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Abstract 

Cancer is one of the principal causes of mortality and the onset of new cases is 

estimated to increase from 19.3 million new cases in 2020 to 28.4 million by 2040 

worldwide. Brain tumours represent a group of diseases characterised by high 

aggressiveness and poor prognosis. Glioblastoma represents 47% of cases and is 

currently treated with the anticancer agent temozolomide. This agent can induce 

tumour regression and promote patients’ survival but is characterised by low 

specificity and premature conversion into its metabolites causing severe side effects. 

Recent research has focused on the improvement of the tumour-targeted delivery of 

drugs such as temozolomide for anticancer chemotherapy exploiting nanocapsules. 

The protein shell apoferritin is biocompatible, biodegradable, non-immunogenic and 

pH-responsive and can be preferentially internalised by tumour cells. These features 

make apoferritin an ideal nanocarrier. However, when small molecules like 

temozolomide are encapsulated within apoferritin, they can easily leak through the 

interprotein channels that connect the core of the nanocage with the external 

environment. This problem can lead to reduced nanoparticle uptake into the brain, 

consequent decrease in drug efficacy and higher probability of undesired toxicity.  

This work aims to exploit the natural affinity of apoferritin for transition metals and 

their complexes, to improve the retention of temozolomide inside apoferritin when 

exposed to physiological environments. It was hypothesised that the loading of 

apoferritin with both Cu2+-phenanthroline complex and temozolomide could promote 

the coordination of the metal and prevent the escape of the anticancer agent. 

Furthermore, Cu2+-phenanthroline itself is the precursor of a family of anticancer 

compounds currently under clinical evaluation. Therefore, Cu2+-phenanthroline has 

the potential to both prevent temozolomide leakage from apoferritin and contribute to 

the anticancer activity of the formulation. The work presented in this thesis evaluates 

the viability of this dual-drug delivery approach by using either horse spleen or human 

heavy chain apoferritin to achieve temozolomide delivery only in cancer cells and 

achieve enhanced anticancer activity. The metal affinity of the Apoferritin cage is 

essential to this approach. Horse spleen apoferritin is employed to evaluate the 

encapsulation of Cu2+-phenanthroline using the nanoreactor method and its effect on 

temozolomide loading and retention. With human heavy chain apoferritin, site-specific 

covalent conjugation of the Cu2+-phenanthroline complex has been undertaken 

before temozolomide encapsulation given the lower metal accumulation capacity of 

this apoferritin variant. The nano-formulations are characterised by UV-vis, high 
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resolution transmission electron microscopy (HRTEM), inductively coupled plasma 

mass spectrometry (ICP-MS), Ellman’s assay, Matrix-assisted Laser 

Desorption/ionization Time of Flight (MALDI-TOF MS) and tested for in vitro 

anticancer activity by cell viability 3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide (MTT) and clonogenic assays. 

The encapsulation of Cu2+-phenanthroline into horse spleen apoferritin led to the 

formation of different copper(II) species some of them organised into crystal patterns 

visible by HRTEM and stable for up to 4 months. Upon loading of 339 temozolomide 

molecules per cage by nanoreactor route, the nano-formulation was able to protect 

the drug from degradation but the introduction of the metal complex had no effect on 

drug retention. In vitro results reported enhanced cytotoxicity of the apoferritin 

encapsulated agents with a 30-fold decrease in GI50 for glioblastoma cell lines 

compared to temozolomide treatment. The covalent conjugation of Cu2+-

phenanthroline to human heavy chain apoferritin was challenging and robust 

confirmation of bioconjugation could not be achieved due the heterogeneity of the 

purified reaction mixtures. Consequently, no significant metal accumulation was 

observed even when 1,10-phenanthroline was detected. Temozolomide was 

entrapped within human apoferritin with encapsulation efficiency of 43 % of the total 

temozolomide added (moles) and drug loading of 12.9 % of the total nano-formulation 

weight (encapsulated drug and protein).  

This work illustrates the potential of horse spleen apoferritin as an efficient drug 

delivery vehicle for the anticancer agent temozolomide, able to protect it from 

premature degradation and favour intracellular delivery. The anticancer activity of the 

metallodrug Cu2+-phenanthroline showed promising results for the treatment of 

glioblastoma multiforme alone and in combination with temozolomide. However, this 

application would require functionalisation of the apoferritin cage for precise tumour 

targeting, given the in vitro toxicity caused by the metallodrug to non-tumour cells. In 

summary, although none of the nano-formulations studied resulted in improved 

temozolomide retention into apoferritin, this work provided additional evidence to 

support the use of this protein nanocage as a valuable drug delivery tool.  
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1. Introduction and Literature Review 

1.1 Background and motivation 

Pharmaceutical treatments represent a fine balance between benefit and risk.  In 

most cases the risk is related to the unintended consequences of drug administration 

to normal body tissues. This is especially true for anticancer chemotherapy. Tumour 

heterogeneity even within the same patient makes the development of effective 

therapies extremely challenging. This can be further exacerbated by the location of 

the primary tumour and its speed of progression. In this context tumours of the central 

nervous system only include over one hundred distinct entities.1 Among them 

glioblastoma multiforme (GBM) accounts for 46.6 % of the cases,1 is very aggressive 

and is incurable at diagnosis with an average survival time of 15 months.1 This 

condition is aggravated by the tumour localisation in the brain, which makes any 

medical treatment or procedure challenging and potentially hazardous. The approved 

treatment involves surgical resection with post-surgical radiotherapy and 

chemotherapy with the alkylating agent temozolomide (TMZ), the active component 

of the drug Temodal®.1,2 

Treatment of brain tumours like GBM is hindered by the presence of the blood brain 

barrier (BBB) whose physiological function aims to prevent the penetration of harmful 

substances into the brain. However, this also constitutes an obstacle for most 

therapeutic agents.2 TMZ is able to cross the BBB2 at the cost of systemic distribution 

which causes a number of side effects: increased risk of infection, bruising, bleeding 

gums, nose bleeds, loss of appetite, headache, sickness, constipation or diarrhoea, 

fatigue, seizures, hair loss, skin rashes.3 These undesired toxicities would be limited 

by allowing the drug to exert its pharmacological action only to the tumour site. This 

is the main objective of the research currently conducted in the field of drug delivery.  

Drug delivery aims to achieve the desired therapeutic effect with minimal toxicities by 

developing systems able to discharge the drug molecules only at their site of action 

(in this case the tumour), the Ehrlich’s ‘magic bullet’.4 The ideal drug delivery system 

should be biocompatible, biodegradable, nonimmunogenic, highly specific, cost-

effective, able to carry a significant amount of drug molecules and to be orally 

administered. Nanoparticles are emerging as viable devices to accomplish this task. 

A wide array of biomedical tools using inorganic and organic nano structures is under 

development with some of them already approved by regulatory agencies for 
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anticancer treatment.5 However, the design of a delivery system able to incorporate 

all the features listed above is still very challenging.  

Protein nanoparticles, and in particular the apoferritin (AFt) nanocage already 

possess many of the advantages desirable in a drug delivery device. The protein cage 

is biocompatible and biodegradable, can be easily functionalised to target specific 

tissues, has a natural ability to cross the BBB6, it can encapsulate different organic 

and inorganic molecules and its pH-responsiveness provides a selective drug release 

mechanism.7 Furthermore, its physiological function as an iron storage protein makes 

it naturally stable in the systemic circulation, acting as a protective scaffold to its 

cargo. All these features make apoferritin a good candidate for the development of a 

TMZ delivery system for the treatment of GBM. Although promising compared to other 

systems, optimisation is still required to improve the ability of the protein cage 

apoferritin to prevent the leakage of TMZ while in the systemic circulation and to 

deliver it selectively to cancer cells. Improving the control over drug release from AFt 

is critical for its translation  into clinical application. So far, the use of helper molecules 

like metal complexes able to stabilise the drug when inside the protein until 

internalisation into cancer cells have produced encouraging results.8 The 

development of an apoferritin optimised cage, with improved TMZ retention ability 

would favour the study of this delivery system for therapeutic application and provide 

the basis for the use of this protein scaffold for the targeted delivery of other 

anticancer agents. 

 

1.2 Anticancer chemotherapy and drug delivery 

1.2.1 The burden of cancer diseases 

According to the World Health Organisation (WHO) cancer constitutes one of the 

leading causes of death worldwide. In 2020, ~10 million patients died of cancer 

(Figure 1.1).9,10 Although the most common cancers can vary depending on the 

country, those which are connected to the highest mortality are lung (1.80 million 

deaths), colon and rectum (916 000 deaths), liver (830 000 deaths), stomach (769 

000 deaths) and breast cancer (685 000 deaths).9 Of the total number of new cancer 

cases arising per year, 400 000 are paediatric cancers.9 In 2020 in Europe 1.9 million 

cancer deaths and 4.0 million new cases were reported.11 
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Figure 1.1. Estimated number of cancer deaths in 2020 worldwide reproduced from the 

International Agency for Research on Cancer (WHO).12 

The global cancer burden is expected to rise by 47% by 2040, with an overall increase 

of up to 28.4 million cases.10 These estimates are likely to grow as the full impact of 

the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) that caused the 

COVID-19 pandemic is not yet known in many countries. The importance of the 

incidence of cancer and its mortality are also related to the impact on global 

economies, given the heterogeneity of cancer disease and the connected 

comorbidities. For example, in 2018 in Europe it was estimated that cancer diseases 

had an economic impact of 97 billion euros.11  

Cancer is a disease caused by the progressive alteration of normal cells into tumour 

cells promoted by a mixture of genetic factors and external stimuli including physical 

carcinogens (ultraviolet and ionising radiation), chemical carcinogens (asbestos, 

components of tobacco smoke, alcohol, food and water contaminants), and infections 

from certain viruses, bacteria, or parasites. Early detection and efficacy of the 

treatment are essential to cure many cancers. More is required by individual 

governments to improve the screening systems and prevention.10,11 However, the 

development of affordable and highly specific anticancer chemotherapy would play a 

crucial role with effective prevention in reducing the mortality associated with cancer 

diseases.  
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1.2.2 Anticancer agents  

In the recent past, remarkable progress has been achieved in the pharmacological 

treatment of tumour diseases, leading to an increase in the life expectancy of patients 

with malignancies and to an extension in the use of chemotherapeutic agents for the 

treatment of non-malignant diseases such as autoimmune diseases.13  Most 

anticancer agents exert their cytotoxic activity by targeting different phases of the cell 

cycle. Although tumour cells can be heterogeneous, they rely on the constitutive 

activation of common ancestral biochemical pathways to promote survival and 

proliferation.14 Consequently, a significant portion of these medications is still 

characterised by a low therapeutic index which reflects in their potential to cause 

drug-related toxicities. This phenomenon occurs because the cells most susceptible 

to chemotherapy are those in a highly proliferative state: this includes some types of 

cancer, but healthy cells as well (bone marrow, hair follicles, intestinal epithelium). 

