of our group25, the melanoma B16-

F10(OVA) cells used in vivo studies are engineered to express ovalbumin (OVA) 

as model tumor antigen. Our previous studies showed that OVA-presenting 

mIONPs nanovaccines (mIONP-OVA) promoted potent OVA-specific antitumor 

immune responses 25. Combinations of the mIONP-TLRa systems described 

above with variations of the mIONP-OVA system (synthetized by our 

collaborator Dr. Ane Ruiz-De-Angulo in CIC biomaGUNE, Spain) is now studied 

to optimise the efficacy of these nanovaccines. 

• ICB antibody combination therapies: B16-F10(OVA) melanomas are known 

to be PD-L1+ (Fig. S4.3) and thus potentially susceptible to anti-PD-L1 ICB 

therapy. Hence, ICB and IONVs combination therapies are sought to maximize 

immunotherapy benefits. 
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4.2.3.3.1. Treatment biodistribution 

Previous studies from our group showed that magnetite can accommodate 67Ga 

radiotracers given the comparable size of Ga(III) and Fe(III) to ions 25. This process 

involved the reaction of the radiocation [67Ga][Ga(H2O)6]Cl3 (aq.) obtained on-site with 

mIONPs at 70 °C for 30 min. Following purification by ultracentrifugation, IONP 67Ga-

doping could be achieved with very good yield (Fig. 4.11, a-b). The 67Ga-doped mIONPs 

showed excellent stability, as less than 10% of the bound 67Ga was released over 24 h 

even when challenged with 106-fold molar excess of DOTA chelator (Fig. 4.11, a, c).  

Different TLRa-loaded mIONP systems (mIONP-TLRa), including mIONP-pIC-R837, 

and mIONP-OVA were confirmed to accumulate in the targeted tumor-site as well as in 

crucial immune cell-rich tissues such as spleen and lymph nodes, indicative of effective 

lymphatic trafficking, immune cell activation and processing 55 (Fig. 4.11, d-f; S4.2). 
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Figure 4.11. Radiolabelling and SPECT/CT tracking of mIONP-TLRa/OVA. (a-c) The 

radiocation [67Ga][Ga(H2O)6]Cl3(aq.) is loaded by heating with the OVA/TLRa-IONP 

micelles and following purification by ultrafiltration. (c) The chelator DOTA (in 106 

molar excess relative to IONP) is able to remove < 10% of the IONP-bound 67Ga over a 

24 h period. (d-f) Biodistribution study of 67Ga labeled mIONP-TLRa (23.6 μg of 

magnetite) injected in the hock of melanoma tumor bearing mice by subcutaneous 

administration. d) SPECT/CT images 3 h, 24 h and 48 h post injection (coronal and 

sagittal views). Ex vivo analysis by (e) SPECT/CT and (f) gamma counter 48 h after 

injection. T, tumor; bLN, brachial LN; aLN, axillary LN; Lu, lungs; L, liver; S, spleen; 

K, kidneys; iLN, iliac LN; sLN, sciatic LN; inLN, inguinal LN; pLN, popliteal LN; 

injection site (I). These studies were performed and published with the help of our 

collaborators in the research institutes of CIC bioGUNE, in Derio (Spain), and CIC 

biomaGUNE, in Donostia (Spain) 33. 

4.2.3.3.2. “Stealth” DAMP delivery and particle size 

To evaluate the effects of “stealth” DAMP delivery by the mIONPs, administration of 

mIONPs coated with PEG-OMe phospholipids (see Materials and Methods) was 
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compared to mIONPs coated with more strongly micelle stabilising PEGylated 

poly(maleic anhydride-alt-1-octadecene) phospholipids (PMAO-PEG) (mIONP-trapped; 

synthetized by Dr. Ane Ruiz de Angulo, CIC biomaGUNE). The maleic acid-rich 

structure of the mIONP-trapped coating is expected to form dense, close-packed 

polymeric micelles 56, thus limiting accessibility to inner hydrophobic sites. mIONP-

trapped synthesis followed previously stablished methods of self-assembly through dry 

film hydration 57.  

Indeed, the much more accessible hydrophobic core of mIONPs promoted an enhanced 

therapeutic response (Fig 4.12, b). mIONPs also provided improved therapeutic response 

compared to ferumoxytol, which consists of IONPs coated with hydrophilic 

carboxymethyl-dextran, confirming the importance of the “stealth” hydrophobic IONP 

coating (Fig. 4.12, c) 58. Finally, large mIONP particles (mIONP-big; synthetized by Dr. 

Ane Ruiz de Angulo, CIC biomaGUNE) containing IONP cores of 20 nm instead of 6-7 

nm (see Chapter 2) abrogated the therapeutic effects of mIONPs due to inefficient 

biodistribution (Figure 4.12, b; S4.1) 33. 

 

Figure 4.12. In vivo therapeutic effects derived from ‘‘stealth’’ hydrophobic IONP 

coating and size. C57BL/6 mice (n = 5) were treated on days 7, 10, and 13 after B16-

F10(OVA) cells injection in the right back. (a) intrinsic adjuvant activity of mIONP was 

analyzed by treating animals with 10 mg of OVA antigen alone (IT) or in combination (as 

protein corona adsorbed by the nanoparticle) with mIONP (SC injection into the hock 

[ankle]; 61 mg magnetite); (c) nanoparticle size and exposure of coating was studied by 

injecting animals with different IONP-filled micelle designs (101 mg magnetite) 
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peritumorally (SC, 2 cm from tumor); and (c) the effect of IONP coating nature was 

examined by comparing the co-administration (SC, right back) of B16-F10(OVA) cancer 

cells with ferumoxytol or mIONPs (12 mg Fe/kg, 332 mg magnetite). (a–c) Results are 

shown as average tumor growth curves (upper graphs) and Kaplan-Meier survival curves 

for each case group (lower graphs). Arrows indicate the days of therapy administration. 

Data are shown as mean ± SEM. These studies were performed and published with the 

help of our collaborators in the research institutes of CIC bioGUNE, in Derio (Spain), 

and CIC biomaGUNE, in Donostia (Spain) 33. 

4.2.3.3.3. Antigen cross-presentation and immunostimulatory improvement by 

IONVs 

As previously discussed, ROS-mediated endosome destabilization in activated DCs can 

facilitate antigen release for cross-presentation improving the activation of 

CD8+ cytotoxic T cells 19. Hence, it is reasonable that the peroxidative-like features of 

the IONP could be contributing to the improved DC activation and enhanced 

CD8+ cytotoxic T cell responses achieved by  previous mIONP-OVA systems 25. These 

new in vivo studies show that the mIONP-OVA system improves the therapeutic 

outcomes, even that mIONP alone is as effective as intratumorally administered OVA-

antigen (Fig. 4.12, a). IONVs were shown to elicit long-term adaptive immunity as shown 

by increased OVA antigen presentation by immune cells as well as increased TNFα and 

IFNγ production (Fig. S4). To investigate the importance of the antigen attachment mode, 

mice were treated with IONVs based on OVA adsorbed to the mIONPs as a corona 

(mIONP-OVA(ads)) and its covalent conjugation by hydrazone linkages (mIONP-

OVA(hyd)). Hydrazones are moieties sensitive to the pH of endolysosomes and thus used 

for site-specific drug-delivery 59 (see Chapter I). Although co-administration with 

adjuvant mIONP-polyIC-R837 for both mIONP-OVA(ads) or mIONP-OVA(hyd) 

significantly suppressed tumor growth (Fig. 4.13, a), only mice in the mIONP-

OVA(hyd)-treated group achieved complete tumor regression (CR 40%) (Fig. 4.13, b-c). 

These findings reveal that hydrazone bioconjugation chemistry optimizes therapeutic 

immune responses to the IONVs. Having established these therapeutic IONV features, 

other biocompatible nanoparticles like AuNPs were considered as they had been 

previously used for nanovaccine development 60. PEI is a well-studied cationic polymer 

shown to promote diverse immunostimulatory mechanisms, including the triggering of 

adjuvant “danger signals” and ROS 61,62. Our group developed PEI-modified AuNPs 
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suitable for capturing the anionic polyIC-R837 adjuvant (Au@PEI-pIC-R837; 

synthetized by Dr. Ane Ruiz de Angulo, CIC biomaGUNE) by exploiting PEI´s positive 

charge. The AuNPs@PEI-polyIC-R837 complexes had an optimal size for effective 

lymphatic delivery 33. However, AuNP@PEI- polyIC-R837 complexes were not able to 

replicate the adjuvant effects of mIONP-polyIC-R837 in neither average tumor growth 

decrease (4.13, a, c) nor survival rates (4.13, b). Hence, these findings highlight the 

intrinsic contributions to therapy arising from the IONP core. As it was observed in 

sections above, PEI-coated gold nanoparticles displayed little peroxidative activity in 

comparison to the IONP (Fig. 4.5).  

 

Figure 4.13. Therapeutic contribution of adjuvant “stealth” material and optimized 

antigen nanoparticle attachment. C57BL/6 mice (n = 5) treated after B16-F10(OVA) 

cells injection in the right back with OVA protein adsorbed onto mIONPs (mIONP-

OVA(ads)) or conjugated to mIONP by hydrazone linkages (mIONP-OVA(hyd)), either 

alone or co-administered with adjuvants (mIONP-pIC-R837 or AuNP@PEI-pIC-R837). 

(a) Average tumor growth, (b) Kaplan-Meier survival plot and (c) individual tumor 

growth curves. CR: complete regression. Arrows indicate the days (day 7, 10 and 13) of 

therapy administration. Data are shown as mean ± SEM. These studies were performed 

and published with the help of our collaborators in the research institutes of CIC 

bioGUNE, in Derio (Spain), and CIC biomaGUNE, in Donostia (Spain) 33. 
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4.2.3.3.4. State-of-the-art ICB combination therapy synergies  

ICB immunotherapies have recently emerged as a relevant pillar of cancer treatment. 

As discussed above, the blockade of the inhibitory PD-L1/PD-1 checkpoint offers 

crucial means to “release the brake” of T-cell activity in the TME. Immunotherapy-

activated T-cells secrete IFN-γ, which promotes tumor cell lipid peroxidation and 

sensitizes tumors to ferroptosis 63. Hence, targeting ferroptosis offers a new perspective 

for ICB immunotherapy improvement. Also, new generations of ICB therapies have 

moved to integrate agents that can stimulate and promote activation pathways to boost 

antitumor immunity 64. In this context, agonistic anti-OX40 antibodies (aOX40) are being 

evaluated as means to  favor CD8+ T-cell expansion while inhibiting immunosuppressive 

Tregs 65,66. Immunotherapies that simultaneously stimulate and deactivate suppressing 

mechanisms of the immune system system have reported very promising benefits in the 

clinic (see Chapter I)  67,68. On the basis of these studies, we explored the combination of 

IONVs with an antagonistic anti-PD-L1 (aPD-L1) and aOX40 antibodies. 

To confirm the expression of OX40 and PD-L1 in the TME, aPD-L1 and aOX40 

monoclonal antibodies were radiolabeled with 89Zr following previously stablished 

methods using p-isothiocyanatobenzyl-desferrioxamine chelators 69. 89Zr-immuno-

positron emission tomography (PET) imaging revealed high uptake of both 

radiolabeled antibodies in the tumor and in the spleen (Fig. S4.3), thus suggesting 

susceptibility to the combination immunotherapy.   

To study the eradication of established melanoma tumors, mice were treated with IONVs, 

and, on days 1 and 4 after each vaccination, with aPD-L1 administered (100 mg) 

intraperitoneally. Although IONVs alone induced delayed tumor growth, all mice 

eventually developed the tumor. However, when IONVs were combined with the aPD-

L1 treatment, 40% of mice remained tumor-free after 90 days (Fig. 4.14, a-c). To evaluate 

the efficacy of IONVs in combination with aOX40 antibodies against stablished tumors, 

mice were co-treated with an ultra-low dose of aOX40 antibody (10 mg) intratumorally 

and the IONVs administered subcutaneously at a tumor-distant site. Again, the results 

show complete tumor regression for 20% of the mice (4.14, b) and significantly reduced 

tumor growth (4.14, a, c) compared to monotherapy or aOX40 and aPD-L1 combination 

controls. In addition, the surviving mice populations acquired long-term protection 
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against tumor rechallenge (90 days after first tumor challenge) and remained tumor-free 

for 30 days (Fig 4.14, d-e). It is reasonable to consider that complete IONV, aPD-L1 

and aOX40 combination therapies could provide even better results. 

 

Figure 4.14. Synergistic combination of IONV treatment with state-of-the-art ICB 

therapies. C57BL/6 mice (n = 5) were inoculated with 3 × 105 B16-F10(OVA) cells and 

treated with nanovaccines (10 μg of OVA, 4 μg of pIC, and 2 μg of R837; 42 μg of 

magnetite) on days 4, 11, and 18. 100 μg of anti-PD-L1 and 10 μg of anti-OX40 were 

administered on days 1 and 4 after each immunization. (a) Average tumor growth, (b) 

Kaplan-Meier survival plot, and (c) individual tumor growth curves. (d) Average tumor 

growth and (e) Kaplan-Meier survival plot following re-challenge of melanoma cells in 

the contralateral back of cured mice. CR, complete regression. Arrows indicate the days 

of nanovaccines (black) and checkpoint inhibitors (blue) administration. Data are shown 

as mean ± SEM. These studies were performed and published with the help of our 

collaborators in the research institutes of CIC bioGUNE, in Derio (Spain), and CIC 

biomaGUNE, in Donostia (Spain) 33. 

  



 178 

4.3. Conclusions 

The work in this chapter is indicative of how IONV engineering offers feasible means to 

unite and synergise concurrently state-of-the-art strategies for cancer immunotherapy. 

IONV features that contributed to therapy enhancement can be itemized to rationalize 

further approaches of optimization. In summary: 

• Positively charged mIONP-TAP suspensions were formed using well-stablished 

dry film hydration methods. Through electrostatic self-assembly strategies, 

mIONP-TAP could capture and deliver potent pIC and R837 immunotherapy 

TLRa cocktails. The resulting mIONP-pIC-R837 demonstrated optimal size and 

stability for systemic administration in vivo. The magnetite structure allows 

radiolabelling through Ga(III) doping for non-invasive SPECT studies, which 

confirmed that IONP-based treatments accumulated into the tumor and other key 

immunological sites (spleen and lymph nodes). 

• The IONP core showed strong peroxidase-like activity. Its administration in vitro 

was shown to induce membrane lipid hydroperoxide accumulation and cancer-

specific sensitization to cell death induction by oxidative damage and ferroptosis 

whilst remaining well-tolerated by macrophages.  

• In cancer cell-macrophage co-cultures, the mIONP enhanced macrophage 

activation for antitumor cytotoxicity and synergized with potent TLRa adjuvants 

culminating in cancer cell killing efficacy that was near 100% while retaining high 

(ca. 70%) macrophage viability. mIONP-pIC-R837 treatments induced the release 

of immunostimulatory TNFα while maintaining baseline levels of 

immunosuppressive IL-10, thus indicating M1-like macrophage activation. In 

sharp contrast, widely-used chemotherapy drug cisplatin killed the macrophage 

cell population without compromising the melanoma cell viability. 

• Iron catalysis offers the possibility to induce site-specific mIONP breakdown, 

ROS and “stealth” DAMP delivery. Indeed, the absence of hydrophobicity and 

limited peroxidative-like properties of ferumoxytol or Au@PEI NPs failed to 

reproduce the therapeutic benefits of mIONPs. 

• Our results suggest that IONP-enabled peroxidase-like activity and smart pH-

responsive hydrazone bioconjugation can provide enhanced antigen delivery and 



 179 

cross-presentation. The studies showed increased immune cell maturation and 

cytotoxic cytokine signalling. 

• IONV synergized with suboptimal state-of-the-art ICB therapies achieving 

complete cancer regression and long-lasting immunity protection against 

rechallenge. 

Our findings demonstrate the suitability of our chemically programmable IONVs to act 

as generalizable platforms for effective cancer immunotherapy  



 180 

4.4. Supporting information  

 

Figure S4.1. Changes in IONP size affect vaccine biodistribution. C57BL/6 mice (n = 

2) were administered with mIONP-big micelles (9.2 µg of magnetite) subcutaneously in 

the left hock. SPECT/CT images of representative mouse (a) 3 h and (b) 24 h after 

injection. (c) Photograph of selected harvested organs, (d) SPECT/CT images of the 

extracted organs and (e) biodistribution expressed as injected dose percentage per gram 

of tissue. bLN, brachial LN; aLN, axillary LN; Lu, lungs; L, liver; S, spleen; K, kidneys; 

iliac LN; sLN, sciatic LN; inLN, inguinal LN; pLN, popliteal LN; injection site (I). Image 

extracted from  33. 
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Figure S4.2. Biodistribution analysis of differently functionalized nanovaccines 

administered subcutaneously in tumor bearing mice. (a) mIONP-pIC-R837 micelles 

administered peritumorally (4.68 µg of magnetite) and analyzed after 24 h; (b) mIONP-

CpG micelles injected in the right flank (23.6 µg of magnetite, 48 h); and (c) mIONP-

OVA micelles injected in the right hind limb (hock, 15.6 µg of magnetite, 48h). bLN, 

brachial LN; aLN, axillary LN; iLN, iliac LN; sLN, sciatic LN; inLN, inguinal LN; pLN, 

popliteal LN. Image extracted from  33. 
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Figure S4.3. In vivo detection PD-L1 and OX40 immune receptors expression by 

immuno-PET imaging and subsequent analysis of infiltrating immune cells allowed 

characterization of TME status (a) PET images were acquired 24, 48, and 72 h after 

administration of the radiolabeled anti-PD-L1 and anti-OX40 antibodies (80–100 mg). 

(b–e) (c) Antibody accumulation in tumor and spleen expressed as injected dose 

percentage per cm3 (% ID/cm3). Analysis of immune cells phenotype found in the spleen, 

TME and TDLN: (C) CD4+ and CD8+ T cell percentages, (d) OX40+ T cell percentages, 

and (e) activation profile of CD4+OX40+ T cells. Data are shown as mean ± SEM (n = 

7). Image extracted from  33. 
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Figure S4.4. Long-term adaptive immune response elicited by nanovaccines. C57BL/6 

female mice (n = 5) were subcutaneously immunized with 5 µg of OVA, 12 µg of polyIC, 

4 µg of R837 alone or adsorbed to mIONPs on day 0 and 14 and, on day 21 were 

challenged with 3 x 105 B16-F10(OVA) cells. On day 84 after first immunization, animals 

were rechallenged with melanoma cells in the contralateral side. Six weeks later, mice 

were sacrificed, and blood and spleens were collected for further immune analysis. A) 

Effector (TEM) and central memory (TCM) CD8+ T cell percentages in spleen. 

SIINFEKL-specific (B, C) CD8+ and (D, E) TEM cells in (B, D) spleen and (C, E) blood. 

(F-I) Intracellular IFN-γ and TNF-α production and CD107a expression in (F, G) CD8+ 

and (H, I) CD4+ T cells after 5 h of incubation with 10 µg/mL of SIINFEKL peptide. 

Image extracted from  33. 
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5.1. Introduction 

Therapeutic cancer vaccines have seen renewed interest in recent years. Their aim is to 

induce antitumor cytotoxic immunity and establish long-term protection memory while 

showing minimal adverse reactions. However, tumor heterogeneity and tumor-induced 

immunosuppression pose strong challenges to this goal. The patient-specific 

characteristics of the tumor limits the prediction of generalizable targets for “off the shelf” 

vaccination. Better understanding on the tumor-immune system dynamics, the 

identification of new tumor-associated antigens (TAAs) and neoantigen targets, and the 

development of new drug delivery technologies have improved vaccine design. The 

improved availability of rapid and cost-effective sequencing, clinical bioinformatics 

technology and nanotechnology provide new opportunities for the identification, 

prediction and delivery of immunogenic tumor neoantigens which are highly specific to 

tumors of individual patients.  We reasoned there is considerable potential in combining 

redox stress-inducing therapies with potential to induce reprogramming of the tumor 

microenvironment and immunogenic cell death (ICD) with nanovaccines formulated with 

potent adjuvants and designed to enhance neoantigen processing and presentation. In this 

chapter, a new generation of mIONPs is developed, which by catalytic oxidative coupling 

between Fenton chemistry and polyunsaturated fatty acid (PUFA) lipid peroxidation is 

shown to induce oxidative stress and enhance ferroptosis. These new PUFA-bearing 

mIONPs are proven to be very effective triggering cell death in a panel of human and 

murine cancer cell lines in vitro. Neoantigen-presenting PUFA-bearing IONVs are 

developed and characterized. They are created exploiting thiol-maleimide linkages 

between the INOVs and the peptide neoantigens. These provide proof-of-concept 

demonstration of the suitability of mIONPs for development of both agents that catalyse 

ferroptosis and creating peptide-based, personalized neoantigen-based vaccines. The 

neoantigen vaccines are evaluated in vivo in the B16-F10 mouse melanoma model in a 

preliminary study. 

5.1.1. Neoantigen cancer vaccines 

The aberrant growth of the cancer tissue results in progressive accumulation of mutations 

and tumor-associated antigens (TAAs). TAAs are antigens overexpressed in tumors and 

thus can serve as potential targets for antigen specific cancer immunotherapy. A 
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subcategory of TAAs are tumor-specific antigens (TSAs) or neoantigens 1, which are 

unique of the tumor tissue. Thus, the major advantage of creating neoantigen-based 

vaccines is that they will not be subjected to the immune dampening effects of self-central 

tolerance or autoimmunity. However, not all antigens are immunogenic - not all antigens 

can be processed by the immune system to induce an immune response. The tumor 

mutation burden (TMB) is a recently defined calculation that accounts for the number of 

mutations per million nucleic acid bases found in the cancerous tissue. Since tumors with 

higher TMB are more likely to have higher immunogenic TAA and TSA loading, the 

TMB  has been proposed as important predictive biomarker for immunotherapy success 

2. Indeed, upon the accumulation of immunogenic TAAs and TSAs, the immune system 

surveillance is expected to recognize the malignant tissue and attack it. However, through 

the process known as immunoediting, the tumor acquires numerous protective 

mechanisms to contain and overcome cytotoxic immune system reactions 3. With the 

progression of the disease, the tumor becomes increasingly heterogeneous and develops 

cancer type- and patient-specific characteristics. All in all, these processes limit the 

identification of universal immunogenic targets for generalizable cancer immunotherapy 

and therapeutic vaccine development.  

The increasing potency of bioinformatics and the development of novel nanotechnology 

approaches enabled a boom in therapeutic cancer vaccine research (Fig. 5.1, a). By 

pooling large clinical databases, algorithm-based neoantigen identification and prediction 

provides increasing insights towards the finding of semi-universal neoantigens for “off 

the shelf” cancer vaccine production. Still, the immunogenicity of the predicted antigen 

load can be limited by tumor heterogeneity and immunoediting 4,5. Instead, personalized 

vaccine approaches are aimed at the identification of highly immunogenic neoantigens 

directly from the particularities of the patient tumor. However, these strategies can suffer 

from extended time delay as the process consists of several steps from diagnosis to 

therapy, including tumor tissue biopsy, neoantigen isolation, vaccine assembly and final 

vaccination (Fig. 5.1, b) 6. Therefore, there is a pressing medical need for the development 

of versatile vaccine scaffolds that can readily accommodate and deliver immunogenic 

antigens for cancer immunotherapy.  

This chapter studies establishes proof-of-concept demonstration of some strategies for 

using and potentially enhancing the efficacy of iron oxide nanovaccines (IONVs) as 
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carriers of predicted peptide neoantigens. The study uses the aggressive, poorly 

immunogenic, and widely used B16-F10 mouse melanoma model for the development of 

the rationally designed peptide-based neoantigen vaccine 7,8. B16-M30 and B16-M27 

have been identified as two immunogenic neoantigens for B16-F10 melanomas (Fig. 5.1, 

c-d) 9. The neoantigen-presenting IONVs are assembled using a click chemistry strategy 

based on thiol-maleimide linkages, 10  which will be easy to implement with any peptide 

neoantigen target(s) in future applications (see Chapter 2).  

 

Figure 5.1. Efficient tumor control and survival using cancer neoantigen vaccines. (a) 

Interest in cancer neoantigen vaccine research shown as number of scientific 

publications per year since year 2010. Data as sum of publications (limited to research 

articles only) registered in Scopus database using keywords: “cancer AND 

immunotherapy” (black bars) or “neoantigen AND cancer AND vaccine” (red bars). For 

2021 data compiled as of 19th October. (b) Workflow diagram for personalized 

neoantigen peptide vaccine development. (c-d) successful immunization against B16-F10 

murine melanoma using neoantigen vaccines showing (c) decreased tumor growth rates 

and increased survival rates, (d) prevention of lung metastasis. Image (b) extracted from 
11. Images (c-d) extracted from 9. 

5.1.2. Fenton chemistry and PUFA catalytic oxidative coupling  

Lipid peroxidation is a reactive oxygen species (ROS)-mediated chain reaction that 

results in increased lipid unsaturation and degradation. The reaction is initiated by free 
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electron radical stabilization between π-conjugated polyunsaturated hydrocarbons. 

Subsequent radical reaction with O2 yields a lipid peroxyl radical that can further 

propagate and oxidise the surrounding tissue. Free Fe2+ ions and iron oxide nanoparticles 

(IONPs) can further expand this oxidative reactivity through Fenton chemistry ROS 

regeneration (Fig. 5.2, a; see Chapter 2) 12,13. 