Furthermore, the severity of these side effects might not be limited to the time in which 

the patient undergoes treatment, but there can be a negative effect on the functions 

of vital organs also after its completion. 15 

Anticancer agents can be grouped into three main categories, each being further 

divided into smaller classes according to the drug targets (Figure 1.2): cytotoxic 

agents, targeted therapeutics, and hormonal agents.16 Cytotoxic agents constitute the 

oldest class of anticancer chemotherapeutics characterised by a remarkable potency. 

Often these agents can produce significant dose-related toxicities including 

myelosuppression, gastrointestinal disturbances, alopecia and uncomfortable 

inflammatory reactions at the site of injection.16 Targeted therapeutics have been 

developed to achieve a higher selectivity for tumour cell targets. Targeted 

therapeutics can be further classified into two main groups of molecular entities: 

monoclonal antibodies and small molecules.16 Monoclonal antibodies (mAb) have the 

advantage of being more stable in the blood and of providing the specific targeting 

moiety on more complex therapeutic systems. They can be used as conjugates with 

toxins or radionuclides to enhance the specificity of their cytotoxic action.16 The major 

issue of small-targeted therapeutics is related to their hepatic CYP450 metabolism 

and the consequent drug-drug interactions that can take place if the patient is 

subjected to a multitherapy regimen, which is a plausible condition in the case of 

cancer.16 Hormonal agents constitute a class of chemotherapeutics whose 

application is restricted to specific tumour types such as prostate and breast 

cancers.16 All the anticancer agents used in chemotherapy can be hampered in their 

pharmacological effect because of the mounting of drug resistance by the targeted 
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tumour cells by employing mechanisms leading to poor drug absorption and delivery, 

genetic alteration of drug transport, activation and clearance as well as mutations, 

amplifications or deletions of the drug target.17  

 

Figure 1.2. Diagram of the anticancer agents currently employed in pharmacological 

chemotherapy, grouped into different classes according to their mechanism of action. 

The complexity of cancer cells’ biology as well as the enormous variability according 

to which cancer disease develops among different individuals highlights the need for 

complex, personalised therapies carefully tuned not only to the disease but also, and 

more importantly, to the patient. Targeted agents are characterised by a higher 

specificity, but many of them still rely on the ability of the immune response of the 

patient to determine therapeutic success and can suffer the rapid development of 

resistance mechanisms.16 On the other hand, cytotoxic agents do not bear the 

specificity of mAb or small molecules but have established efficacy in the clinic 

despite the severe drug-related toxicities that they are likely to cause.16  

1.2.3 Drug delivery systems (DDSs) and their pharmacokinetics in anticancer 

chemotherapy 

Drug delivery can be valuable in oncology where the administration of anticancer 

agents in a controlled fashion can improve their therapeutic efficacy and prevent non-

specific interactions that can cause major toxicities to patients. Drug delivery systems 

(DDSs) are designed to stabilise therapeutics agents in vivo in a way to achieve 

localised controlled release of the active compound and to minimise systemic 

exposure.18 The growing interest developed for DDSs in the past 50 years has led to 

the identification of those features that must be considered during their evaluation: 

chemical structure, shape, size and the possible interactions with the body.5,18,19 

DDSs aim to address some of the major issues responsible for decreased efficacy of 
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drug therapies such as poor patient adherence, enzymatic degradation, poor 

bioavailability, insufficient concentration at the target site and onset of off-target 

toxicities. Although the common aim might lead to the conclusion that also prodrugs 

can be considered DDSs it is important to highlight that while DDSs are materials 

whose physicochemical properties determine a specific interaction with the 

pharmaceutical compound, prodrugs are chemical derivatives of a drug molecule able 

to exert a therapeutic effect only if “triggered”.20,21 

Several materials have been artificially developed to achieve controlled release of 

their “cargo” (Figure 1.3). Of particular relevance are those systems exploiting the 

size of the DDS for passive accumulation at the target site and/or the response of the 

DDS material to various stimuli such as pH22, temperature or light.23 Since 1986 with 

the discovery of the enhanced permeability and retention effect (EPR) the use of 

nanocarrier formulations for drug delivery has been widely investigated.24 The EPR 

effect is the consequence of the irregular and defective vasculature growing around 

the tumour mass. The surrounding blood vessels have large pores created by the 

sparse distribution of their epithelial cells which make the tumour vasculature 

porous.25 Nanocarriers within 20-200 nm can passively accumulate within the tumour 

tissue because of the EPR effect.26,7 Passive tumour targeting is one of the reasons 

for which size is crucial for nanocarriers. Larger particles are too big to allow 

extravasation at the tumour site and can be recognised and removed by the 

reticuloendothelial system (RES). Smaller particles can leak also from normal 

vascular tissue.26,7 

 

Figure 1.3. Different DDSs produced according to the physicochemical features of their 

“cargo” and the intended administration route. 
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Among essential features of drug delivery nanocarriers, charge and hydrophobicity 

can determine the efficiency of cellular uptake and the probability of clearance from 

the blood circulation. The nanocarrier's surface charge should avoid interactions with 

serum proteins and water and reduce clearance from the blood circulation by 

reticuloendothelial system (RES), hepatic and renal excretion.7 In addition to this, 

specific internalisation by cancer cells should be provided by surface motifs 

recognised by receptors (biomarkers) that are overexpressed on tumour cells.26,7 In 

practice, the EPR effect produces only a 20-30% increase in tumour accumulation 

due to the high interstitial pressure in the tumour environment exacerbated by the 

entry of more nanocarriers.26 The ability to encapsulate a high number of drug 

molecules and their homogeneous distribution within the nanocarrier, without 

premature drug release are essential to ensure the efficacy of the drug delivery 

system.27 Biodegradability of the nanocarrier and its biocompatibility are also 

necessary to prevent unwanted immunogenic responses or other undesired side 

effects.  

The main smart carriers studied for biotech applications, including drug delivery 

(Figure 1.4) can be divided into inorganic (carbon nanotubes, gold nanoparticles and 

quantum dots etc) and organic nanocarriers (polymer-based micelles, liposomes, 

dendrimers, exosomes).5,7 Inorganic nanocarriers are characterised by a central core 

formed by metal NPs or loaded with active molecules, stabilised by a surface coating 

that can be functionalised for targeting. Organic nanocarriers are delivery vehicles 

derived from living systems (pathogen-based, mammalian-cell based) recently 

recognised as a more advantageous tool for clinical purposes.18 

 

Figure 1.4 Nanocarriers currently studied for drug delivery and diagnostics and their size 

reproduced from Tesarova et al.7  
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The structure of inorganic nanocarriers is characterised by an inorganic core which 

constitutes the active agent and an outer shell to improve stability in biological 

environments (Figure 1.5). The core is used for the loading of drugs or inorganic 

materials such as gold, quantum dots, silica or iron oxide that are responsible for the 

magnetic and plasmonic properties of the nano-formulation.28,29 The outer shell is 

usually composed of organic polymers or metals which can be conjugated to 

biomacromolecules for targeting and protecting the core (usually a metal, depending 

on the formulation) from non-specific interactions (Figure 1.5).28,29  Gold nanoparticles 

(NPs),30 quantum dots (QDs),31 carbon nanotubes (CNTs),32 supermagnetic iron-

oxide nanoparticles (SPIONs)33 and mesoporous silica nanoparticles (MSNs)34 are 

the inorganic nanocarriers mostly employed for clinical applications and drug 

delivery.5 

 

Figure 1.5 Example of inorganic nanocarriers used in biotechnology as reported by Lombardo 

et al.5  

QDs are inorganic nanoparticles formed of three layers: an inner semiconductor core 

(usually CdSe), coated by a semiconductor layer (usually ZnS) with an outer 

surfactant coating (Figure 1.5). Their unique photophysical properties and their 

fluorescence allow for real-time monitoring of drug delivery and tumour imaging.35,36 

Gold NPs are characterised by higher biocompatibility and low toxicity. Furthermore, 

they can be easily functionalised for therapeutic and diagnostic purposes.37 CNTs are 

characterised by a nano-needle shaped structure that favours internalisation by 

endocytosis and has successfully delivered doxorubicin, methotrexate, paclitaxel, 

cisplatin and siRNA.38,39,40 SPIONs are formed by magnetite (Fe3O4) and maghemite 

(Fe2O3) which can be concentrated at the target tumour tissue with the use of an 

external high-gradient magnetic field.41 MSNs have been used for the delivery of 

paclitaxel, doxorubicin and methotrexate using a variety of systems responsive to 

temperature, light, pH, magnetic, electric and mechanical stimuli.42,43 
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Among the smart inorganic carriers described above, only gold NPs and MSNs 

showed encouraging biocompatibility and biodegradability. The main challenges are 

correlated to the translation of these systems in the clinic, especially for MSNs.5 QDs, 

CNTs and SPIONs are all characterised by significant toxicity and poor 

biocompatibility which in some cases has been improved by surface coating with 

polyethylene glycol (PEG).5 Although PEGylation is a standard technique to improve 

the biocompatibility and stability of drug compounds, recent studies have outlined the 

formation of anti-PEG antibodies over time in patients upon administration of 

PEGylated treatments.44 The production of such antibodies can lead to accelerated 

blood clearance, low drug efficacy, hypersensitivity and life-threatening side effects.44  

Of these inorganic systems only the NanoTherm® formulation had been approved by 

the FDA for the treatment of glioblastoma through magnetic hyperthermia induced by 

the superparamagnetic iron oxide.5 Other similar iron oxide nanoparticles have been 

withdrawn from the market, while gold NPs and MSNs showed critical issues related 

to toxicity and stability in early phase clinical trials.5 As mentioned previously, the 

clinical application of DDSs requires them to be biodegradable to prevent their 

accumulation in the body and the onset of harmful effects. However, biodegradability 

constitutes one of the major drawbacks of inorganic nanocarriers and the reason why 

organic structures such as liposomes and albumin are instead used and approved in 

clinical practice.45,46 

In contrast to inorganic DDSs, organic nanocarriers such as exosomes, bacteria, 

viruses and some mammalian cells already possess the right structural features to 

circulate within organisms and cross physiological membranes. Furthermore, DDSs 

able to be assembled from pre-functionalised biomaterials can benefit from simplified 

optimisation and manufacturing steps, compared to DDSs produced from non-natural 

materials.47,48 Nanomaterial-based drug delivery is emerging as a widely studied form 

of DDS, especially for anticancer chemotherapy. The benefits of nano-scale DDSs 

are controlled drug release, specific tumour targeting, improved drug 

pharmacokinetics and biodistribution, ability to overcome biological barriers and 

enhanced tumour tissue accumulation.27 All these aspects with a detailed description 

of the organic nanocarriers studies for therapeutic applications will be discussed in 

the next section. 

The large number of pharmaceuticals available and the problems brought by their 

administration, either related to the dose regimen or pre-existing clinical conditions, 

underline the need to continue to expand research on drug delivery. The development 
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of DDSs characterised by simple structures, high specificity, and loading efficiency 

have the potential to greatly increase the therapeutic effect of drug compounds. By 

addressing the issues of non-specific distribution, rapid clearance, uncontrolled 

release and low bioavailability of common drug therapies, DDSs can significantly 

reduce the onset and the severity of adverse reactions.5 The introduction of 

nanotechnology in the field of drug delivery could provide a valuable tool for the 

improvement of both the pharmacokinetic (solubility, bioavailability, stability) and 

specificity of the pharmacological activity (cell or tissue-specific delivery, precise 

intracellular delivery, visualisation of delivery sites).47 

1.2.4 Nanocapsules used as DDSs: polymeric vesicles, liposomes, exosomes, 

protein cages and virus-like particles 

Liposomal and polymeric nanocapsules formulations are currently the only two 

categories of nanocarriers approved for therapeutic uses.5 Liposomes are 50-500 nm 

vesicles that can be composed of synthetic or natural (phospho-)lipid units consisting 

of a hydrophilic head and hydrophobic tail that can self-assemble into bilayers in 

aqueous solution (Figure 1.6).5 The complexity of these structures can be increased 

by producing multilamellar vesicles characterised by several concentric lipid bilayers 

or (in the case of highly hydrophobic drugs) by introducing a core of high melting fat 

matrix to obtain solid lipid nanoparticles (SLNs).49,50 The encapsulation of a variety of 

anticancer agents such as doxorubicin, daunorubicin, cisplatin, paclitaxel and 

vincristine has been achieved into liposomes due to their ability to store both 

hydrophilic and hydrophobic molecules.5 The doxorubicin-containing liposomal 

formulations Doxil® and Myocet® are currently used for the treatment of Kaposi’s 

sarcoma and breast cancer respectively.5 Liposomes can be functionalised with the 

use of PEG polymers and their structures designed to release their cargo to specific 

stimuli such as light, heat, magnetic field, ultrasound, pH, enzymes and redox.5 The 

thermo-sensitive liposome-doxorubicin formulation Thermodox® is currently under 

phase III clinical trial.5 Furthermore, a theranostic liposome-based system loaded with 

the MRI contrast agent Gd-DTPA and doxorubicin showed the ability to 

simultaneously monitor and allow drug delivery.51 Liposomes constitute the dominant 

nanoparticle formulations approved for anticancer treatment.52 This is owed to the 

biocompatibility, ease of preparation and size control, low cytotoxicity and 

hydrophobic/hydrophilic features of these nanocarriers.5 

Polymer-based nanocarriers can be assembled from natural and synthetic building 

blocks into micelles or vesicles by balancing the hydrophobic/hydrophilic balance of 
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the final amphiphilic polymer (Figure 1.6).53 Micelles provide the ideal 

microenvironment for the loading of hydrophobic drugs by virtue of their lipophilic core 

and hydrophilic shell which improves solubility and stability in aqueous media.5 

Vesicles are characterised by a bilayer structure which makes them suitable for the 

encapsulation of hydrophilic molecules.5 Chitosan, dextran, heparin and hyaluronan 

are among the natural polymers which have been studied in the past for drug delivery. 

Among them, chitosan has been used for the self-assembly of amphiphilic micelles 

loaded with anticancer agents for drug delivery and theranostic applications.5 In 

addition to nanoparticles based on natural polymers, there has been recent interest 

in the use of biodegradable synthetic polymeric biomaterials like poly(lactic acid) 

(PLA) and poly(lactic-co-glycolide) (PLGA) copolymers. Both are approved by the US 

Food and Drug Administration (FDA) and the European Medicinal Agency (EMA) as 

drug delivery biomaterials.5 PEG-PLGA micelles were used to conjugate the 

anticancer agent doxorubicin to produce a slow and controlled release formulation.54 

The functionalisation of PLGA-PEG nanocarriers with folate produced a system more 

efficient at targeting cancer cells both for imaging and drug delivery.55 Furthermore 

polymer-based nanocarriers can also be engineered to release their content upon 

physical, chemical and biological stimuli. The use of poly(N-isopropylacrylamide) 

(PNIPAm) and the pluronic-type class of poly(ethylene oxide)-poly(propyleneoxide)-

po-ly(ethylene oxide) PEOm-PPOn-PEOm triblock copolymers to synthesise 

thermoresponsive micelles has been extensively used for drug encapsulation and 

delivery.56 The drug release is achieved by localised alteration of the temperature to 

reduce the solubility of the polymers which destabilises the structure of the 

nanocarrier.56 Biocompatible polymers are also employed for the design of 

dendrimers and hydrogels for biomedical applications.5 

 

Figure 1.6 Example of lipid and polymeric organic nanocarriers used in biotechnology 

reproduced from Masserini et al.57  
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Although liposomes and polymers are the only nanocarriers that have been able to 

reach the market, other emerging nanoparticles have attracted interest as potential 

drug delivery systems like exosomes. Exosomes are membrane-based vesicles 

ranging from 40 to 100 nm, that can be produced by all cell types and therefore are 

non-immunogenic.58 According to the exosome database ExoCarta there are ~8000 

proteins and 194 lipids known to be associated with exosomes (Figure 1.7).59 These 

nanocarriers have been employed to detect prostate, breast and ovarian cancer and 

for the diagnosis and detection of active and latent forms of intracellular infections.58,59 

Recent literature illustrated the successful encapsulation of doxorubicin into 

exosomes and efficient delivery across the BBB using zebrafish embryos.60 Similar 

results were achieved in a mouse tumour model both in vitro and in vivo.61 Exosomes 

were proven efficient carriers of proteins for the therapy of Parkinson’s disease and 

of siRNA to achieve gene silencing.58 Due to the high expression of the epidermal 

growth factor receptor (EGFR) in many cancer cells, exosomes were tested for the 

delivery of miRNA also to breast cancer cells.62  Although promising, further study of 

the role of exosomes in health and disease conditions is needed to predict long term 

safety.58 Many techniques have been developed to isolate and purify exosomes, 

however their production is still very expensive and difficult to scale up for biomedical 

application.58 To overcome this issue the design of artificial or exosomes mimetics is 

one of the approaches undertaken by researchers.58  

In addition to lipid and polymer-based drug delivery systems, protein nanocapsules 

provide a variety of biocompatible and biodegradable tools due to their native 

presence in the organism. They can be used for drug encapsulation by physical 

entrapment or covalent conjugation. However, they often cause rapid and 

uncontrolled drug leakage.27 Among some of the currently studied natural 

nanocarriers there are virus-like particles (VLPs) and viral capsids, milk proteins, 

small heat shock proteins (HSP), silk proteins, albumin, gliadin, gelatin, legumin, 

lipoproteins, DNA-binding proteins from starved cells (DPS), and the ubiquitous 

protein ferritin (Ft).7,63  VLPs are non-infectious nano-capsules formed by the 

assembly of the proteins that normally form viral capsids.64 These proteins can be 

produced from bacteriophages, animal and plant viruses and have been successfully 

used to encapsulate and deliver small peptide drugs, siRNA, and chemotherapeutic 

drugs such as Taxol® and doxorubicin.64 Particularly important is the contribution of 

VLPs in vaccine delivery.65,66 In fact, VLPs have been successfully used to display 

epitopes that can produce an enhanced and long-lasting antibody response to target 

poorly immunogenic antigens.65,66  
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The inherent transport function of albumin makes it able to bind several peptides and 

proteins through non-covalent interactions and also presents a variety of residues 

that can be used for covalent conjugation of drugs like Taxol®, which has been 

approved as Abraxane® for the treatment of metastatic breast cancer by the FDA.67 

Furthermore it is stable in the pH range 4.0-9.0 and at temperatures up to 60 °C.64 

DPS and ferritin are iron storage proteins composed of a small number of subunits 

able to assemble into symmetrical nanocages.68 The presence of a hollow core 

makes them suitable for the loading of anticancer and theranostic agents.69,70 

Mammalian ferritin has been widely investigated for drug delivery and clinical 

applications.68 The loading of doxorubicin into the empty ferritin shell (apoferritin) 

achieved ten times higher tumour accumulation and significant cytotoxicity compared 

to free doxorubicin, with lower systemic toxicity compared to the liposomal formulation 

Doxil®.63  

The main issues related to the use of nanocarriers for clinical and biotech applications 

are connected to their employment within the complex biological environment where 

multiform interactions can occur.5 The design of liposomes able to evade the host 

immune system with a long-circulating capability, higher stability, and without toxicity 

remains challenging.71 Although polymeric nanoparticles may have better stability, 

their biocompatibility and long-term potential safety are still a concern for clinical 

applications.72 The production of pure and scalable quantities of exosomes makes 

the development of formulations for clinical applications challenging.59 Protein-based 

delivery systems like ferritin have the biocompatibility, uniform size and potential for 

functionalisation able to overcome the limitations observed with the majority of nano-

formulations presented in this section.73 The natural stability of some protein 

nanocapsules makes them valuable tools for drug delivery. Their basic structure can 

be modified and adapted for the loading of different therapeutic agents and to 

increase their uptake by cancer cells. Successful protein-mediated drug delivery has 

been achieved through the covalent modification of proteins, to produce 

pharmacologically active bioconjugates. 

 

1.3 Design and therapeutic applications of protein bioconjugates 

The use of bioconjugation to covalently bind drug molecules to protein and peptide 

systems for drug delivery is characterised by increased chemical stability, protection 

from in vivo degradation and excretion, increased drug half-life, reduced side effects 
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and increased drug solubility.74 Beside these benefits the design of protein-drug 

bioconjugates for clinical applications should be carefully controlled in every aspect 

of their preparation. For this reason, the choice of the conjugation strategy can be 

critical for the efficacy and the safety of the bioconjugate system. 