ROS generation has shown key connections with various pathways of intracellular redox 

stress, cancer cell killing and immunotherapy enhancement. Ferroptosis is ROS- and iron-

mediated mechanism of cell death triggered upon the accumulation of irreparable 

intracellular oxidative damage 14. Ferroptosis has been reported to offer safer mechanisms 

of cancer-specific cell death in comparison to classic cancer chemotherapy 15. Ferroptosis 

can lead to ICD and release TAA and immunostimulatory damage-associated molecular 

patterns (DAMP), which can act as an in situ tumor vaccine 16–18. ROS may also serve as 

“eat me” signals to induce immunogenic phagocytosis, a process by which immune cells 

can kill and scavenge cancer cells from the tumor-site 18–21. Indeed, PUFAs have been 

reported to induce ROS-mediated cancer cell killing through ferroptosis and potentiating 

cancer immunotherapies 22–24.  

Linoleic acid is an essential fatty acid that is readily obtained from vegetable oils, nuts 

and seeds. It has two π-conjugated double bonds (C18:2, Δ9,12) that facilitate free electron 

radical stabilization. Linoleic acid has been shown to enhance intracellular lipid 

peroxidation rates resulting in cancer cell mitochondrial dysfunction, chemotherapy 

enhancement and increased cancer cell death (Fig. 5.2, b-c) 24–26. In previous chapters, 

catalytic IONP Fenton chemistry has been demonstrated to enhance cancer therapies 

through cancer-specific oxidative damage, increased macrophage cytotoxic activation 

and improved antigen cross-presentation mechanisms 27. In this chapter, IONP Fenton 

chemistry will be coupled to linoleoyl lipid peroxidation as a boost for tumor ICD and 

IONVs immunotherapies.  
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Figure 5.2. Fenton chemistry and PUFA oxidative coupling. (a) Schematic 

representation of lipid peroxidation (LOOH) initiated by ROS and amplified by Fenton 

chemistry; (b) iron oxide (IO) and linoleic acid (LA and LAHP)-enabled lipid 

peroxidation yield significant decrease in brain tumor growth in vivo; (c-d) increasing 

linoleic acid concentrations decrease viability for (c) LoVo and (d) RKO colon cancer 

cells. Image (a) adapted from 12. Image (b) adapted from 13, Images (c-d) adapted from 
24. 
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5.2. Results and discussion 

5.2.1. IONP-based scaffolds: synthesis and characterization 

5.2.1.1. PUFA-rich IONVs  

PUFA-rich polyethylene glycol (PEG)-stabilized mIONP formation followed previously 

described methods of dry film hydration (see Materials and Methods). Typically, 1 mg of 

IONP would be mixed with 2 mg of PEG(2000 kDa)-phospholipids (PEG-PLs) of various 

chemical terminations (-COOH, -NH2 or -OMe) and 1 mg of dilinoleylmethyl-4-

dimethylaminobutyrate (DLin-MC3-DMA or DLin). DLin is an ionizable cationic 

compound (apparent pKa = 6.44) that contains two covalently bound polyunsaturated 

linoleoyl chains 28,29 (Fig. 5.3, b). DLin loading constituted a 66% molar fraction of the 

IONP lipid/phospholipid coating (linoleoyl loading equivalent to an 80% molar fraction).  

DLin was successfully loaded into mIONPs (mIONP-DLin) alongside PEG-PLs of 

various chemical terminations without compromising the stability of the system (Fig. 5.3, 

a). Qualitative PUFA mIONP enrichment was confirmed using previously described 

colorimetric methods based on 3,3′,5,5′-tetramethylbenzidine (TMB) oxidation (TMB+ 

shows a characteristic absorbance peak at 652 nm) (see Materials and Methods). TMB 

oxidation can be triggered by Ag+ reduction. However, polyunsaturated lipid chains can 

chelate free Ag+ ions in solution, thus preventing TMB oxidation (Fig. 5.3, c; see Chapter 

2) 30.  
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Figure 5.3. Characterization of dilinoleyl-enriched mIONP-DLin formulations. (a) 

Nanoparticle size distribution as percentage (%) of events by z-number from DLin-MC3-

DMA-rich IONP-filled suspensions combined with PEG-COOH-PL, PEG-OMe-PL or 

PEG-NH3-PL and physicochemical characterization summary. Representative values as 

mean ± SEM for at least three independent experiments as characterized by Dynamic 

Light Scattering (DLS). (b) Proposed schematic structure of mIONP-DLin-PEG 

particles. (c) Time course curves assessing TMB oxidation at 37°C by mIONP(COOH) 

(synthetized and characterized in Chapter 2) and mIONP-DLin(COOH) at [TMB] = 

830 uM and [Ag+] = 175 uM. Concentrations were [Fe] = 150 µM for both mIONPs 

systems. pH was controlled with sodium acetate (0.1M) buffer (pH=4.5). 

Representative values as mean ± SEM for at least three independent experiments as 

characterized by UV-Vis. 

5.2.1.1.1. Immunostimulatory drug capture  

Polyinosinic:polycytidylic acid (poly(I:C) or pIC) is a double-stranded ribonucleic acid 

chain that has demonstrated powerful immunostimulatory capacity for immune cell 

activation 31. Its phosphate-rich structure confers pIC a net negative charge. Following 

our previous studies, positively charged 2-dioleoyl-3-trimethylammonium-propane 

(DOTAP)-rich mIONPs (mIONP-TAP) can be used for pIC loading and successful 

systemic delivery in vivo (see Chapter 4) 27.  
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First, DLin-rich mIONP-TAP micelles (mIONP-DLin-TAP) were formed. The procedure 

used was based on the previously described methods of dry film hydration (see Materials 

and Methods). Typically, 1 mg of IONP would be mixed with 1.5 mg of PEG-OMe-PL, 

0.7 mg DOTAP and 0.8 mg of DLin-MC3-DMA. This resulted in the formation of 

positively charged mIONP-DLin-TAP nanoparticles of approximately 34 nm in size (Fig. 

5.4, d). Then, a range poly(I:C) (0-250 µg/mL) concentrations were combined with 

mIONP-DLin-TAP ([Fe] =2 mM) (Fig. 5.4, a-d) and left to self-assemble overnight. 

Excess non-bound pIC was removed by discarding the supernatant after 

ultracentrifugation (see Materials and Methods). The pellet, mIONP-DLin-TAP-pIC, was 

resuspended in aqueous media. UV-Vis characterization confirmed pIC capture (Fig. 5.4, 

e). Increasing polydispersity and particle size could be observed as a result of increasing 

pIC loading (Fig. 5.4, a-c). Transmission Electron Microscopy (TEM) imaging showed 

absence of particle aggregates for mIONP-DLin-TAP-pIC (Fig. 5.4, e-f) (see Materials 

and Methods).  
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Figure 5.4. Characterization of pIC-capturing dilinoleyl-enriched mIONP-DLin-TAP 

formulations. Nanoparticle size characterization by DLS mIONP-DLin-TAP 

functionalized with increasing amounts of pIC (mIONP-DLin-TAP-pIC) showing (a) 

particle size mean by z-intensity and (b) polydispersity index (PDI); (c) particle size mean 

by z-number. (d) Nanoparticle size distribution as percentage (%) of events by z-number, 

physicochemical characterization summary and (e) UV-Vis absorbance spectra before 

and after pIC functionalization of mIONP-DLin-TAP. (f-g) Representative mIONP-DLin-
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TAP-pIC imaging by TEM.  DLS characterization data shown as mean ± SEM for at least 

three independent experiments. 

5.2.1.1.2. Neoantigen-decoration of mIONP-DLin  

Functionalization of the mIONPs with the neoantigen peptide cocktail was achieved using 

previously described thiosuccinimide linkage strategies by the Michael addition reaction 

between a reduced thiol and maleimide (see Chapter 2). This bioconjugation route offers 

versatile and stable click chemistry cross-linking and is already present in various 

clinically-approved cancer therapy treatments 32,33.  

First, maleimide-presenting mIONP-DLin (mIONP-DLin(Mal)) were formed following 

previously described methods of dry-film hydration (see Materials and Methods). 

Typically, 1 mg of IONP would be mixed with: 2.5 mg of PEG(2000 kDa)-Maleimide 

(PEG-Mal) and 0.2 mg DLin-MC3-DMA. In the formulations described above, DLin 

proportion accounted for a molar 66% fraction of the IONP coating. To ensure an excess 

of reactive maleimide moieties in the PEGylated surface of our mIONPs, DLin content 

was limited to a molar 20% fraction. The procedure resulted in the formation of mIONP-

DLin(Mal) of ca. 40 nm (Fig. 5.5). 

 

Figure 5.5. Characterization of mIONP-DLin(Mal) formulations Nanoparticle size 

distribution as percentage (%) of events by z-number from mIONP-DLin-Mal 

suspensions and physicochemical characterization summary. Representative values as 

mean ± SEM for at least three independent experiments as characterized by DLS. 

B16-M30 and B16-M27 neoantigen proteins used for IONV development were custom-

synthetized (Sinopharma) to include a N-terminal thiol moiety. Following the previously 

described method of thiol-maleimide bioconjugation (see Materials and Methods), 
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mIONP-Mal (synthetized and characterized in Chapter 2) or mIONP-DLin(Mal) were 

combined with fresh solutions of thiol-containing peptide neoantigen cocktails. Mal-

presenting particles and neoantigens were mixed in a 1 : 9 : 9 molar ratio (IONP : B16-

M30 : B16-M27) and were left to react overnight at room temperature in PBS buffer (pH 

= 7.6) previously purged with N2 for a few minutes to remove the dissolved oxygen and 

supplemented with 5 mM EDTA to avoid metal-induced thiol oxidation. Free neoantigen 

excess was removed from neoantigen-decorated IONVs, mIONP-NeoA or mIONP-DLin-

NeoA, by ultracentrifugation (see Materials and Methods). The IONVs resuspended in 

PBS showed little to no changes in PDI or average particle size (by z-number) for at least 

2 weeks, which is indicative of good stability (Fig. 5.6, b-f). TEM imaging also showed 

well dispersed particles and absence of aggregates (Fig. 5.6, g-h).       
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Figure 5.6. Characterization of neoantigen-decorated mIONP-DLin-NeoA and 

mIONP-NeoA (a) Schematic representation of the mIONP-DLin-NeoA system. (b) 

Nanoparticle size distribution as percentage (%) of events by z-number before and after 

neoantigen-decoration for mIONP-DLin-Mal and mIONP-Mal suspensions. Particle 

suspension stability characterization of mIONP-DLin-NeoA and mIONP-NeoA at days 0 
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and 14 showing (c) particle size mean by z-intensity and (d) polydispersity index (PDI); 

(e) particle size mean by z-number. (f) physicochemical characterization summary. (g-h) 

Representative mIONP-DLin-NeoA imaging by TEM. DLS characterization data shown 

as mean ± SEM for at least three independent experiments. 

Neoantigen capture was measured by indirect analytical methods. Unbound neoantigen 

excess removed by ultracentrifuge was quantified by HPLC (see Materials and Methods) 

(Fig. 5.7). Regardless of DLin content, mal-decorated mIONPs retained 5.5 ± 0.5 µg of 

total neoantigen mix per µg of Fe3O4 comprized of 57 ± 2 % B16-M27 (N = 2). The lack 

of neoantigen capture by maleimide-free mIONPs provided further evidence of the 

specific nature of the reactions leading to the covalent bioconjugation of the neoantigens 

(Fig. 5.7, e-f). 

 

Figure 5.7. mIONP neoantigen-decoration quantification using indirect HPLC 

analytical methods. (a) HPLC absorbance peaks for B16-M27 and B16-M30; HPLC UV-

Vis absorbance peaks from increasing concentrations of (b) B16-M27 and (c) B16-M30 

and (d) respective linear calibration curves. Representative values as mean ± SEM for at 

least two independent experiments as characterized by HPLC. Mobile phase gradient 

elution conditions specified in Table 7.1 (see Materials and Methods). Comparative 

representative decrease in absorbance peak intensity after neoantigen capture by 

maleimide-rich mIONP-Mal and maleimide-less mIONP-COOH (synthetized and 

characterized in Chapter 2) (e) for B16-M27 and (f) B16-M30.  
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5.2.1.2. Small PUFA-free Fenton reaction inducers  

Hydrophobic oleic acid-coated IONPs have been used as the core of every therapeutic 

carrier developed throughout this thesis (see Chapter 2). PEGylation was used to achieve 

water solubility of the mIONP-based systems, yielding controllable size, surface charge 

and stability optimum for applications in cancer chemoimmunotherapy (see Chapter 3) 

and immunotherapy (See Chapter 4) in vivo. In these systems, the hydrophobic rich 

mIONP core resulting from its self-assembly and programmable disassembly was also 

important to improve the immunostimulatory properties 27. However, oleic acid has been 

reported to protect metastasizing  cancer cells in the lymph from ferroptosis 34. In 

addition, bulky PEG chains have been reported to limit cellular uptake, which could 

condition intracellular Fenton chemistry and drug delivery 35. Therefore, alternative 

routes for IONP synthesis can be selected to as a way to potentially improve the 

therapeutic properties of the IONP as Fenton reaction inducers  36.  