1.3.1 Methods for protein conjugation 

The applications of protein bioconjugates span from diagnostics, bio-sensors, 

recyclable catalysts and protein-based therapeutics.75 Ensuring the selectivity of the 

protein labelling is essential for bioconjugates designed for clinical applications, as 

heterogeneous conjugates can negatively affect the pharmacokinetic profile of the 

formulation.75 There are two major approaches for the labelling of proteins with 

exogenous functionalities: pre-engineering of the amino acid sequence and the 

single-site chemical modification of native proteins.75 The pre-engineered protein 

method involves the genetic modification of the amino acids sequence for the 

incorporation of low frequency occurring residues like cysteine, or noncanonical 

amino acids with azide functionalities.75 This method has been further expanded to 

make the mutated sequence recognisable by a specific reagent or enzyme to achieve 

labelling.76 The single-site modification of native proteins instead is based on the 

selective labelling of a canonical amino acid residue (cysteine, tryptophan, tyrosine, 

histidine, lysine) without previous protein engineering.75 Even though the use of the 

native protein for conjugation can provide better information on its biological function, 

it comes at the cost of heterogeneity and low specificity of labelling. The presence of 

amino acid residues with similar nucleophilicity in a reaction mixture containing an 

excess of the electrophilic label can lead to the formation of bioconjugates at multiple 

protein sites.75 

Due to its higher specificity and its potential application to many protein substrates, 

the pre-engineering of the peptide sequence approach is generally preferred to 

produce bioconjugates for therapeutic applications. Unnatural amino acids (UAAs) 

provide site-specific protein conjugation due to their unique chemical and biological 

features that differentiate them from canonical amino acids.77 Although employed for 

many applications including pharmaceuticals manufacturing, the synthesis of UAAs 

is still challenging and time-consuming.77,78 Natural amino acids with ionisable side 

chains that tend to be highly accessible in the protein structure (aspartic acid, glutamic 

acid, lysine, arginine, cysteine, histidine, tyrosine) can also act as nucleophiles for 

conjugation purposes. Among them cysteine is characterised by unique 

nucleophilicity and natural low abundance, combining the advantages of the UAAs 
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with those of canonical amino acid side chains.74,78 For these reasons, cysteine is one 

of the mostly employed amino acid for site-specific protein bioconjugation 

reactions.78,74 Its side chain (pKa~ 8.0-9.0) is ionised into a negatively charged thiolate 

anion at alkaline pH. 78,74 This favours the labelling of the cysteine through different 

reactions such as alkylation, acylation and maleimide conjugations while keeping 

protein-compatible conditions.74  

The principal reaction for protein conjugation through a cysteine residue involves the 

use of maleimide reagents. The Michael addition of a thiolate anion of cysteine to a 

maleimide double bond leads to the formation of a thiosuccinimide bond (Figure 

1.7).78,79  This approach is characterised by fast labelling procedures with acceptable 

selectivity in aqueous environment and no need for heating or catalysts.78 

Furthermore, maleic anhydrides can be easily added to amines to produce 

functionalised dyes and probes for protein labelling.80 All these features contributed 

to the use of maleimide coupling to produce systems such as antibody drug 

conjugates, some of which are currently used in therapeutic regimens.78 An example 

is Brentuximab vedotin formed by the conjugation of an anti-CD30 antibody to the 

cytotoxic agent monomethyl aurostatin E, approved for the treatment of Hodgkin’s 

lymphoma and systemic anaplastic large cell lymphoma.81 A more detailed 

description of the ADC approach is described in the following section.  

 

Figure 1.7 Examples of cysteine bioconjugation through maleimide and haloalkyl compounds. 

Although extensively employed, the maleimide bond can undergo thiol exchange in thiol-rich 

environment thus leading to non-specific interactions and loss of the targeting ability.79 Instead 

the thioether conjugate has the potential for greater stability and better control over release.82 



 

16 
 

Although the maleimide-thiol chemistry has been widely employed for protein 

bioconjugation due to its chemoselectivity and good reactivity, recent reports have 

revealed the instability of such linkages with a dramatic effect on the bioconjugate’s 

activity and pharmacokinetics in vivo.19 The presence of high thiol concentration in 

biological environments can cause a retro-Michael reaction to occur, leading to the 

group exchange with exogenous thiols and the irreversible cleavage of the 

thiosuccinimide bond (Figure 1.8).79 Degradation of the succinimidyl moiety can also 

occur through irreversible hydrolysis, which stabilizes the maleimide-thiol bond 

(Figure 1.8).79 Although less common than maleimides, another valuable and reliable 

method  for cysteine conjugation is the SN2 reaction with haloalkyl iodide and bromide 

reagents (Figure 1.7).78 This method was employed for the synthesis of protein 

bioconjugates for therapeutic applications and provides a more stable alternative to 

maleimides even though the conjugation reaction can be slower.82  The use of this 

system for covalent conjugation to AFt is described in Chapter 4. Many other reagents 

have been developed as alternatives to maleimide for protein bioconjugation through 

cysteine residues. Although promising, most of them still lack substantial in vivo 

evaluation.80 This is crucial not only to determine their safety and stability in biological 

environments but also the efficiency of their cargo release. 

 

Figure 1.8 Mechanism of protein-maleimide degradation in biological environments. In some 

cases irreversible hydrolysis can stabilize the maleimide-thiol bond preventing the thiol-

exchange reaction.79 

1.3.2 Antibody drug conjugates and small-molecules drug conjugates 

One of the most investigated systems where the covalent conjugation of drug 

molecules to protein is exploited for targeted drug delivery is the antibody-drug 

conjugate (ADC).83 Their effectiveness in specific tumour targeting is confirmed by 

the fact that there are currently seven ADCs that have been approved by the FDA for 

the treatment of several cancers.83 This system is based on the covalent conjugation 

of the anticancer drug to a monoclonal antibody (mAb) targeting the tumour tissue 
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(Figure 1.9-a).84 The selective release of the drug molecule is ensured by the 

presence of a degradable linker that can be cleaved upon internalisation by the 

cancer cell (Figure 1.9).84 The mAbs are engineered murine/humanised antibodies 

that target specific surface antigens expressed only or in higher quantity by cancer 

cells to ensure the specificity of the cytotoxic action and reduce drug internalisation 

by normal cells.83 To achieve controlled drug release, ADCs are designed with three 

essential components: the mAb, a biodegradable linker and the drug.83 The linkers 

can be usually cleaved by pH-induced hydrolysis or enzymatically.83 The different 

drugs delivered through ADCs include anticancer toxins and antimitotic and DNA-

binding cytotoxic agents like anthracyclines and auristatins.83 

 

Figure 1.9. Schematic representation of the structure of an ADC (a) with proposed mechanism 

of drug (payload) release and catabolism (b) as reported by Liu et al.83  

The other protein bioconjugates employed and investigated for drug delivery are the 

targeted biologics like PEGylated proteins and small peptides employed for cancer 

treatment and folate-targeted small molecule–drug conjugates (SMDCs).83 The latter 

exploit the high expression of the folate receptor on many primary and metastatic 

cancers to specifically deliver cytotoxic drugs.85 In addition to the advantages of 

increased specificity and more favourable safety profiles of ADCs, the SMDCs are 

cleared from the systemic circulation more efficiently than the larger ADCs thus 

reducing the chances of off-target side effects.86 The systems reported in this section 

suggest that protein and peptide-based DDSs can provide superior target specificity 

over polymeric and lipid-based systems and for their improvement through 

functionalisation. However more studies focused on the metabolic fate of these 

bioconjugate systems could help understanding their long-term impact on the human 

body. 
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1.3.3 Antibody directed enzyme prodrug therapy 

Although being a successful drug delivery system, the metabolism, non-specific 

release, and limited delivery capacity per mass of targeting protein of ADCs still 

constitute a clinical issue.83,87 In the attempt to overcome such limitations as well as 

to further improve the benefit over risk profile of the concurrent ADCs system, the 

antibody directed enzyme prodrug therapy (ADEPT) approach has been developed.  

ADEPT is based on the delivery of enzymes specifically to tumours, using the 

selectivity of mAb, to allow the extracellular conversion of prodrugs at the target site 

upon infusion (Figure 1.10).88 Prodrugs are a class of therapeutic agents 

characterised by a markedly reduced pharmacological activity until converted to their 

active form by either chemical or enzymatic processes within the organism.21 

Differently from ADC, the therapeutic action of ADEPT systems is based on the 

administration of the Ab-enzyme fusion protein first to ensure binding to target cells 

and successively of the prodrug which would be activated only where the Ab-enzyme 

is present.89 Although several mammalian and non-mammalian enzymes have been 

employed the only ADEPT system that has been able to reach clinical evaluation has 

been the one exploiting the carboxypeptidase CPG2 from Pseudomonas sp.88  

CPG2 is a bacterial metalloenzyme responsible for the hydrolytic cleavage of reduced 

and non-reduced folates, therefore it has no mammalian homologue. With the aid of 

zinc(II) as a cofactor, it catalyses the hydrolysis of cleavable bonds in aqueous 

environments90. This CPG2 carboxypeptidase has been selected for its ability to 

cleave glutamate from amidic urethanic and ureidic bonds, so it has been studied for 

the activation of L-glutamate triazines90 and nitrogen mustards91. Even though this 

ADEPT system had encouraging preclinical results major challenges were found due 

to the inadequate localisation of the antibody/enzyme conjugate and humoral immune 

reaction against the bacterial CPG2, which often required administration of 

cyclosporine.88,89 To address such issues the research efforts have also been 

concentrated on the human β-glucuronidase for ADEPT design. β-glucuronidases are 

intracellular lysosomal enzymes92 responsible for the metabolism of some 

pharmaceutical agents into more polar compounds, making the xenobiotic easier to 

be excreted. Due to its polar nature, a glucuronide prodrug will be less likely to enter 

non-target cells and to produce off-target toxicities. In vitro (paclitaxel and 

camptothecin) and in vivo (cyclopamine, monomethyl auristatin E, and doxorubicin) 

studies have reported the positive results in terms of cancer cell cytotoxicity and 

safety correlated with the use of glucuronide ADEPT sytems.92 However, no ADEPT 

system using β- glucuronidases has yet reached the stage of clinical evaluation. 
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Another approach that follows the lead of ADEPT is gene-directed enzyme prodrug 

therapy (GDEPT) which is based on the intracellular activation of a prodrug by an 

enzyme expressed upon gene transduction within the cancer cell (Figure 1.10).93 Four 

enzyme/prodrug systems have been evaluated, all reaching clinical stages with 

promising pre-clinical results. As for the ADEPT system also GDEPT translation into 

clinical application was limited by the low transduction efficiency of the vector, the 

lack of an appropriate drug delivery system, prodrug conversion rates and active 

metabolites diffusion through cancer cells (bystander effect) are still major issues 

limiting the clinical application of both methods.93 Ideally a system based on a human 

protein, able to deliver both the prodrug and its activator at the same time could avoid 

these challenges. 

 

Figure 1.10. Schematic representation of the ADEPT and GDEPT prodrug activation and 

delivery mechanism.  

1.3.4 Metal-protein bioconjugates developed for therapeutic applications 

Covalent conjugation constitutes the preferred method of metal incorporation to 

produce systems for biomedical applications and DDSs, as it limits the metal non-

specific interactions between the metal and endogenous molecules.19 One of the 

most general structures is the drug-linker-peptidic conjugate in which every element 

has a crucial role in the stability and pharmacological activity of the construct and 

which reflects the structure of ADCs (Figure 1.9-a).19 In the same way as for ADCs 
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the linker is responsible for the stability of the bioconjugate in the systemic circulation 

and drug release at the target tissue.19 In general, the covalent conjugation strategy 

is based on the presence of highly active groups on specific amino acids within the 

protein (either natural or unnatural) with selective reactivity towards the metal ligand 

chosen for the conjugation (Figure 1.11-a). Single amino acid mutations with 

cysteines or incorporation of unnatural amino acids such as azidomethionine, 

homopropargylalanine, homoallylglycine etc. 75 can be easily achieved in the protein 

by genetic engineering. Other strategies also involve the use of the peptide backbone 

and of the N and C-termini to provide sites for metal incorporation (Figure 1.11-b).94,95  

 

Figure 1.11. Structure of metal-peptide/protein conjugates (a) and detail of peptide/protein 

conjugation sites used for metal complex binding (b) as described by Meier-Menches et al.19 

(a) General structure of a metal-bioconjugate with X and Y representing the common 

functional groups used to connect either the drug or the peptide to the linker. (b) Sites of 

metal−peptide conjugation: N-terminal conjugation performed via linker strategies (R1), side 

chain modifications involving nucleophilic (Nu) or unnatural amino acids (R2), backbone 

modifications (B) and C-terminal conjugation (R3). 

The covalent conjugation of metallodrugs to proteins can increase drug efficacy and 

reduce the onset of toxicities resulting from non-specific interactions in physiological 

environments. Platinum-containing drugs cisplatin, carboplatin and oxaliplatin are the 

most widely used metallodrugs for anticancer chemotherapy worldwide (Figure 

1.12).4 The mechanism through which these metallodrugs cause cancer cell toxicity 

involves DNA binding and generation of irreversible DNA lesions which block the cell 

cycle.4  Platinum (II) derivatives share the same pharmacological activity, but are 

characterised by improved targeting.4  Platinum (IV) derivatives are instead prodrugs 

that can release cisplatin, carboplatin or oxaliplatin upon reduction within the tumour 
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cell.4 However, these platinum (IV) complexes can be often subjected to non-specific 

reduction, which constitute a challenge for clinical application.96  

Many metal-peptide bioconjugates have been synthesised using platinum anticancer 

agents cisplatin and oxaliplatin and their derivatives.19 Recently Imberti et al. 

developed a platinum (IV) trans,trans-[Pt(N3)2(Py)2(OH)(OCO-(PEG)2-NHCSNH-Ph-

NCS)] complex conjugated to myoglobin.96 Release of the metallodrug was controlled 

by exposing the myoglobin bioconjugate to light.96 Lippard et al. produced platinum 

(IV) complexes that were conjugated to RGD motives by amide coupling to the 

peptide N-terminus.97 A modified oxaliplatin analogue was also conjugated to the 

monoclonal antibody Herceptin® (trastuzumab). This formulation aimed at specific 

targeting of human epidermal growth factor receptor 2 (HER2) positive cancers. The 

ADC improved cellular accumulation and cellular cytotoxicity of the platinum 

metallodrug.98 On a similar approach trastuzumab-gold (I) conjugates were 

synthesised by copper-free alkyne cycloaddition and by amide formation were found 

to have particularly enhanced anticancer activity (Figure 1.13).99 Copper mediated 

alkyne-azide cycloaddition (CuAAC) and “click” chemistry approaches are also used 

for metal coordination and metalation. The formation of an N-terminal triazole through 

“click” chemistry favoured the synthesis of a cyclam-tripeptide bioconjugate able to 

coordinate zinc (II), copper (II) or nickel (II), suitable for imaging purposes.19 The 

spontaneous cycloaddition between p-ethynylphe with an azido-gold(I) moiety 

produced a gold bioconjugate with anticancer activity.100  

 

Figure 1.12. Approved platinum anticancer agents and Casiopeinas under clinical evaluation.  
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Another class of novel metallodrugs under clinical evaluation for anticancer 

chemotherapy are Casiopeinas (Figure 1.12).101 These are a class of copper 

coordination compounds whose ligand is either a bipyridine or a phenanthroline 

ring.102 These complexes can induce cancer cell death by ROS-induced DNA 

oxidation and degradation, depletion of antioxidant defenses, mitochondrial toxicity 

through CYP450 inhibition and DNA intercalation.103 The enhanced cytotoxicity 

exerted by the phenanthroline complexes combined with their low specificity toward 

cancer cells and the tendency of the metal center to interact with off-target 

biochemical processes make them ideal candidates for conjugation to targeting 

proteins and peptides. 102,104,105 

 

Figure 1.13 Preparation of novel Trastuzumab-gold conjugates as reported by Curado et 

al., Trastuzumab gold-conjugates: Synthetic approach and in vitro evaluation of anticancer 

activities in breast cancer cell lines, (Chemical Communication, 2019). 

Due to the reactivity of metal complexes with nucleophiles exposed on protein 

covalent conjugation often provides a more stable system for therapeutic application. 

Serum proteins like human serum albumin (HSA) provide valuable scaffolds that can 

prevent undesired clearance of the metallodrug from the system circulation.19 The 

use of HSA targeted platinum (IV)-maleimide in vivo significantly reduced tumour 

mass.19 Zhang et al. also used HSA to prepare organoiridium (III)-protein conjugates 

able to exert in vitro anticancer activity and to act as photo-sensitiser for 

photodynamic therapy (PDT).106 The bioconjugate was prepared through maleimide 

reaction with the cysteine residue naturally expressed in HSA.106 
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The extended interest and study of protein and peptide-drug conjugates for medical 

application has highlighted that in many cases constructs with non-cleavable moieties 

can provide better efficacy. 19 The covalent immobilisation of organometallic species 

to proteins could result in more inert functionalities that can provide a better 

alternative for the targeted delivery of therapeutic agents. 19 Furthermore, the 

potential of bioconjugates formed by metal-peptide and metal-protein interactions can 

be further expanded from drug delivery to the development of therapeutic catalysts 

and new imaging techniques.  

An interesting approach for the use of protein-metal complex conjugation in biology 

is represented by the emerging field of artificial metalloenzymes (ArMs).107  Artificial 

enzymes are non-natural biocatalysts produced by the incorporation of non-native 

chemical functionalities within biomolecular scaffolds, often a protein or DNA. 

Alternatively, de novo design of small peptides reproducing the enzyme’s active site 

have also been proposed.108,109 Using this approach, copper complexes have been 

explored for in vitro catalysis of Diels-Alder cycloaddition reactions.110 In this case the 

metal was coordinated by residual 1,10-phenanthroline bound to high affinity 

antagonists of the human adenosine receptor 2A.110 The presence of the core 

structure of the antagonist allowed for the exploitation of its interaction with the 

receptor to localise the ArM on the cell surface.110 This work reported the 

transformation of a membrane receptor into an ArM with the potential to broaden the 

repertoire of reactions catalysed in vivo for the targeted activation of prodrugs or 

organ specific synthesis of deficient metabolites.110 Recently the in vivo formation of 

amide bonds between fluorescent probes and the amine groups exposed on proteins 

was reported using gold complexes bound to coumarin, exploiting its strong affinity 

for albumin.111 The further functionalisation of the albumin scaffold with glycans 

allowed for organ-specific imaging.111 A promising example of ArM employing albumin 

as protein scaffold for the protection of the catalytic activity of  gold (I) complexes 

allowed for in vitro hydroamination to produce anticancer phenanthridinium 

derivatives.112 Following a different approach, the covalent anchoring of copper 

clusters to bovine serum albumin (BSA) functionalised with tumour-targeting peptides 

triggered sustained DNA cleavage and chemiluminescent tumour imaging in vivo.112 

The application of targeted ArM is also emerging as potential approach for 

selective cell tagging therapy (SeCT), in which glycosylated ArM can be used to 

catalyse the labelling of tumour cells in vivo with cytotoxic moieties.113 Although 

promising, there are still many challenges associated with the introduction of artificial 

catalysts into in vitro and in vivo including the permeability of artificial cofactors bound 
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to the metal ligands, the cofactor localisation, the biocompatibility of the cofactor as 

well as additives, substrates and products and the mutual inactivation caused by the 

downstream natural enzyme.109 

 

1.4 Ferritin and Apoferritin 

Ferritin (Ft) is an iron storage protein that is expressed by many organisms. The main 

function of Ft is to prevent iron-induced cell damage upon the formation of reactive 

oxygen species from free iron (II).114 The possibility to easily remove the iron core by 

reductive mobilisation,115  allows for the rapid preparation of the protein-only 

apoferritin (AFt) which can then be employed for the loading of a wide variety of 

molecules and functionalities.116 For this reason, the protein cage AFt can serve as a 

multimodule platform for drug delivery, diagnostic and theranostic applications.6 

Different protein isoforms have been extensively studied and employed for organic 

and inorganic agents loading, functionalisation and targeted delivery.7 As mentioned 

above, an efficient drug delivery device must possess most of the following 

characteristics: biocompatibility and biodegradability, low immunogenicity, presence 

of modifiable groups for active targeting moieties, nano-size that exploits enhanced 

uptake by EPR, reduced chances of rapid liver and renal clearance or opsonisation.7 

In the case of AFt most of these requirements are met but despite this, no clinical 

trials are using the protein cage as a DDS. In this section, a detailed description of 

the uses and features of AFt proteins from different organisms is provided to highlight 

the gaps in knowledge and the challenges that must be addressed to fully exploit the 

potential of this nanocage as a multi-functional therapeutic tool.  