Iron (II) and iron (III) co-precipitation is one of the most conventional methods for iron 

oxide nanoparticle synthesis 37. This method uses 2:1 Fe2/3+ molar mixtures which in basic 

aqueous solution precipitate in the form of IONPs. The particle can then be coated with 

small hydrophilic molecules to enable aqueous suspension. Synthesis of hydrophilic citric 

acid-coated IONPs was adapted from well-stablished methods 38,39. FeCl3·6H2O (6 mmol) 

and FeCl2·4H2O (3 mmol) would be dissolved in distilled water and ammonium 

hydroxide excess added to reach strong basic aqueous pH (pH > 10). The reaction mixture 

leads to the immediate precipitation of a black solid product, the IONP (Fig. 5.8, b). 

Citrate-coating was achieved following nanoparticle incubation with sodium citrate 

excess solution at 90°C for 1 hour. The product was purified by centrifugation to obtain 

clean citrate-coated IONPs (Figure 5.8) (Materials and methods).  

STEM characterization of the citrate-coated IONPs demonstrated the obtention of very 

small particles of 3.3 ± 0.6 nm (Fig. 5.8, a-b). FTIR characterization showed presence of 

characteristic peaks from sodium citrate (COO- stretching bands 1579 cm-1, 1393 cm-1) 

and bare naked IONPs (Fe-O stretching band 550 cm-1) in purified IONP-Cit samples 

(Fig. 5.8, c). Broad bands seen at ca. 3400 cm-1 can be assigned to O-H stretching and 

bending vibrations from magnetite surface and water molecules 40. The IONP-Cit samples 

formed particles of approximately 8 nm, which remained suspended stably in aqueous 
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solution for months. Previously described methods of time-based 3,3′,5,5′-

tetramethylbenzidine (TMB) oxidation assays were used to evaluate the catalytic features 

of mIONP-Cit particles (see Materials and Methods). The particles displayed catalytic 

oxidative properties that are very similar to that of the PEGylated mIONP particles 

reported in previous chapters: KM (H2O2) = 393 µM; Vmax = 5.9  10-8 M/s; kcat = 0.3 s-1 

(Fig. 5.8, e-f). 

 

Figure 5.8. Characterization of the IONP-Cit employed in this work: (a) Representative 

scanning transmission electron microscope (STEM) images and (b) size distribution 

analysis of more than 100 IONPs; (c) FTIR characterization of sodium citrate (green 

line), IONP (red line) and IONP-Cit (orange line); (d) Nanoparticle size distribution as 

percentage (%) of events by z-number from mIONP-Cit suspensions and physicochemical 

characterization summary. Representative values as mean ± SEM for at least three 

independent experiments as characterized by DLS. (e) Michaelis-Menten and (f) 

Lineweaver-Burk kinetics plots for TMB oxidation ([TMB] = 830 µM) catalysed by 

IONP-Cit ([Fe] = 150 µM) at increasing concentrations of H2O2 ([H2O2] = 0 - 10 
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µM). Results are shown as mean ± SEM from three independent experiments as 

characterized by UV-Vis.  

5.2.2. Biological activity evaluation  

5.2.2.1. Effects on melanoma and macrophage cell viability  

As mentioned in previous chapters, the tumor microenvironment (TME) is characterized 

by elevated levels of ROS and H2O2 
41. In the presence H2O2, lipid peroxidative reactivity 

of both PUFAs and Fenton chemistry agents can be expected to increase (See Fig. 4.2). 

As previously discussed, high levels of oxidative stress can lead to the induction of cell 

kiling through the activation of ferroptosis. However, preventing cytotoxicity towards 

local immune cells is key to favor ICD and activation of the immune system against the 

cancer cells,16–18. Indeed, the TME is rich in various immune cell populations 42. Among 

them, macrophages represent a predominant fraction 43. The activation and recruitment 

of anticancer macrophages in the TME has been reported as crucial for the success of 

cancer immunotherapy 44. Hence, the cytotoxic effects of PUFA and IONP-mediated 

peroxidative activity were evaluated in melanoma cells and macrophages.  

To evaluate IONP-mediated cancer cell sensitization towards ferroptosis, B16-F10(OVA) 

mouse melanoma cells were treated with IONP-Cit for 24 hours to ensure particle uptake. 

Non-internalized nanoparticles were then removed and the IONP-loaded melanoma cells 

were treated with increasing H2O2 concentrations ([H2O2] = 0 – 75 μM) for another 24 

hours. These are physiologically relevant H2O2 concentrations as human blood can reach 

a range of 30 – 50 μM during inflammation 45. Cell viability was finally evaluated using 

MTT assays (see Materials and Methods). The results showed that pre-treatment with 

IONP-Cit sensitized cancer cells towards H2O2-mediated oxidative damage and cell death 

whilst remaining well-tolerated by macrophages (Fig. 5.9).  
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Figure 5.9. IONP-Cit suspensions trigger cancer-specific sensitization towards 

oxidative damage. Cell viability for (a) B16-F10(OVA) melanoma and (b) RAW264.7 

macrophage cells after (i) 24-hour pre-treatment with IONP-Cit ([Fe] = 0.5 mM) 

suspensions and (ii) 24-hour exposure to increasing H2O2 concentrations ([H2O2] = 0 - 

50 µM). 

Cystine is a key precursor of intracellular antioxidant glutathione (GSH) production and 

ROS detoxification. Depletion of intracellular cystine has been reported to induce 

intracellular ROS accumulation, oxidative damage and ferroptosis 46. Erastin is a 

compound that binds to the cysteine-glutamate antiporter and impedes cysteine uptake 

(Fig. 5.11, a). Hence, the compound can be used to evaluate cell susceptibility to 

ferroptosis 47 48. 49.  

B16-F10(OVA) melanoma cells were treated with Erastin for 24 h. To evaluate PUFA 

contributions to ferroptosis induction, excess Erastin was then removed, and the 

melanoma cells were treated with PUFA-rich IONP-based systems for another 24 h. Cell 

viability was evaluated by MTT assays. In previous chapters we described the formation 

of linoleic acid-rich mIONP-PEG-Lin formulations (see Chapter 2). The ability of 

mIONP-PEG-Lin formulations administered to erastin-treated melanoma cells to enhance 

cell killing was directly proportional to their linoleic acid content (Fig. 5.10, a). Similarly, 

previously described PEG-free linoleic acid-coated mIONP-Lin formulations (see 

Chapter 2) showed an ability to trigger cell death preferentially in the melanoma cells 

(Fig. 5.10, b) as at the concentrations used they were well-tolerated by macrophages (Fig. 

5.10, c).  
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In summary, these findings show that Fenton chemistry and PUFA delivery enabled by 

mIONPs provides an effective strategy to trigger cancer cell-specific sensitization 

towards oxidative damage and cell death. 

 

Figure 5.10. mIONP-enabled PUFA delivery induces cancer cell-specific sensitization 

towards oxidative damage. Cell viability for (a) B16-F10(OVA) melanoma cell viability 

following (i) 24 h Erastin pre-treatment (0.6 µM) and (ii) 24-hour exposure to mIONP-

PEG-Lin formulations of increasing Linoleic content. Cell viability for (b) B16-

F10(OVA) melanoma and (c) RAW264.7 macrophage cells after (i) 24 h Erastin pre-

treatment (0.6 µM) and (ii) 24-hour exposure to mIONP-Lin ([Fe] = 6.3 µM). Data is 

shown as (a-c) mean ± SEM (N = 3). Data for (b-c) is shown as mean ± SEM (N=2), 

small sample size does not allow for reliable statistical analysis. Cell studies were 

performed with the help of Ph.D. candidate Rhiannon Beadman (Swansea University). 

5.2.2.2. Cancer cell screening of IONP-induced cytotoxicity and sensitization to 

ferroptosis 

Like Erastin, RSL3 is a known inhibitor of the antioxidant intracellular protection system 

50. RSL3 inhibits GPX4 production, an enzyme responsible for catalyzing lipid 

hydroperoxide reduction (Fig. 5.11, a). Depletion of antioxidant protection with either 

Erastin or RSL3 pre-treatment in cancer cells provide complementary evidence of 

ferroptosis induction. Herein, cancer cell sensitization to ferroptosis was screened in a 

panel of human and mouse cancer cell lines: LC-2 (human lung cancer) 51, MC-38 

(murine colon cancer) 52,53, OVCAR8 (human ovarian cancer) 54, PEO1 (cisplatin-

sensitive human ovarian cancer), PEO4 (cisplatin-resistant human ovarian cancer) 55 and 

4T1 (murine breast cancer) 56 (Fig. 5.11, b-g). 

Cancer cells were pre-treated for 24 h with Erastin or RLS3. Then, these treatments were 

removed and the IONP-based systems were administered for 24 h prior to cell viability 
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assessment by MTT assays. PUFA-enriched mIONP-DLin systems induced the highest 

levels of cancer cell killing. Administration of mIONP-DLin alone induced very high 

levels (> 70%) of cell death in LC-2, MC-38, OVCAR8 cell lines. Their strong cytotoxic 

effect could be increased through GXP4 inhibition for cell lines PEO1, PEO4 and 4T1. 

IONP-Cit administration also triggered significant rates of cytotoxicity. Cancer cell 

pretreatment with RSL3 induced a very strong increase in IONP-induced cytotoxicity, 

leading to very high levels of cell death for most cancer cell lines. In comparison, the 

PEGylated linoleoyl-free mIONP systems were less effective and inducing cancer cell 

death.  

 

Figure 5.11. Small IONP-Cit and linoleoyl-rich mIONP-DLin are strong inducers of 

cancer cell ferroptosis. Schematic summary of biochemical ferroptosis pathway and 

antioxidant protection. Cell viability evaluated by MTT assay for (b) LC-2 , (c) MC-38, 

(d) OVCAR8, (e) PEO1, (f) PEO4 and (g) 4T1 cancer cells following (i) 24 h pre-
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treatment with Erastin or RSL3 and (ii) 24 h exposure to mIONP-COOH (solid blue bars), 

IONP-Cit (solid pink bars) or mIONP-DLin (solid red bars). Data is shown as mean ± 

SEM (n = 3). Concentration of IONP was [Fe] = 500 µM. Concentrations of Erastin and 

RSL3 had been previously optimized per each cell line: [Erastin] = 0.156 µM for Lc-2, 

MC-38 and 4T1; 0.625 µM for PEO 1 and PEO 4; 2.5 µM for OVCAR8; [RSL3] = 0.039 

µM for Lc-2, MC-38, PEO1, PEO4 and 4T1; 0.156 µM for OVCAR8.  Image (a) adapted 

from 50. 

5.2.2.3. Effects in macrophage-melanoma co-cultures 

As in previous chapters, the cancer cell killing capacity of IONP-based therapies was also 

assessed in co-cultures of B16-F10(OVA) melanoma cells with RAW 264.7 

macrophages. (see Materials and Methods). The cells were cultured together allowing for 

direct cell-to-cell contact and signalling. In this way, we aimed to study both combined 

effect of macrophage and IONP-induced cancer cell killing and the selectivity of the 

effects (lipid peroxide and cell death) induced with these new INOPs.  

5.2.2.3.1. Effects on intracellular melanoma redox stress 

Accumulation of lipid hydroperoxides serves as an indication of redox stress imbalance 

and oxidative damage. Lipid hydroperoxide accumulation was studied using previously 

described methods of Flow Cytometry using Liperfluo™ (Materials and Methods).  

The cells were treated for 24 h with the IONP-based treatments prior to assessment of 

membrane lipid peroxidation using Liperfluo The results showed that all IONP-based 

treatments trigger increased lipid peroxidation in the melanoma cells (Fig. 5.12). The 

smaller PEG- and oleic acid-free IONP-Cit nanoparticles were expected to facilitate 

intracellular oxidative reactivity and, indeed, these systems increased membrane lipid 

hydroperoxide accumulation when compared to the mIONP-based systems. However, 

PUFA delivery through mIONP-DLin triggered the highest lipid hydroperoxide 

accumulation levels among these treatments. The peroxidative mIONP-DLin activity was 

also evaluated in melanoma cell monocultures, showing the same effects (Fig. 5.12, b).  
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Figure 5.12. Fenton chemistry and PUFA delivery increase cancer cell lipid 

peroxidation. Fluorescent-positive B16-F10(OVA) melanoma populations using 

Liperfluo dye following 24-hour exposure to mIONP-DLin, IONP-Cit, mIONP-COOH 

([Fe] = 500 µM) when cells were cultured in (a) murine macrophage-melanoma 

(RAW264.7 – B16-F10(OVA)) direct cell-to-cell co-cultures and (b) melanoma-only 

monocultures. Cumene hydroperoxide (100 µM) for a 1-hour treatment was used as 

positive control. 