1.4.1 Ferritin: physiological role and main properties 

Ft is a protein cage formed from the assembly of 24 subunits which can be classified 

as light chain (L) or heavy chain (H) and these can combine into different ratios (from 

1:23 H:L to 23:1 H:L) according to the organism and the tissue in which they are 

expressed.117 Mammalian Ft cages expressed in the heart are predominantly H-

chain, whereas those expressed in the liver a mainly formed of L-chain subunits.117 

The mammalian protein cage has an outer diameter of 12 nm and an inner cavity of 

7-8 nm (Figure 1.14) in diameter and an interior volume of 1.4 x 10-19 cm3.117 The H 

and L chain subunits for mammalian Ft share 55% homology and have an average 

weight of respectively 21 kDa and 19 kDa.117 Although the amino acid sequence can 

vary, the tertiary and quaternary structure of the protein cage is highly conserved.117 



 

25 
 

The subunits are composed of five helices (A-E) and can interact with each other 

along the 2-fold axis to form the protein cage (Figure 1.14).118 In the 24-mer each 

subunit can interact with the other six subunits forming four interfaces (C1-C4) 

through hydrogen bonds and electrostatic interactions, following a 432 symmetry.6 

Among them the C2 interfaces are those characterised by the largest number of 

interactions and are therefore the most susceptible to sequence modification as they 

contribute significantly to the formation of the protein cage.6 At the subunits interfaces 

there is the formation of two sets of channels (0.4 nm wide) that provide the 

connection between the interior core of the protein and the external environment: the 

eight 3-fold hydrophilic channels and the six 4-fold hydrophobic channels (Figure 

1.14).117 The 3-fold channels are formed by the end of helix C and the start of helix D 

from three subunits, their triangular opening (Figure 1.14) is lined with hydrophilic 

amino acids which generate an electrostatic gradient that guides the cations toward 

the protein core.117,119 The six 4-fold hydrophobic channels are instead formed by 4 

inwardly pointing E-helices (Figure 1.14) that have the function to allow the exit route 

for protons during the mineralisation of the iron core.119 

Figure 1.14. Structure of ferritin light-chain subunit and of the 24-mer with 3-fold and 4-fold 

channels.  

Both H and L-chain subunits contribute to the nucleation of iron into Ft although with 

different roles. The H-chain Ft contains the ferroxidase centre which is responsible 

for the catalytic oxidation of iron (II) to iron (III).117 The L-chain Ft instead favours the 

growth of the mineral core by providing the inner-facing 4-8 carboxylic acid residues 

that chelate the metal and act as nucleation sites.117 The entry of iron into Ft 

heteropolymers is regulated by the saturation of the ferroxidase site. Here occurs the 

oxidation of 2 iron (II) ions upon consumption of oxygen by the formation of a µ-1,2 
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diferric peroxo-complex and then its precipitation into diferric-oxo-clusters (Figure 

1.15-a).117 When higher concentrations of iron (II) are present and for L-chain Ft 

homopolymers the incoming iron can be catalytically deposited on the surface of the 

growing mineral core.117 Ft can theoretically accumulate up to 4500 iron atoms in this 

way as a ferrihydrite mineral core, in which iron has tetrahedral coordination.117 It is 

also important to specify that Ft shows an electrochemical signature as a result of the 

electron transfer step involved in the formation/dissolution of its iron core.117 

 

Figure 1.15. Ft iron core mineralisation (a) and demineralisation in the presence of thiols at 

acidic pH (b). 

When the iron core is removed from Ft, the empty shell is referred to as apoferritin. 

The process of iron mobilisation to prepare AFt for loading of different agents like 

anticancer drugs can be performed using dithionite, thioglycolate and 

dihydroriboflavin 5’-phosphate (FMNH) (Figure 1.16).115 The kinetics of the iron 

demineralisation can vary depending on the agent used even among thiol 

compounds. Although the mobilisation of iron is also possible with chelating agents 

only, the process is generally very slow.115  

The use of reducing agents able to penetrate the Ft cage helps in the demineralisation 

of the iron core and prevents further metal deposition. In general, the reduction is 

favoured at low pH, where there are more protons available for the reduction of iron 

(III) to iron (II) (Figure 1.15-b).116 The pH can significantly increase the rate of iron 

mobilisation exemplified in the case of dithionite where the reaction at pH 4.0 is 100 

times faster than at pH 7.0.115 Iron mobilisation by dithionite usually occurs in 

presence of a bipyridine chelating agent to aid for iron removal, which significantly 

reduces the protein recovery.116  For this reason preparation of AFt from Ft is usually 

carried out using thioglycolic acid, even though the demineralisation proceeds at a 

slightly slower rate than with dithionite.116  
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Figure 1.16 Iron (III) reduction into iron (II) by FMNH (a) and dithionite (b).  

One of the intrinsic properties of AFt is its pH responsiveness.6 The protein cage can 

disassemble and reassemble in a pH-dependent manner, this mechanism has been 

studied with different techniques like synchrotron small-angle X-ray scattering 

(SAXS),6 dynamic light scattering (DLS) and small-angle neutral scattering (SANS),120 

or fluorescence resonance energy transfer (FRET).121 The process of self-assembly 

is the result of the spontaneous association of both subunits into a supramolecular 

structure through hydrogen bonding, electrostatic, hydrophobic and van der Waals 

interactions, in which low-energy bonds are formed between subunits.118 FRET 

studies reported that the presence of different ratios of L-chain and H-chain subunits 

can contribute to the speed of AFt cage assembly, with a tendency to prefer the 

formation of H/L heteropolymers over homopolymers.121 AFt exists as an intact 24-

mer spherical cage between pH 3.4 to 10.0, more acidic and more alkaline pH induces 

its disassembly into single subunits.122 When the pH drops below 3.4 the disassembly 

proceeds gradually, forming at first two holes in the sphere until producing rod-like 

oligomers when the pH reaches 0.8 (Figure 1.17).6 DLS studies demonstrated that 

the disassembly of the protein cage is a direct consequence of the progressive 

protonation of carboxyl and hydroxyl groups of the amino acid residues at the subunit 

interfaces, which in turn causes the disruption of the tertiary structure of the protein 

and alters its configuration, sometimes irreversibly.120 Other studies reported the 

disassembly of the AFt cage under extreme pH conditions and the successful 

reassembly of the intact cage structure at pH 7.5.123,124  
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Figure 1.17. Scheme representing the pH-dependent disassembly and reassembly behaviour 

of AFt process as reported by Mihee et al.122 

The pH-dependent disassembly of AFt becomes especially relevant upon protein 

internalisation by cells and its ability to release its cargo within the acidic environment 

of the lysosomes (pH 4.5-5.5) favouring the relaxation of the cage.6 Receptor-

mediated binding is the first step for the internalisation of Ft, then the adaptor complex 

(AP-2) recruits clathrin polypeptides that internalise the protein cage into a vesicle 

(Figure 1.18).7 Upon internalisation the vesicle is converted into an endosome which 

progressively acidifies to form early endosome (pH 6.5), late endosome (pH 5.5) and 

then lysosome (pH 4.5).7 The gradual acidification of the endosome allows for the 

release of the AFt content as a consequence of the swelling of the protein channels, 

thus becoming a crucial step to ensure intracellular delivery as of encapsulated 

therapeutic agents (Figure 1.18). The receptor-binding step for AFt internalisation is 

determined by the ratio of H and L-chain subunits forming the cage. The H-chain Ft 

has a high affinity for the transferrin receptor 1 (TfR-1) while the L-chain Ft is 

recognised by the Scavenger Receptor Class A Member 5 (SCARA5).119 These 

receptors are expressed on hepatocytes, reticulocytes, lymphoid cells, erythroid 

precursors and several cancer cells.125 In particular, the expression of TfR-1 by some 

malignant cancer cells was found to be up 100 times higher than in normal cells, 

suggesting an intrinsic targeting ability of H-chain AFt toward tumour sites.126 

Similarly, high expression of TfR-1 has been reported on the endothelial cells forming 

the BBB and in macrophages at the atherosclerotic plaques.127,128 H-chain AFt was 

also reported to be able to translocate into the nucleus with the potential to be 

employed as a DDS for nuclear-targeted drug delivery as well.129 Depending on the 

subunits’ ratio the different Ft cages are predominantly expressed in different tissues. 

H-subunit rich Ft are found in erythroid cells, heart cells, pancreatic cells, kidney cells, 

lymphocytes and monocytes, which are characterised by high iron requirements for 
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their metabolic activities.114 L-rich subunit Ft tend to accumulate largely in the liver 

and spleen, whose physiological function mainly requires iron storage.114 

 

Figure 1.18. TfR1-mediated internalisation of AFt cage.  

All the properties described above represent advantages in the potential use of AFt 

for many applications, as clinical and therapeutic tool. The AFt cage can be loaded 

with a wide variety of imaging, catalytic or drug molecules using multiple protocols. 

The protein subunits present an intrinsic tumour targeting ability in addition to the AFt 

cage nano-size which allows tumour accumulation via the EPR effect. More 

importantly, AFt can ensure the delivery of the drug-loaded nanoparticle with 

subcellular precision and to the nuclear compartment through its pH-dependent 

disassembly. Although promising, some of these features can pose challenges that 

need to be addressed according to the application envisaged. If on one side pH-

dependent disassembly allows for the loading of large molecules into AFt, the harsh 

pH conditions prevent the encapsulation of acid-sensitive compounds. A similar 

problem is faced upon the delivery of acid-labile and enzyme-sensitive drugs through 

receptor-mediated endocytosis.6 The affinity of AFt subunits for TfR-1 and SCARA5 

receptors contributes to the effective and rapid clearance of the loaded cage from the 

bloodstream, which might hamper efficient drug delivery.114 However, the external 

and internal surfaces of AFt are amenable to genetic and chemical modifications, 

providing a wide range of solutions to the above-mentioned challenges.  
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1.4.2 Apoferritin isoforms: horse-spleen and human apoferritin  

Ft is a ubiquitous protein of which there can be identified three types according to 

their structural features: classical Ft, bacterioferritin and DNA- binding protein from 

starved-cells (DPS).119 The classical Fts composed the largest group present in 

nature and include the mammalian Fts.119 Bacterioferritins are composed of 24 

identical subunits and bind an heme-like iron protoporphyrin between two subunits.117 

DPS is smaller Fts (typically 12-mers) and functions to protect bacterial 

chromosomes.119 In mammals Fts can be found in the cytosol, nucleus and 

mitochondria for iron storage, but also in blood plasma, synovial and cerebrospinal 

fluids.68 The mammalian Fts mainly employed for drug delivery are the horse-spleen 

(HSFt) and the human (HuFt) isoforms. The sequence homology between HSFt and 

HuFt is between 83-95 % for L-chain and 55 % for the H-chain subunit.130 The 

denaturation temperatures of HSFt and HuFt at pH 7 are 93 and 77 ◦C, 

respectively.131 HuFt is preferable as drug delivery capsule due to its reduced 

immunogenicity and the possibility to be genetically engineered for tumour targeting.68 

While HuFt requires in-house production for its use in experimental procedures, HSFt 

is a commercially available alternative that has been more extensively used for drug 

encapsulation studies and also favoured by the comparability of the in vivo results.68 

However, it must be highlighted that while the subunits composition of HuFt cages 

may vary, that of HSFt is 90 % L-chain and 10 % H-chain, a factor that can affect 

receptor affinity and metal binding.131 

1.4.3 Apoferritin applications in nanotechnology and drug delivery 

The interest in AFt for biotechnology applications can be summarised by two main 

properties of the protein cage: the possibility to functionalise the external and internal 

surfaces of the protein shell and its pH responsiveness. In addition to these, AFt is 

biocompatible, biodegradable, has an ideal nano-size for many applications. These 

features have been applied to the development of several AFt-based systems in the 

field of nano theranostics, biorthogonal therapy, gene delivery, vaccines, tissue 

engineering, food science, catalysis and nanoelectronics.7,117 The protein cage is 

especially valuable in the field of anticancer drug delivery and diagnostics. Ft has 

been extensively studied as endogenous iron storage protein and therefore has well-

documented toxicity, biodistribution and excretion profile.117 AFt particles can be 

easily obtained using standard biotechnology methods, with encapsulation protocols 

that can be potentially optimised for the loading of a wide range of therapeutic agents.   
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1.4.3.1 Preparation of Apoferritin particles by encapsulation 

The encapsulation of organic and inorganic compounds into AFt has the advantage 

of improving their water solubility, thermal stability, photostability,  and cellular 

uptake.7 The preparation of AFt-drug formulations reported in the literature consists 

of two methods mainly dictated by the size and pH stability of the cargo: nanoreactor 

route and reassembly route (Figure 1.19).132,133,134 The nanoreactor route is usually 

employed for small molecules able to enter the AFt cage by diffusion through the 8 

hydrophilic or 4 hydrophobic channels whose diameter is 0.3-0.5 nm (Figure 1.19).133 

Cisplatin,135,136 gefitinib137 and temozolomide138 have been encapsulated via this 

route. The reassembly route is based on the ability of AFt to disassemble and 

reassemble at different pH conditions.139 The experimental method involves the 

gradual acidification (pH 2) or alkalinisation (pH 11) of the protein solution and the 

dropwise addition of the drug.133,139 The pH would then be restored to neutrality to 

allow reassembly of the cage. Anticancer agents including doxorubicin140 and 

olaparib124 have been encapsulated via the reassembly route. 

The main disadvantages of the reassembly method are the requirement for the loaded 

agent to withstand harsh pH conditions and the limited recovery of the intact AFt cage 

as the disassembly process is not fully reversible.134,122,141,120 Furthermore, recent 

reports have shown that the AFt cage is not a rigid structure, but rather a flexible 

macromolecule that can encapsulate larger molecules like uranyl acetate dehydrate, 

phosphotungstic acid and curcumin by diffusion through its channels.141 The flexibility 

of the AFt cage reported by this study opened the possibility to avoid the disassembly-

reassembly procedure when necessary even for compounds that wouldn’t normally 

fit through the protein channels.  
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Figure 1.19. Routes for drug encapsulation into AFt: nanoreactor (left) and reassembly (right).  

Many groups have tried to address the challenges related to drug encapsulation into 

AFt using different strategies. In addition to low protein recovery, encapsulation by 

pH-dependent disassembly/reassembly is not suitable for acid-labile compounds. 

Two approaches have been developed to resolve this issue: one is to make AFt 

disassemble under milder pH conditions using denaturing agents or mutation of the 

protein and the other is to make the protein cage responsive to other stimuli less likely 

to favour drug degradation. Wang et al. developed a protein cage with weaker inter-

subunit interactions which was able to disassemble at pH 4.142 In this work the 

modification of 2-3 amino acids in the AB loop of the human H-chain AFt subunits 

influenced the inter-subunit interactions at the C3-C4 interface, thus affecting the 

disassembly process.142 In 2016 Chen et al. obtained a similar result by deleting 23 

amino acids on the DE turn and the E helix on human H-chain AFt.118 Alternatively, 

Huard et al. reported the production of a copper-responsive AFt cage.143 Their 

strategy was based on the alteration of the protein-protein interactions to make them 

responsive only to metal binding using the reverse-templated interface redesign 

(rMeTIR).143 The introduction of His6 motifs into the 4-fold protein channel interfaces 

of AFt can make the protein cage responsive to two different types of stimuli: pH and 

metal ions.144 The His6 motifs pH-dependent protonation allow for the disassembly 

under neutral conditions and reassembly at alkaline pH= 10.0.144 Alternatively, the 

ability of histidine to interact with transition metals also drives the reassembly of the 

protein cage when metals are present in solution.144 
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One of the main challenges of AFt-drug delivery systems is the leakage of small 

molecules from the cage, which is the main drawback for formulations prepared by 

the nanoreactor route.145 Even though this method is less disruptive than reassembly, 

it can lead to poor control over drug loading and retention. Small molecules can leak 

from the cage shortly after encapsulation, which prevents the targeted drug delivery 

strategy on which the rationale for the clinical use of AFt is based.139 Furthermore, 

the loading is dependent on the size of the loaded agent compared to the protein 

channel's diameter. Drug encapsulation and entrapment inside AFt relies on the 

equilibrium between the protein and the drug. The stability of the AFt-drug formulation 

is dependent on the hydrophobicity/hydrophilicity of the drug, the interactive sites of 

AFt under the encapsulation conditions and the nanocage integrity after the 

preparation.119 Due to the presence of negatively charged amino acids lining the 

interior of the AFt cage, metal ions, organic molecules with a net positive charge and 

reactive precursors can be trapped in significantly higher amounts compared to 

noncharged drug molecules.119 Methods exploiting the flexibility of the AFt channels 

in the presence of denaturants such as urea, guanidine or Triton X-100, and the use 

of pH stressors like acidic acetic buffer at pH 5.0 have been employed to increase the 

loading efficiency of the protein without disrupting the cage.146,147,148 Another 

interesting approach was taken by Wang et al. that attempted to modify the natural 

hydrophilicity of the AFt cage by substituting the fifth helix of the human H-chain with 

hydrophobic-hydrophilic RGD peptides.149 They were able to produce an amphiphilic 

AFt cage loaded with Epirubicin (hydrophilic) and externally coated with camptothecin 

(hydrophobic), thus obtaining the highest drug loading capacity reported for human 

AFt.149 

To improve drug loading and reduce undesirable drug leakage from AFt formulations 

it is essential to understand the interactions between the protein cage and the agent 

to encapsulate. This can guide the optimisation of the encapsulation procedure as 

well as the choice of the best encapsulation method according to the agent intended 

for use. Another approach developed to improve the performance of AFt-drug 

systems was the introduction of helper molecules that can exploit the natural affinity 

of the AFt core for positively charged species.119 Many anticancer agents such as 

doxorubicin and olaparib when complexed with metal ions before encapsulation 

showed greater drug loading efficiency and stability. The encapsulation of 

doxorubicin-copper (II) achieved an increase in drug loading rate from 14 % to 73.5 

%.124 In a similar work using olaparib-copper (II) complexes the drug loading 

increased from 0.69 olaparib molecule per AFt to 4.8 when pre-complexation with the 
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metal was performed.150 The loading of 5-fluorouracyl with gold NPs and that of TMZ 

active drug 5-(3-methyltriazen-1-yl)imidazole-4-carboxamide (MTIC) with copper (II) 

immobilised the drugs inside the AFt core, dramatically reducing the leakage under 

storage and physiological conditions.8,151 Another approach was that of using 

negatively-charged aspartic acid sequences to stabilise and prevent the leakage of 

positively charged agents like daunomycin.145 

Optimisation of AFt-drug formulations procedures is paramount for its application in 

the clinical setting, especially in the field of anticancer chemotherapy. Significant effort 

has been made in this direction and a better understanding of the interactions 

between the protein and different loading agents at different conditions would provide 

valuable information to future efforts. Although an efficient drug delivery vehicle must 

be able to load a significant amount of drug molecules and prevent uncontrolled 

leakage equally important is the development of strategies for efficient targeting of 

the AFt formulations. 

1.4.3.2 Functionalisation of the Apoferritin surface for precision targeting 

The need for AFt surface functionalisation derives from the evidence that the innate 

receptor affinity of the protein cage is not always enough to satisfy the therapeutic 

targeting needs.7 AFt pH-sensitivity would make it available almost exclusively for 

intravenous administration. Therefore, it is critical to reduce the likelihood of the AFt 

formulations entering non-specific organs or tissues to avoid undesired side effects. 

The expression of the TfR-1 receptor is present at basal low levels on normal cells, 

cells requiring high amounts of iron like placental trophoblasts and maturing erythroid 

cells.152 Other non-proliferating cells expressing TfR-1 are those forming the brain 

endothelium, endocrine pancreas, seminiferous tubules of the testes, cells of the 

pituitary, luminal membranes of the breast, hepatocytes, Kupffer cells of the liver, and 

tubules of the kidney.152 Significant levels of SCARA5 expression have been detected 

in prostate, breast, stomach, lung and cardiac cells.7  

To increase the targeting ability of AFt beyond its innate receptor affinity it is possible 

to modify the protein outer surface with ligands with high specificity for the target 

tissue. The modification of the AFt shell can be performed through covalent binding 

or genetic engineering of the protein sequence.6 The study performed by Wetz and 

Crichton to identify the number of reactive residues expressed by horse spleen AFt 

showed that there are one cysteine, 4-5 lysines and 11 carboxyl groups available per 

protein cage.153 They found that when all of the carboxyl groups were blocked the 

protein lost its catalytic activity for iron accumulation.153 This suggested the essential 
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function of one or more of the carboxylic groups in the oxidation of Fe2+ into Fe3+.153 