5.2.2.3.2. Effects on melanoma and macrophage viability 

Finally, cell viability for each type after the different IONP-based treatments were 

measured following the previously described methodology by Flow Cytometry (see 

Materials and Methods). The cells were treated for 24 h with IONP-based treatments prior 

to cell viability evaluation.  

Although oxidative damage triggered by IONP-Cit was well-tolerated in macrophages 

(Fig. 5.9, b) while inducing high rates of ferroptosis against various cancer cell lines in 

monoculture (Fig. 5.11), their administration in the macrophage-melanoma co-cultures 

proved surprisingly pro-tumoral (Fig. 5.13). These results demonstrate the complex 

nature of the interaction and effects that can take place in the cell co-cultures and of redox 

regulation in cells  57. In absence of co-stimulation, uncontrolled oxidative damage can 

induce immune-mediated tumor tissue repair mechanisms and cancer cell proliferation 58. 

Previous chapters demonstrated that simultaneous delivery of Fenton chemistry and 

DAMP-like “danger signals” resulting from mIONP self-assembly/programmed 

disassembly synergized to induce potent anticancer immune cell stimulation (see Chapter 
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4) 19,21. This immunostimulatory feature is absent in the IONP-Cit treatments. Additional 

testing showed that IONP-Cit administration to macrophage monocultures induced 

significant increases in cell proliferation, which could be indicative of pro-tumoral tissue-

repairing macrophage activation (Fig. S5.1) 59. In sharp contrast, PUFA and DAMP-rich 

mIONP-DLin formulations triggered a significant decrease in melanoma viability in 

comparison to PUFA-free mIONPs, whilst maintaining macrophage viability.  
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Figure 5.13. PUFA and DAMP-bearing mIONP-DLin suspensions enhance 

anticancer cytotoxicity in complex environments. Cell viability as necrosis-negative 

stained cell populations measured by Flow Cytometry following 24 h of the indicated 

treatments in RAW 264.7 (blue solid bars) and B16-F10(OVA) (orange solid bars) cells 

in direct cell-to-cell contact co-culture. Co-culture cell viability is normalized to the 

absence of treatment and shown as mean ± SEM (n = 3).  

5.2.2.4.In vivo evaluation of neoantigen vaccines for cancer therapy 

A preliminary in vivo study was carried out to evaluate the therapeutic efficacy of 

vaccination with a neoantigen cocktail (B16-F10 melanoma neoantigen peptides M27 and 

M30) co-administered with the potent adjuvant used in Chapter IV and previous 

generations of mIONVs developed in the group 27. The main goal was to identify a 

suitable dose to induce therapeutic effects in mice bearing established B16F10 melanoma 

tumors. Hence, peritumoral administration was used to ensure that the entirety of the 

therapeutic cargo reached the tumor tissue and thus avoid variabilities derived from the 

vaccine biodistribution.  

In this initial study, C57BL/6 mice were inoculated with 1 × 105 B16-F10 tumor cells on 

day 0 and initiated treatments on day 4 when tumors were established (Fig 5.14, a). On 
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days 4, 7, and 10, animals were treated with different neoantigen-containing vaccines, 

containing 4 g/dose of pIC and 3 g/dose of imiquimod and 75 g/dose of the two 

neoantigen peptides (NeoA + pIC-R837 group), and PBS (as non-treatment control 

group). The B16F10-specific M27 and M30 peptide neoantigens were administered in a 

1:1 ratio. For the two IONP groups, we administered the equivalent dose of peptides and 

pIC-R837 adjuvants loaded onto 25 g of Fe3O4/dose. IONP-enabled therapeutic delivery 

was studied with and without PUFA enrichment (mIONP-DLin-NeoA + mIONP-DLin-

pIC-R837; or mIONP-NeoA + mIONP-pIC-R837) (Fig. 5.14). Our results show that 

neoantigen therapies induced clear therapeutic benefits in comparison to the non-

treatment control group. The three vaccine formulations displayed non-significant 

differences among them. Regardless of IONP or DLin content, neoantigen delivery 

decreased tumor growth rates (Fig. 5.14, a, c-f) and extended median survival to over 30 

days (Fig. 5.14, b). This first set of results confirms that the selected neoantigens-adjuvant 

cocktails are strongly immunogenic and that they successfully retained their 

immunogenicity after mIONP surface loading. Further studies will need to explore 

different routes of administration to elucidate the effect of the PUFA content and INOV 

delivery and also explore further therapy improvement, potentially through state-of-the-

art antibody-based combination therapies 27,60–62 (see Chapter 4).  

 

Figure 5.14. In Vivo evaluation of the therapeutic effect from neoantigen-decorated 

IONV immunotherapies. C57BL/6 mice (n = 9) were inoculated subcutaneously with 3 



 214 

x 105 B16-F10 cells and treated with nanovaccines (73 µg of neoantigen mix, 4 µg of pIC 

and 3 µg R837; 27 µg Fe3O4) on days 4, 7, and 10 (peritumoral injection). Results are 

shown as (a) Average tumor growth curve for each case group; (b) Kaplan-Meier 

survival plot curves; and (c-f) individual tumor growth curves. Arrows indicate the days 

of therapy administration. These studies were performed with the help of our 

collaborators in the research institutes of CIC bioGUNE, in Derio (Spain), and CIC 

biomaGUNE, in Donostia (Spain). 
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5.3. Conclusions 

The results presented in this chapter expand on the study of IONVs to enable tumor-

specific activation of ferroptosis and effective antigen/adjuvant delivery for cancer 

immunotherapy. Several IONP-based treatment features that contributed to therapy 

enhancement can be highlighted to rationalize further approaches of optimization. In 

summary: 

• mIONP self-assembly allowed stable PUFA loading into the micelle coating. 

Iron-enabled peroxidative activity is coupled with delivery of PUFA units in 

mIONP-DLin and resulted in a strong potentiation of the redox stress-inducing 

features of mIONPs. In vitro mIONP-DLin administration yielded very effective 

cell killing in several mouse and human cancer cell lines. Notably, increased 

cancer cell killing capacity was gained without compromising macrophage 

viability.  

• Alternative IONP synthesis routes of iron co-precipitation enabled the formation 

of hydrophilic IONP-Cit particles. Their small, PEG- and oleic acid-free 

composition showed stronger ferroptosis-inducing features than the mIONPs. 

However, IONP-Cit administration in melanoma-macrophage co-cultures in vitro 

resulted in increased melanoma cell viability, which could be relate to their 

oxidative reactivity being devoid of DAMP-like co-stimulation thus triggering 

pro-tumoral macrophage polarization and activation of tumor tissue repair 

mechanisms. Thus, these findings highlighted the favorable therapeutic properties 

of the self-assembled micelle coating in mIONP and mIONP-DLin systems. 

• The mIONP-DLin systems were successfully decorated with peptide neoantigens 

(B16-M27 and B16-M30 for B16-F10 melanoma tumors). The bioconjugation 

route used covalent click chemistry to form maleimide-thiol linkages between the 

micelles and peptides, respectively. The resulting neoantigen-presenting IONVs 

maintained optimal particle size and stability for in vivo systemic administration.  

• B16-M27 and B16-M30 neoantigens retained immunogenicity after IONV 

conjugation. Therapeutic IONV administration in vivo decreased cancer cell 

growth rates for established B16-F10 tumors in mice. However, this first set of in 

vivo experiments did not show any noticeable therapeutic improvements arising 
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from PUFA and mIONP delivery. Additional experiments are thus required to 

fully evaluate and exploit the potent cancer killing features demonstrated for these 

systems in vitro. 

In conclusion, these results serve as a step forward towards the development of potent 

redox stress-inducing therapies and personalized neoantigen IONVs for cancer 

immunotherapy enhancement.  
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5.4.Supporting information 
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Figure S5.1. IONP-Cit administration triggers pro-tumoral-like proliferative effects to 

macrophage monocultures. Cell viability evaluated by MTT assay for melanoma B16-

F10(OVA) or macrophage RAW264.7 cancer cells in monoculture following 24 h 

treatment with IONP-Cit suspensions. Concentration of IONP was [Fe] = 500 µM. Data 

is normalized to absence of treatment and shown as mean ± SEM (n = 3).  
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In summary: 

• A systematic engineering rationale was successfully stablished for IONP-filled 

micelle design and customization. The approach enabled multilevel device 

optimization and personalization. Variations in the mIONP assembly provided 

control over distinguishable device properties (i.e. size, charge, stability and 

chemical reactivity) as well as bioactive molecule loading and particle surface 

functionalization. 

 

• The IONP core demonstrated strong peroxidase-like catalytic activity. The 

IONzyme activity peaked at pH conditions typical of specific biological 

compartments of therapeutic interest (i.e. TME and endolysosomes) while 

remaining safely inactive in normal physiological conditions. pH-catalysed IONP 

degradation is a key feature to trigger drug delivery and reveal “stealth” bioactive 

properties of the vehicle. 

 

• mIONP administration induced membrane lipid peroxidation and cell death, 

indicating cancer-specific sensitization to ferroptosis. IONzyme coupling to 

PUFA lipid peroxidation was proven to further potentiate its cancer cell killing 

features.  

 

• mIONP-Pt enhanced Pt(IV) prodrug activation and increased cancer-specific cell 

killing suggestive of ferroptosis sensitization. mIONP-Pts were tolerated by 

macrophages, thus suggesting they can be used in immunotherapy strategies of 

cytotoxic macrophage activation and immune cell-mediated drug delivery. 

Antitumor cell killing discrimination was further enhanced by exploiting maltose-

rich amphiphile incorporation onto the mIONP surface. These features are 

suitable to overcome the antioxidant protection provided by the lymph to 

metastasizing melanoma cells.  

 

• Combination of TLRa delivery, ROS generation and DAMP-like hydrophobicity 

features in mIONP-TLRas were shown to induce strong antitumor immunity. 

mIONP-pIC-R837 systems triggered complete melanoma cell death while 
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maintaining high macrophage viability rates in in vitro co-cultures. Direct cell-to-

cell contact between melanoma and macrophage cells was shown key to enable 

these effects. High TNFα and low IL-10 cytokine levels secreted by macrophages 

were indicative of cytotoxic activation. In synergy with antigen-presenting 

IONVs and antibody-based therapies, immunostimulatory mIONP-pIC-R837 

administration achieved complete tumor regression of established and aggressive 

melanoma allografts and long-term protective immunity in vivo.  

 

• Maleimide-thiol click-chemistry enabled stable, covalent surface particle 

functionalization for proof-of-concept development of immune checkpoint-

targeting mIONP-aPDL1s and neoantigen-presenting IONVs with no observable 

functionality loss. mIONP-aPDL1s retained antibody binding activity and 

triggered cancer-specific cell death in complex in vitro co-cultures. A preliminary 

set of in vivo experiments showed that neoantigen-IONVs retained neoantigen 

immunogenicity and decreased cancer growth rates for established melanoma 

tumors in mice.  

 

Therefore, two intriguing routes for future work are: 

• Studies on the combination of Pt(IV) prodrug mIONP-enabled delivery (mIONP-

Pt) with PUFA-enhanced ferroptotic properties. Both strategies, studied in 

Chapters II and V respectively, demonstrated very positive potential towards 

cancer cell death induction in the context of cancer immunotherapy. Their 

combination could provide for a further level of enhancement, as facilitated by 

the simple yet multifunctional mIONP nanoformulation rationale studied in this 

thesis. 

• Studies on the long-distance administration of mIONP-DLin-NeoAs systems. 

When administered peritumorally, our IONV formulations demonstrated that the 

Neoantigen loaded onto the mIONP-based systems retained immunogenicity 

comparable to the unprocessed, naked neoantigen. By using a long-distance 

administration route, preferably subcutaneous, we expect to highlight the 

nanotechnology aspects of the formulation studied in Chapter IV (protection 

against early degradation, pH-catalysed disassembly, etc.) together with the 

potential NP-assisted lymphatic delivery as studied in Chapter III. 



 227 

 

 

 

 

 

 

 

 

Chapter 7 . Materials and Methods 
  



 228 

Laboratory consumables, chemicals and reagents 

All commercially available reagents were used without further purification.  

Synthesis of hydrophobic IONPs: Hexane (99%; LABSCAN), chloroform (water 

0.005%; LABSCAN), diphenyl ether (99%; Sigma Aldrich), dibenzyl ether (>98%; Alfa 

Aesar), 1,2-hexadecanediol (>98%; Tokyo Chemical Industry Co. Ltd), oleic acid (90%; 

Alfa Aesar), oleylamine (70%; Sigma Aldrich), iron(III) acetylacetonate (99%; Strem 

Chemicals), ethanol (99%+; Fisher Chemical™).  Synthesis of citrate-coated IONPs: 

Iron(II) chloride (tetrahydrate, 99+%), Iron (III) chloride hexahydrate (99%+), trisodium 

citrate dihydrate (99%) and ammonium hydroxide (35%) were purchased from Thermo 

Fisher Scientific.  Synthesis of mIONP nanovehicles: 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonium salt) (PEG-

OMe), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene 

glycol)-2000] (ammonium salt) (PEG-COOH), 1,2-dipalmitoyl-3-trimethylammonium-

propane (chloride salt) (DOTAP or TAP), 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (ammonium salt) (PEG-

NH2), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(polyethylene 

glycol)-2000] (ammonium salt) (PEG-MAL) lipids were purchased from Avanti Polar 

Lipids, Inc. Linoleic acid (99%) was purchased from Thermo Fisher Scientific, Dlin-mc3-

dma (DLin; ≥ 98%) was purchased from Cambridge Bioscience.  polyIC and R837 TLRas 

were purchased from InvivoGen. Disodium ethylenediaminetetraacetate (EDTA; 

dihydrate) was purchased from Merck. Neoantigens 1-B16-M27 

(CSSREGVELCPGNKYEMRRHGTTHSLVIHD) and 1-B16-M30 

(CSSPSKPSFQEFVDWENVSPELNSTDQPFL) were custom-synthetized (Shanghai 

RoyoBiotech Co.,Ltd). Catalytic assays: 3,3',5,5'-Tetramethylbenzidine (TMB; 98%) 

was purchased from Alpha Aesar (VWR), ortho-Phenylenediamine (OPD; 98%) from 

Sigma-Aldrich, Silver Nitrate (AgNO3; 99.85%) Sodium Acetate (anhydrous) and 

hydrogen peroxide (H2O2; 30%) were purchased from Thermo Fisher Scientific. In vitro 

experiments: Phosphate buffer saline (PBS) were purchased from Life Technologies 

(Thermo Fisher Scientific). Erastin was purchased from Cayman Chemicals (Cambridge 

Bioscience, UK).  Cell proliferation kit I (MTT) was purchased from Roche. Liperfluo® 

was purchased from Dojindo Molecular Technologies Inc. and Cumene Hydroperoxide 
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(80%) from Sigma-Aldrich.  TNF-α ELISA kits were purchased from PeproTech. IL-10 

ELISA kits were purchased from BioLegend. PD-L1 ELISA kit was purchased from 

Abcam. All fluorescently labeled antibodies were obtained from BioLegend unless 

specified otherwise. Thermo Scientific™ Pierce™ bicinchoninic acid (BCA) Protein 

Assay Kit was purchased from Thermo Fisher Scientific. 

Instrumentation 

Transmission Electron Microscopy (TEM) 

TEM studies were conducted on a TEM JOEL 1400 electron microscope operating at 120 

kV. The samples were prepared by depositing a drop of a solution of IONPs (0.5 mg/mL, 

2 µL) onto a copper specimen grid coated with a holey carbon film and allowing it to dry. 

For IONP size determination using TEM, a minimum of 200 particles were measured 

using the Image J software. Secondary Transmission Electron Microscopy (STEM) 

characterization was kindly performed by Dr. S. Evans (Swansea University), following 

the same sample preparation. 

DLS and zeta potential 

Hydrodynamic diameter and zeta-potential of water soluble micelles were characterized 

with a NanoSizer (Malvern Nano‐Zs, UK) at a particle concentration of [Fe] = 200 µM 

Particle size analysis was measured with a NanoSizer (Malvern Nano‐Zs, UK) with 173° 

scattering angle at 25 °C. The correlation function was measured at least three times for 

each sample and the average value was used for data fitting. Zeta potential measurements 

were performed with the mentioned NanoSizer instrument at 25 °C with a cell drive 

voltage of 150 mV using a Smoluchowski model. Unless indicated, zeta potential samples 

contained 3.4 µM of NaCl. The results are shown as a mean of at least three measurements 

matching quality criteria. 

UV‐visible spectrophotometry 

UV‐visible absorption spectra were recorded on a NanoDropTM One (ThermoFisher 

Scientific) and on Lambda 265/365 (Perkin Elmer) spectrophotometers. Absorbance 

measurement using Thermo Scientific Nunc™ 96-well microplates was performed on a 
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TECAN Infinite M Nano+ (LifeSciences) and on a POLARstar Omega (BMG Labtech) 

multifunction microplate readers.  

Fourier-transformed infrared spectroscopy (FTIR) 

IR spectra were recorded using a Spectrum two™ (PerkinElmer) spectrophotometer. 

Samples, solid or liquid, were scanned following manufacturer instructions. A 

background scan was always performed prior to data collection. Background-corrected 

data was analysed using Spectrum 10™ software (PerkinElmer). 

Flow cytometry 

Flow cytometry experiments were carried out in a NovoCyte Flow Cytometer (ACEA 

Biosciences) system. Samples were prepared and fluorescently labeled as specified in the 

methods section. All samples were finally resuspended in FACS buffer (1% FBS in PBS) 

prior to evaluation. Collected data was analysed using the FlowJo, LCC software. Cell 

populations were electronically gated based on the forward and side scatter parameters 

and the not-single events leaved out based on forward area and height scatter parameters. 

For data analysis, at least 10,000 events of the population of interest were acquired. 

Every two weeks, the flow cytometer was calibrated using BD Cytometer and Tracking 

beads (BD Biosciences) following manufacturer instructions. Briefly, one drop of beads 

was added to 0.5 mL of PBS and the Quality Control program was initialized to verify 

instrument functionality. 

High performance liquid chromatography (HPLC)  

Reversed phase HPLC experiments were performed using PerkinElmer Altus™ HPLC 

system with an A-10 solvent and sample module and a A-10 photodiode array (PDA) 

detector. Experiment runs, methodology and data acquisition were operated using 

Empower® 3 software. All the samples in this work were run on a Brownlee SPP C-8 

Column 150 mm x 4.6 mm ID (Perkin Elmer) using the settings specified in the methods 

section. 

Fluorescence microscopy 
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Fluorescent cell imaging studies were performed using a Zeiss Axio Imager M1 

microscope. The system was equipped with an HBO 103 mercury vapor short-arc lamp 

and a AxioCam MRm monochrome digital camera. Samples were prepared as specified 

in the methods section. The instrument was operated with AxioVision software. Images 

were processed on Zeiss Zen lite software. 

Confocal laser scanning microscopy (CSLM)  

Fluorescent cell imaging studies were also performed using a Carl Zeiss LSM 710 

confocal microscope. The system was equipped with an HBO 100 mercury vapor short-

arc lamp (Osram) and a QUASAR multichannel detector unit (Zeiss). Samples were 

prepared as specified in the methods section. Images were processed on Zeiss ZEN blue 

edition software. 

Experimental Methods 

Synthesis of IONPs  

Synthesis of hydrophobic oleic-coated IONPs 

Synthesis of the oleic acid‐coated IONPs (magnetite; Fe3O4) was carried out following 

previously stablished methods of thermal decomposition1,2. Fe(acac)3 (2 mmol), 1,2‐

hexadecanediol (10 mmol), oleic acid (6 mmol), oleylamine (6 mmol), and benzyl ether 

(20 mL) were mixed under nitrogen and constant stirring. The mixture was heated to 210 

°C (5.7°C / min temperature increase), maintained for 2 h and then brought to 300 °C 

(3.2°C / min temperature increase) for 1 h. The product was cooled to room temperature 

by removing the heat source. Purification was performed under ambient conditions: 

Ethanol (40 mL) was added to the mixture, the material was precipitated and separated 

via centrifugation (3,000 x g, 30 min). The black pellet was dissolved in hexane (10 mL) 

containing oleic acid (0.05 mL) and oleylamine (0.05 mL). Centrifugation (3,000 x g, 10 

min) was applied to remove any undispersed residue. The product, c.a. 7 nm Fe3O4 

nanoparticles, was then precipitated with ethanol and isolated by centrifugation (3,000 x 

g, 10 min). The dried powder was stored at room temperature until use. The dried powder 

was redispersed in chloroform for TEM characterization or micelle formation.  
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High-resolution X-ray photoelectron spectroscopy (XPS) measurements were kindly 

performed by Dr. A Ruiz-de-Angulo (CIC BiomaGUNE, Spain) to determine the 

elemental composition of Fe3O4 nanoparticles.  

Synthesis of hydrophilic citrate-coated IONPs (IONP-Cit) 

Synthesis of hydrophilic citric acid-coated IONPs (IONP-Cit) followed previously 

stablished methods 3,4. FeCl3·6H2O (6 mmol) and FeCl2·4H2O (3 mmol) were dissolved 

in distilled water (25 mL) under constant mechanical (non-magnetic) stirring. An excess 

of ammonium hydroxide (20 mL; 7.2 M) was added to reach strong basic aqueous pH 

(pH > 10). The reaction mixture leads to the immediate precipitation of a black solid 

product, the IONP. Citrate-coating was achieved following nanoparticle incubation with 

sodium citrate excess solution (100 mL; 1.0 M) at 90°C for 1 hour. The product was left 

to cool down to ambient temperature prior to purification. The material was first 

centrifuged (10,000 x g, 5 min) to remove large aggregates. Any remaining soluble 

impurities were removed after ultracentrifugation (3 cycles, 160.000 x g for 50 min) by 

discarding the supernatant. The nanoparticle pellet was resuspended in Milli Q water and 

stored at 4°C until use.  

mIONP formation by dry film hydration methods 

PEGylated IONP-filled micelles (mIONPs) were formed following well-stablished 

methods of amphiphilic self-assembly and dry-film hydration 5. Typically, hydrophobic 

IONPs (1 mg) were dissolved in chloroform (500 μL) with experimentally optimized 

amounts of PEG-PLs, linoleic acid, DLin or glucose-rich amphiphiles as indicated in the 

discussion sections. The solvent was left to evaporate overnight at room temperature. Any 

remaining solvent was removed by placing the dried film under vacuum for 1 hour. The 

film was finally heated for 30 seconds at 80 °C and hydrated by adding 1 mL of nanopure 

MilliQ water. To maximize the yield of product formation, mIONPs were left to hydrate 

at room temperature for 2 h (vortexing gently every 20 minutes). Large aggregates were 

removed by centrifugation (1 cycle, 9,800 × g, 5 min) and the supernatant was passed 

through a 0.45 μm PTFE syringe-filter. Any remaining empty micelles were removed by 

ultracentrifugation (3 cycles, 160,000 g, 50 min) by discarding the supernatant.  
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For the formation of mIONP-Pt and mIONP-Pt-Malt nanovehicles (Chapter 3), PEG-Pt 

was kindly synthetized and characterized by Saul Michue Seijas (Ph.D candidate, 

Swansea University) and maltose-rich amphiphiles (Malt-T9) were a gift from Dr. Lubna 

Ghani (Hanyang University).  

IONP-Lin formation by phase-transfer  

Linoleic-coated IONP-filled micelles were formed following previously stablished 

methods of organic-to-aqueous phase transfer 6. Oleic-coated IONPs were 

homogeneously dispersed in linoleic acid (10 mg/mL) and deposited on top of a 50 mM 

sodium linoleate aqueous solution (2:1 H2O: EtOH). Under very gentle stirring, linoleate 

chains rearranged to coat the IONP-oleic particles in the interphase. Linoleic-coated 

IONP-filled micelles (IONP-Lin) transferred into the aqueous phase. Large aggregates 

were removed by centrifugation (1 cycle, 9,000 × g for 5 min). Removal of linoleic acid 

excess and solvent exchange to MilliQ H2O is achieved after centrifugal spin-filter 

devices (5,000 g, 5 min; 50 kDa MWCO, Amicon). 

Elemental analysis: Iron quantification 

Iron content in suspension was quantified by UV-Vis spectrometry (Fig. 7.1, a). Although 

no absorbance peak can be clearly distinguished, light absorbance at 380 nm was selected 

for iron quantification. It was reasoned that this wavelength provided good absorbance 

intensity while avoiding potential interferences coming from proteins (220 nm and 280 

nm), poly(I:C) (260 nm) or R837 (320 nm). Quantification by UV-Vis (Fig. 7.1, b) was 

calibrated to iron determined by inductively coupled plasma atomic emission 

spectroscopy (ICP-AES). ICP-AES experiments were kindly realized by Dr. Ane Ruiz de 

Angulo (CIC biomaGUNE, Spain). 
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Figure 7.1. UV-Vis spectrometry for iron quantification. (a) Typical UV-Vis absorbance 

spectra from IONP-based systems as recorded by a NanoDropTM One. Yellow dashed 

lines indicate wavelength 380 nm and (b) [Fe] quantification fit curve. 

Nanoparticle calculations  

The following calculations are described to approximate IONP content (magnetite; 

Fe3O4) from Fe concentration. In this work we used spherical hydrophobic IONPs with 

an average diameter of approximately 7.0 nm: 

 

V (IONP) = 4/3 · π · r3 = 4/3 · π · (3.5 × 10-7)3 = 1.8 × 10-19 cm3;  

ρ (magnetite) = 5.17 g · cm-3; m = ρ (magnetite) · V (IONP) = 9.29 x 10-19g; 

moles of Fe3O4 = m / MW (Fe3O4) = 9.25 × 10-19 / 231.5 = 4.01 x 10-21 mol 

moles of Fe = 3 · moles of Fe3O4 = 3 · 4.01 x 10-21 = 1.20 × 10-20 mol 

atoms of Fe per IONP = moles Fe in IONP · NA = 1.20 × 10-20 · 6.022 × 1023 = 7244 

atoms 

Elemental analysis: Platinum quantification 

Platinum loading in our mIONP samples was quantified following well established 

colorimetric methods 7. The assay is based on the substitution of labile cis-chloride 

ligands in Pt(II)-complexes by OPD to yield Pt-OPD (the compound shows a strong 

absorbance peak at 706 nm). An aliquot of a Pt-containing sample was dissolved in 100 

µL of DMF. Then, 50 µL of PBS and 500 µL of a fresh solution of 10 mg/mL of OPD in 

DMF were added. The mix was left to react overnight (for at least 12 h), at 80 °C under 

continuous stirring. The rection was carefully sealed to prevent solvent evaporation. Once 

cooled down, the absorbance of the solution was fit to a linear calibration curve 
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containing increasing amounts of platinum ([Pt] = 0 - 10 µM). Light absorbance was 

recorded at room temperature in a total volume of 650 μL contained in quartz cuvettes 

(HellmaTM; path length: 10 mm) using PerkinElmer UV/VIS Lambda 265 

spectrophotometer and applying a 2-point baseline correction (600 and 800 nm). The 

absorbance of all samples was blanked to a Pt-less control. Platinum colorimetric 

quantification was calibrated to ICP-AES experiments kindly realized by Dr. Ane Ruiz 

de Angulo (CIC biomaGUNE, Spain). 

Studies on IONP peroxidase-like catalytic activity  

The peroxidase-like activity of the mIONPs was studied by monitoring the oxidation of 

TMB and OPD substrates by UV-Vis spectroscopy, which yield a blue (TMB+ λ = 652 

nm) and yellow (OPD+ λ = 450 nm) product respectively. 

The Michaelis Menten kinetics assays were conducted with mIONP ([Fe] = 150 μM) in 

sodium acetate buffer (pH = 4.5) and in the presence of different concentrations of H2O2 

(ranging from 0.060 to 30.3 mM) and TMB (ranging from 33.0 to 830 μM). These assays 

were performed in sodium acetate buffer (0.1 M, pH = 4.5) in a total volume of 200 μL 

contained in 96-well plates. Unless specified, these assays were monitored at 37 °C using 

TECAN Infinite M Nano+ (LifeSciences) spectrophotometer.  

The kinetic parameters were calculated fitting the absorbance data using Lineweaver–

Burk plots of the Michaelis–Menten kinetics. 

1

𝑣
=
𝐾𝑚

𝑉𝑚𝑎𝑥
(
1

[𝑆]
+
1

𝐾𝑚
) 

Where v is the initial velocity, Vmax is the maximal reaction velocity, [S] is the 

concentration of substrate and Km is the Michaelis constant and the turnover number 

(kcat) was calculated as, 

kcat =
Vmax

[E]
 

Where [E] stands for enzyme concentration, in this work approximated to nanoparticle 

concentration [IONP]. 
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Kinetic studies comparing different formulations of IONPs ([Fe] = 150 μM for mIONPs; 

[Fe] = 550 μM for Ferumoxytol), free Fe ions leached after acidic digestion (pH = 4.5 for 

40 min) and AuNPs ([Au] = 150 μM) nanocatalysts were monitored in sodium acetate 

buffer (0.1 M, pH= 4.5, 5.5, 6.6) or PBS (0.01 M, pH = 7.4). The studies used either TMB 

([TMB] = 830 μM) or OPD ([OPD] = 3 mM) as UV-Vis substrates. These reactions were 

monitored at room temperature in a total volume of 500 μL contained in quartz cuvettes 

(HellmaTM; path length: 10 mm) using PerkinElmer UV/VIS Lambda 365 

spectrophotometer in time-scan mode.  

Catalytic assays (Ag+-TMB) on PUFA enrichment of mIONPs  

Qualitative PUFA enrichment of mIONPs was studied by monitoring the oxidation of the 

peroxidase substrate TMB in the presence of Ag+ 8. Unless specified, the absorbance 

variation was monitored in the presence of TMB ([TMB] = 830 µM) and silver ([Ag+] = 

175 µM) in sodium acetate buffer (0.1 M, pH = 4.5) in a total volume of 200 μL contained 

in 96-well plates. Concentrations were [Fe] = 150 µM for the mIONPs formulations. 

Unless specified, the reactions were monitored at 37 °C temperature using TECAN 

Infinite M Nano+ (LifeSciences) spectrophotometer.  

Synthesis of P1-Tx amphiphiles and P1-Tx-IONP formation  

Synthesis of P1-Tx amphiphiles followed previously stablished methods of hydrazone 

bioconjugation 9. The materials required for the reaction were kindly provided by J. 

Montenegro (University of Santiago de Compostela; CiQUS): hydrazine-rich peptide 

backbone (P1) and aldehyde-terminated hydrophobic chains cyclohexane-

carboxaldehyde (T1), benzaldehyde (T3), dodecanal (T20) and oleic aldehyde (T25). All 

materials were stored at 4°C until use.  

4 µL of P1 peptide solution (2.5 mM in dry DMSO) were combined with 2 µL of the 

desired aldehyde-terminated hydrophobic chain Tx (20 mM in dry DMSO) and 2 µL of 

acetic acid (20%) in DMSO. The mixture was left to react at 60 °C for 2 h under constant 

stirring. The mix was finally cooled down to room temperature. The reaction was 

expected to be quantitative and thus the product, hydrazone-linked peptides (P1-Tx), did 

not require further purification 9. P1-Tx hydrazone formation was performed only when 

ready to use. 
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P1-Tx-IONP formation followed previously described methods of dry film hydration. P1-

Tx, IONPs and PEG-PLs were mixed in chloroform (0.5 mL) as indicated in the 

discussion sections. The solvent was then made to evaporate quickly under a gentle 

nitrogen flow at room temperature. Once the solvent evaporated, Milli-Q water or PBS 

were added at room temperature. Large aggregates were removed by centrifugation (1 

cycle, 9,800 × g, 5 min) and the supernatant was passed through a 0.45 μm PTFE syringe-

filter. Any IONP-free micelles were removed by ultracentrifugation (3 cycles, 160,000 g, 

50 min) by discarding the supernatant. 

mIONP-TLR self-assembly 

mIONP-TLR formation followed previously described methods of electrostatic self-

assembly 5,10,11. Cationic DOTAP- or T1-containing mIONPs were used to capture 

anionic Poly(I:C) chains. Typically, an aliquot of mIONP stock solution ([Fe] = 3.6 mM 

of Fe, or [IONP] = 0.5 µM) were mixed with poly(I:C) (pIC concentrations as specified 

in the discussion sections) in 1mM PBS in MilliQ water. The mix was allowed to self-

assemble overnight under gentle stirring (800 RPM; using a Grant Bio PCMT 

Thermoshaker) at room temperature. Unbound poly(I:C) excess was removed by 

ultracentrifuge (160,000 x g for 50 min). The nanoparticle pellet could be resuspended in 

aqueous buffer and stored at 4 °C until use. mIONP-PIC was used to capture positively 

charged small R837 molecules. An aliquot of mIONP-pIC stock solution was mixed with 

R837 (concentrations as specified in the discussion sections) in 1mM PBS in MilliQ 

water. Final ligand excess was removed by spin-filter filtration (3 cycles, 1,844 × g for 5 

min) through a NanoSep centrifugal device (MWCO 100 kDa, Amicon) followed by 

ultracentrifugation (1 cycle, 160,000 x g for 50 min). The mIONP-pIC-R837 pellet could 

be resuspended in aqueous buffer and stored at 4 °C until use.  

To quantify the bound TLRa, an aliquot of the TLR-decorated mIONP stock suspension 

was digested overnight using 0.2 M NaOH under gentle stirring at room temperature. The 

hydrolysed IONPs were removed by ultracentrifugation (160,000 x g for 50 min) to obtain 

a solution of free TLR ligands. UV−vis absorbance of this solution ( = 260 nm for 

poly(I:C) and  = 320 nm for R837) could be converted to concentration by comparison 

to a linear fit curve. 
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PD-L1 antibody surface thiolation 

PD-L1 agonist (aPDL1) antibodies (Atezolizumab, Tecentriq) were a gift from Dr. 

Zsuzsanna Tabi (Cardiff University). The antibody surface was thiolated using 2-

Iminothiolane (Pierce™ Traut's Reagent; Thermo Fischer Scientific). Following 

manufacturer instructions, aPDL1 and 2-Iminothiolane were mixed at a 1:10 molar ratio. 

The mix was left to react for one hour at room temperature, under gentle stirring (800 

RPM) in PBS buffer (pH = 7.6) previously purged with N2 for a few minutes to remove 

the dissolved oxygen and supplemented with 5 mM EDTA to avoid metal-induced thiol 

oxidation. 2-Iminothiolane excess was removed by spin-filtration (3 cycles of 1,000 x g, 

3 minutes; Amicon, 100 kDa MWCO;) to avoid interferences during subsequent 

thiosuccinimide linkage formation.  

Thiol-maleimide neoantigen and antibody bioconjugation to mIONPs 

Thiolated structures (aPDL1 antibodies and neoantigens 1-B16-M27 and 1-B16-M30) 

were mixed with mIONP-Mal using concentrations indicated in the respective discussion 

sections. The mix was left to react overnight at room temperature, under gentle stirring 

(800 RPM) in PBS buffer (pH = 7.6) previously purged with N2 for a few minutes to 

remove the dissolved oxygen and supplemented with 5 mM EDTA to avoid metal-

induced thiol oxidation.  

mIONP-aPDL1 were purified by spin-filtration (Amicon, 300 kDa MWCO) to remove 

EDTA and non-bound aPDL1 excess. Centrifugation conditions were optimized to 

minimize particle aggregation. Three cycles of buffer exchange were used, each divided 

into 4 sub-runs of 500 g for 3 min. After each sub-run, the sample was vortexed to 

minimize IONP-aPDL1 adherence onto the filter membrane. 

mIONP-NeoAs were purified by ultracentrifugation (160,000 x g; 50 min) to remove 

EDTA and non-bound neoantigen excess. The supernatant (neoantigen excess) was stored 

for analysis and the pellet (mIONP-NeoAs) was resuspended in aqueous media with the 

help of gentle ultra-sonication (< 1 min). 

Non-bound neoantigen quantification  



 239 

Non-bound neoantigen excess collected during mIONP-NeoA purification was quantified 

by HPLC-UV/Vis (PerkinElmer Altus™ HPLC connected to a A-10 PDA). Samples were 

diluted in PBS and 10 µL were injected into the HPLC. Samples were run at room 

temperature on a Brownlee SPP C-8 Column 150 mm x 4.6 mm ID. Mobile phase 

solvents were (a) 0.1% trifluoroacetic acid (TFA; Thermo Fisher Scientific) in 

acetonitrile and (b) 0.1% TFA in Milli Q water. The separation was carried out during 32 

min using the mobile phase gradient elution conditions specified in Table 7.1. Analyte 

peaks were identified by comparison with solutions of each individual compound: 1-B16-

M27 (elution peak at 7.5 min) and 1-B16-M30 (elution peak at 14 min). Peak intensities 

were integrated and converted to concentration by comparison to a linear fit curve. 

Table 7.1. Mobile phase gradient elution conditions 

 

Protein quantification (BCA) 

Protein levels in a sample were measured using Thermo Scientific™ Pierce™ BCA 

Protein Assay Kits following manufacturer instructions. The samples were loaded in 96-

well plates. The optical density was measured in a POLARstar Omega (BMG Labtech) 

microplate reader at 560 nm. A second-order polynomial fit curve was used to quantify 

the protein present from blank-corrected absorbances.  

In vitro studies 

Cell lines 

Murine melanoma B16-F10(OVA) and murine macrophage RAW264.7 were kindly 

provided by Dr. Ane Ruiz de Angulo (CIC biomaGUNE).  Cell culture media, Dulbecco’s 

Modified Eagle Medium (DMEM), Roswell Park Memorial Institute (RPMI)-1640 

medium, as well as media supplements, fetal bovine serum (FBS), 
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Penicillin/Streptomycin (P/S, 50 U/mL), L-glutamine (200 mM) were all purchased from 

Gibco (UK). Accutase® was purchased from Biolegend, UK, and trypsin-EDTA (0.05%) 

from Gibco (UK).  

Cell counting 

Isolated cells were diluted based on anticipated cell number and 10 μl of the diluted cell 

suspension were mixed with 10 μl of trypan blue (0.4%; Gibco). Cell counting was then 

performed by either (i) applying the mix to an Eve™ cell counting slide (Cambridge 

Bioscience) and into a Countess™ 3FL automated cell counter (Invitrogen); or (ii) 

manually counting cells in four 1 mm x 1 mm squares using a standard haemocytometer. 

The total live cell count (via trypan blue exclusion) was used for experimentation. 

Monoculture cell viability studies (MTT)  

The cells were seeded at 5 × 103 cells/well (seeding density of 1.6 × 104 cells/cm2) in flat 

bottom 96-well plates and cultured for 24 h in 200 μL of complete medium. After 

removing the medium, cells were treated as specified in quadruplicate. Negative controls 

were treated with medium only. For final cell viability quantification, supernatant was 

removed and 50 μL of MTT reagent in complete medium (0.5 mg/mL) were added to the 

cells. The plate was incubated for 2 h at 37 °C. The supernatant was then discarded and 

100 μL of DMSO were added to solubilize the formazan crystals. Finally, the optical 

density of the samples was measured in a POLARstar Omega (BMG Labtech) microplate 

reader at 550 nm. Unless specified, cell viability data is represented as the relative 

absorbance intensity to the negative control.  

MTT studies on the susceptibility to ferroptosis for LC-2, MC-38, OVCAR8, PEO1, 

PEO4 and 4T1 cancer cell lines (see Chapter 5) were kindly performed by Ph.D. candidate 

Rhiannon Beadman (Swansea University). 

Co-culture studies 

Non-contacting co-cultures  

RAW 264.7 macrophages were co-cultured with B16-F10(OVA) melanoma cells 

separated by a 0.4 μm pore-size membrane in transwell plates (24-well plate). RAW264.7 
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cells were seeded on the apical chamber of the transwell plate at a density of 2.5 × 105 

cells/cm2 and in a volume of 100 μL of complete DMEM medium. B16-F10(OVA) cells 

were seeded on the basolateral chamber of the well at a seeding density of 4.2 × 102 

cells/cm2 and in a volume of 600 μL of complete RPMI 1640 medium. The cells were 

allowed to grow to 100% confluence for 48 h (final media mix ratio RPMI-1640:DMEM 

= 7:1). After removing the medium, cells were treated as specified. Indirect cell-to-cell 

co-cultures were accompanied by mono-culture controls exposed to the corresponding 

treatments used in the co-culture. For mono-culture controls, 8 × 104 RAW 264.7 cells 

were seeded on the bottom of a 96-well plate (seeding density of 2.5 × 105 cells/cm2) in 

a volume of 200 μL of media mix (RPMI-1640:DMEM = 7:1) and 8 × 104 B16-

F10(OVA) cells were seeded on the bottom of a 24-well plate (seeding density of 4.2 × 

102 cells/cm2) in a volume of 700 μL of media mix (RPMI-1640:DMEM = 7:1). After 

treatment, supernatants were collected and stored at -20  ̊C for cytokine analysis. 

Contacting co-cultures 

B16-F10(OVA) melanoma cells were seeded in 96-well plates at a density of 1.8 × 105 

cells/cm2 in a volume of 200 μL. After 24 h, B16-F10(OVA) formed a confluent 

monolayer and 8.5 x 104 RAW264.7 macrophage cells were seeded on top (seeding 

density of 2.7 × 105 cells/cm2) in a volume of 100 μL. They were allowed to adhere for 2 

h in complete medium (media mix ratio of RPMI-1640 : DMEM = 7:1). Medium was 

removed and fresh RPMI-1640 medium was added for 30 minutes to stabilize the cells. 

Finally, medium was removed and treatment was added as specified. Due to the small 

number of cells employed in each well, every treatment was performed in triplicate. 

Detached cells were pooled together for subsequent Flow Cytometry experiments. 

Supernatants were collected and stored at - 20  ̊C for cytokine analysis. 

Contacting co-culture development  

The contacting co-culture model was developed to: (i) to obtain a homogeneous 

monolayer of B16-F10(OVA) at the time of treatment to minimise uneven drug-

distribution; and (ii) to obtain a macrophage-to-melanoma cell ratio of approximately 1:3 

to 1:2, which corresponds to the relative macrophage-to-cancer cell presence observed in 

human tumors 12,13.  



 242 

The obtention of a homogeneous B16-F10(OVA) melanoma monolayer was assessed 

using fluorescent microscopy and well-stablished methods of cell staining 14. A first 

screening used 10,000-250,000 cell/cm2 cell seeding densities. The cells were seeded on 

top of a retriable transwell membrane (surface equivalent to 96-well plate, 0.33 cm2). 

After a 24-hour incubation, the cells were washed two times with PBS and fixed with 

paraformaldehyde (5% in PBS; 15 minutes at room temperature). Fixed cells were then 

washed two times with PBS and permeabilized with 2-[4-(2,4,4-trimethylpentan-2-

yl)phenoxy]ethanol (Triton X-100) (0.2% in PBS; 15 minutes at room temperature). 

Fixed and permeabilized cells were finally washed two times with PBS. To visualize the 

cell layer, the transwell membrane was retrieved and nuclear staining was performed 

using Vectashield® mounting solution containing 4′,6-diamidino-2-phenylindole (DAPI) 

(abcam; staining for 45 minutes at room temperature). Our results indicated that only the 

highest seeding densities (above 150,000 cell/cm2) provided a completely confluent layer 

of melanoma cells (Fig. 7.2, a-d). A narrower range of B16-F10(OVA) seeding densities 

between 150,000-250,000 cell/cm2 was used to optimize cell seeding number. This time, 

intracellular actin filaments of the cytoskeleton were stained using Phalloidin Red 

(Biolegend; 1:20 working dilution; staining for 45 minutes at room temperature after 

permeation). Cells were mounted using Vectashield® mounting solution (abcam) and 

observed using confocal fluorescent microscopy. Cell seeding densities larger than 

>190,000 cell/cm2 showed increasingly rough cell surfaces with large cell clumps (Fig. 

7.2, e-h). Therefore, B16-F10(OVA) seeding densities of 170,000 cell/cm2 were shown 

optimal for the obtention of a homogeneous monolayer after a 24 h incubation.  
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Figure 7.2. Fluorescent imaging of melanoma monolayers at the time of treatment.  (a-

d) 2-fold fluorescent image sets of B16-F10-OVA melanoma cells stained with DAPI at 

cell seeding densities: (a) 10 x 103 cell/cm2; (b) 40 x 103 cell/cm2; (c) 150 x 103 cell/cm2; 

(d) 250 x 103 cell/cm2. (e-h) Confocal fluorescent imaging of B16-F10-OVA melanoma 

cells Phalloidin Red at cell seeding densities: (e) 150 x 103 cell/cm2, (f) 170 x 103 cell/cm2; 

(g) 210 x 103 cell/cm2; (h) 250 x 103 cell/cm2. Multi-layered cell clumps observed at same 

objective height (6.75 µm) are indicated inside blue intermittent lines. DAPI (365/448 

nm) staining and Phalloidin Red staining (590/615 nm) were recorded using 

corresponding excitation lasers and detection filters.  

B16-F10(OVA) were seeded onto a 96-well plate at 170,000 cell/cm2 and incubated for 

24 h. The cells were then detached using 100 μL of accutase® or trypsin-EDTA and 

counted, resulting 88,300 ± 10,500 cells (Fig. 6.3). To optimize RAW264.7 cell seeding 

number, the macrophages were seeded onto a 96-well plate at cell densities ranging 

between 85,000 – 303,000 cell/cm2. After 120 minutes, the supernatant was discarded 

and the remaining macrophages were detached and counted (Fig. 7.3). A RAW264.7 cell 

seeding density of 260.000 cell/cm2 was shown to achieve 40 ± 5% of attached 

macrophages to melanoma at the time of treatment.  
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Figure 7.3. Total number of adhered RAW264.7 cells.  Murine macrophage 264.7 cells 

were seeded at the specified seeding censities and left to adhere onto the surface of a 96-

well for 120 minutes. The cells were then detached and counted. Orange bar represents 

the cell number for B16-F10-OVA melanoma cells. Dashed lines represent the low-end 

objective of relative number of macrophages to melanoma cells (30%). Data shown as 

mean ± SEM (N=2). 

Flow cytometry studies 

Cell viability 

Cell viability assessment after treatment was conducted by Flow Cytometry. After 

treatment, RAW 264.7 and B16-F10(OVA) cells were detached using 100 μL of 

accutase® or trypsin. After 5 min at room temperature, the detachment solutions were 

neutralized with 100 μL of complete media. The resulting cell suspensions were washed 

with PBS and stained with 50 μL of Zombie NIR™ diluted 1:100 in PBS over 45 min at 

4° C in the dark. For differentiation between RAW 264.7 from B16-F10(OVA), cells 

were then washed with 0.1.% BSA in PBS (and stained with Brilliant Violet-labeled anti-

F4/80 antibody diluted 1:200 in the same buffer. Finally, the cell suspensions were 

washed with FACS buffer (1% FBS in PBS) by centrifugation (3 cycles, 800 g, 4 min) 

and suspended in 300 μL of the same buffer. Positive controls for necrotic cell death were 

heated to 80° C for 3 min prior to staining. Using a NovoCyte Flow Cytometer (ACEA 

Biosciences), cell populations were gated based on the forward and side scatter 
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parameters and the not-single events leaved out based on forward area and height scatter 

parameters (FlowJo, LCC software). Differentiation between cells was based on F4/80-

positive fluorescent (fluorescent Pacific Blue channel, 445 nm). Necrotic cell populations 

were gated based on Zombie NIR™ positive fluorescent staining (fluorescent APC-Cy7 

channel, 780 nm) (Fig. 7.4).  

Flow cytometry studies on bone marrow-derived macrophage polarization and viability 

(see Chapter 3) were kindly performed by Arnold J. group in King´s College London 

(UK). 
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Figure 7.4. Cell gating strategy employed in this work. (a-b) B16-F10-OVA and 

RAW263.7 murine melanoma cell line gating strategy for singlet discrimination and 

necrosis fluorescent staining; (c-d) B16-F10-OVA and RAW264.7 gating strategy for 

cell-line discrimination as negative and positive aF4/80 fluorescent staining, (e), Small 

debri exclusion prior to cell sorting; (f), Final gating strategy (2D) for direct cell-to-cell 

contact co-culture set-up.  
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Membrane lipid peroxidation analysis in live cells  

Lipid hydroperoxide accumulation after treatment could be revealed by Flow Cytometry. 

After treatment, supernatant was removed and cells were stained using Liperfluo® (10 

μM) or DMSO vehicle control (1%) and incubated 30 min (at 37 °C, 5% CO2). As a 

positive control for lipid peroxides, cells were incubated with Cumene Hydroperoxide 

(100 μM) in complete RPMI for 2 h at 37 °C, 5% CO2 prior to Liperfluo® addition. Cells 

were detached using 100 μl accutase® and Flow cytometry sample preparation followed 

the steps described above. After not-single events were leaved out, differentiation 

between cells was based on lipid hydroperoxide-positive fluorescent staining (fluorescent 

Pacific Orange channel, 572 nm). 

Quantification of IL-10, PD-L1 and TNF-α cytokines by ELISA  

Cytokine levels were measured in cell supernatants using sandwich ELISA following 

manufacturer instructions. The optical density was measured in a POLARstar Omega 

(BMG Labtech) microplate reader at 450-550 nm. A 4-parameter sigmoidal (logistic) 

standard curve was used to quantify the cytokine present (GraphPad Prism software). 

Results are expressed as mean ± SEM in pg/mL or ng/mL, compared to untreated control 

wells. PD-L1 ELISA quantification was kindly performed by Saul Michue Seijas (Ph.D. 

candidate; Swansea University). 

In vivo studies 

All in vivo studies included in this work were kindly performed by Dr. Ane Ruiz-de-

Angulo (CIC biomaGUNE, Spain) by Dr. Ane Ruiz-de-Angulo and Dr. Jordi Llop’s 

research group at CIC biomaGUNE (Spain). 

Statistical analysis  

Data presented as mean ± SEM. The differences between the control and the experimental 

groups were assessed using two-tailed unpaired Student’s t tests and the differences 

among groups > 2 by one-way ANOVA (GraphPad Prism, GraphPad Software, La Jolla, 

CA). Statistical significance was set at *p < 0.05; **p < 0.01; p < 0.001.  
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