These functional groups expressed by AFt can be labelled using N-

hydroxysuccinimide (NHS) esters, NHS/EDC-activated carboxyl groups and 

maleimide groups.6 Superior in vitro and in vivo antiglioma activity was reported for 

horse spleen AFt after covalent conjugation via sufhydryl-maleimide coupling reaction 

to the GKRK peptide ligand.154 The natural affinity of AFt to TfR1 receptors combined 

with the addition of the ligand for the heparan sulfate proteoglycan (HSPG) over-

expressed on endothelial cells during angiogenesis and glioma cells, endowed the 

protein cage with higher specificity.154  PEGylation is a clinically approved surface 

modification of the AFt cage that has demonstrated improved tumour-targeting to 

melanoma cells and was also employed to increase the protein half-life (Figure 1.20-

a).155  

Functionalisation of AFt through genetic engineering can be carried out at the N-

terminal and C-terminal of the sequence of the subunit. The position of the N-terminal 

makes it the ideal site for genetic modification of the protein external surface.6 The 

introduction of the Arg-Gly-Asp (RGD) tripeptide on the surface of AFt is a common 

modification to target the integrin receptors which are a considered angiogenic tumour 

biomarkers.7 Another frequent strategy involves the targeting of the folate receptor, 

which is overexpressed in many human malignant cells.7 Falvo et al. produced a 

genetically fused human AFt with a proline (P), serine (S) and alanine (A) rich PAS 

polypeptide sequence (Figure 1.20-b).156 The modified protein showed greater 

solubility and stability in plasma and enhanced encapsulation of doxorubicin, with 

improved half-life and anticancer activity.156  
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Figure1.20. Examples of surface modification of AFt for targeting (a) Design of an HFt-based 

nanoplatform for melanoma targeting as reported by Vannucci et al.155 (b) Synthesis of the 

PAS-fuse human AFt as reported by Falvo et al.156 (c) Genetic incorporation of unnatural 

functional groups for antibody conjugation as reported by Khoshnejad et al.157 

Notably, chemical modification can also by achieved upon engineering of the AFt 

amino acid sequence, which avoids the use of coupling reagents.6 Recently, Wang et 

al. reported the production of a recombinant AFt nanoparticle that can be 

functionalised with multiple tumour specific antigens through a click-link system for 

the production of a vaccine nanoparticle.158 This system used the expression of a 

SpyCatcher functionality on the AFt outer surface by genetic cloning into the protein 

sequence which can be easily labelled by formation of an isopeptide bond with tumour 

specific antigens fused to a SpyTag.158 This modified AFt was able to enhance by 2-

3 fold a tumour specific antigen cytotoxic T-lymphocyte response.158 Another example 

of AFt functionalisation by ‘clickable’ conjugation was reported by Khoshnejad et al. 

with the production of a recombinant AFt L-chain bearing unnatural amino acids 

expressing azide groups (Figure 1.20-c).157 The click reaction was used for the 

conjugation of antibodies for ICAM-1 and was employed for imaging and treatment of 

pulmonary inflammatory conditions.157   
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Another important observation regarding the functionalisation of the outer AFt surface 

concerns the potential immunogenicity of the motifs added to the peptide sequence. 

For native AFt the potential immunogenicity is related to the source from which the 

protein is isolated which can be horse, pig or a bacterial strain for recombinant AFt.7 

Therefore,  careful evaluation of the potential immunogenic reactions induced by the 

motifs which are used to functionalise the AFt surface needs to be carried out if clinical 

application is envisaged.  

1.4.4 Incorporation of metals and their complexes into Apoferritin 

The iron storage function of Ft correlates with the high metal affinity exhibited by the 

AFt cage. The protein cage can bind cadmium (II), zinc (II), copper (II) and 

manganese (II) other than iron (II).117 The electrostatic potential generated in the 

hydrophilic 3-fold channels plays a significant role not only for the ferrihydrite 

nucleation but also for the accumulation of nonferrous metals. However, there is no 

catalytic activity exerted by the ferroxidase centre on the non-native inorganic 

substrates which correlates with the formation of fewer uniform cores.117 The 

encapsulated iron core of Ft provides an effective contrast agent, at the same time 

the confined space the AFt shell is a biocompatible structure for metal accumulation 

for diagnostics, therapy and metal nanoparticles synthesis.117  

Accumulation of metals into AFt has been studied to provide better MRI 

formulations.125 The encapsulation of polymer-coated small and ultrasmall particle 

iron oxide (SPIO and USPIO) was attempted into AFt by Valero et al. showing 

comparable results to the commercially available reference.159 In addition to iron, AFt 

can accumulate other metals with some differences depending on the protein 

electrostatic potential, concentration, buffer pH and time of incubation with the ion of 

interest.117 gadolinium (III) and manganese (II) were encapsulated into AFt to provide 

the targeted visualisation of tumour tissue, angiogenesis and melanin formation.125 

The x-ray crystallography studies performed by Ueno et al. reported that palladium 

(II) ions bind almost exclusively to the 3-fold channel (coordinated by Cys48, 126 and 

a water molecule)  of the horse L-chain AFt subunit and to additional residues in the 

so-called accumulation site (coordinated by Cys48, Glu45 and His49).160 They found 

that the metal coordination mode is influenced by the presence or absence of an 

external ligand and that the Cys126 and Cys48 are essential for palladium (II) 

binding.160 When palladium (II) complexes were incubated with AFt, up to 193 

palladium (II) ions were retained by the protein cage.160 When AFt was incubated with 

gold (III) the overall number of metal ions retained by the protein cage was 74.161 
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Although the X-ray crystallography of the gold (III)-loaded AFt showed metal binding 

to similar sites to palladium (II), the two metals have different coordination 

preferences: palladium (II) has affinity for the carbonyl groups of glutamic and aspartic 

acid, and for cysteine methionine and histidine.161 Gold (I) instead binds preferentially 

to cysteine, methionine and histidine.161 Horse-spleen AFt loaded with 4-PF6 of 

platinum (II)/gold (I) led to the accumulation of 10.3 gold (I) and 16 platinum (II) atoms 

per subunit.162 The study of these protein-metal complexes by X-ray crystallography 

revealed that these 4-PF6 complexes dissociated during the encapsulation, with the 

metal ions of gold (I) preferentially binding close to the Cys126, while platinum (II) 

seemed to be trapped in the bulk of the protein core.162 Similarly, the dissociation of 

the metal from its external ligand upon encapsulation was observed for the Auoxo 

gold complexes (figure 1.20).133 The encapsulation of the HSAFt with the Au2Phen 

and Auoxo4 reported average gold retention of 384 and 432 ions respectively, a value 

much higher than that obtained by incubating the cage with AuCl4 only.163 For some 

Auoxo complexes, the UV spectra observed even suggested the formation of metal 

gold NPs, similar to those formed by reduction with NaBH4.164 These findings again 

supported that the largest proportion of the metal retained was trapped in the bulk 

forming the core of the protein cage and that part of the metal dissociated from its 

ligands.163  

 

Figure 1.20. Structures of the gold(III)-complexes Au2Phen and Auoxo4. 

The exposure of encapsulated gold to NaBH4 led to the observation of sub-

nanoclusters and gold NPs formation into the protein cage.133 Even though gold binds 

preferentially the external surface of AFt over the internal core, by a two-step 

reduction process it was possible to promote the nucleation of gold NPs into native 

HSAFt.165 The process of metal NPs formation inside AFt using the nanoreactor route 

was tracked using a combination of X-ray crystallography, spectroscopy, microscopy 

techniques.166  This work outlined the process of gold NPs’ formation into recombinant 
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HSAFt as composed of four phases occurring in the 3-fold hydrophilic channels: metal 

deposition, nucleation, formation of sub-nanoclusters, growth by aggregation of the 

clusters to form NPs.166 One of the most widely used methods for the synthesis of 

metallic NPs is chemical synthesis, often referred to as bottom-up or seed-mediated 

growth. This protocol involves the reduction of the metal salts using strong agents 

(NaBH4, hydrazine, CO, glucose, ascorbic acid) that can provide electrons for the 

reaction.167 The product of this reaction is a metal with an oxidation state equal to 

zero and that will act as a nucleation centre for the growth of NPs. Capping agents 

are usually added to the reaction mixture as surface stabilisers, to prevent metal NPs 

oxidation in solution by air.168,169 In this context, the use of biomolecules such as AFt 

can afford NPs’ synthesis methods that avoid the use of high temperatures or harsh 

chemicals to produce stable and monodispersed solutions.170,165  

The negative electrostatic potential generated by the amino acid lining its internal 

surface and its enclosed structure make AFt a template to restrain NPs growth up to 

its core size (≤ 7 nm) and as a coating to increase their stability in solution.171 AFt 

provides the metal NPs with greater stability toward oxidation, like in the case of silver 

NPs used as antimicrobial agents.172 But the protein cage has also been 

demonstrated to be useful in camouflaging platinum NPs used for their ROS 

scavenging properties, improving their biocompatibility compared to polymer-coated 

NPs.173 Besides the advantages of using protein-coated metal NPs it would be 

interesting to understand how the AFt-metal NPs themselves can provide valid 

support for therapeutic agents in improving the control over drug delivery. Anticancer 

agents with metal coordinating groups could be introduced inside the AFt cage 

containing the metal NPs to which they will remain bound until AFt internalisation by 

cancer cells and content release in the endosome. A successful example of this 

approach was reported by Liu et al. who synthesised gold NPs (d= 3 nm) into AFt by 

in situ reduction of the AuCl4 with NaBH4 following the protocol developed by Fan et 

al. (Figure 1.21).151,165 They then used the void space of the protein core to 

encapsulate the anticancer agent 5-fluorouracil (5-FU) producing a drug delivery 

system characterised by higher stability, increased cellular uptake of 5-FU, increased 

selectivity, ability to increase cancer cell sensitivity to the anticancer agent and almost 

no drug leakage at pH 7.4.151 The advantages of preparing AFt-coated metal NPs 

include the control over their size, composition, morphology as well as improved 

stability, solubility and biocompatibility.174 
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Figure 1.21. Diagram of the two-step synthesis of Au NPs inside HSAFt as reported by Fan 

et al.165  

When the anticancer platinum (II) complex cisplatin was encapsulated into HSAFt (45 

platinum ions /cage) its uptake by cancer cells was significantly improved compared 

to the agent alone in vitro (uptake ratio 0.425% vs 0.095%).175 However, the 

cytotoxicity of the AFt-cisplatin complex was lower than that exerted by the naked 

drug, a phenomenon that was related to the limited release of the drug molecules 

from the protein cavity in the intracellular environment.175  

The introduction of metals and their complexes into AFt has been studied for different 

purposes, ranging from green metal NPs synthesis to drug delivery. The detailed 

analysis of the X-ray crystallographic structures of the metal-bound subunits has 

highlighted the differences between the L and H-chain AFt and the preferred binding 

sites for the metals tested. Given the physiological iron storage function of the AFt 

cage, the protein-metal complexes showed greater stability than AFt encapsulated 

with organic compounds. These results can provide valuable information on how to 

improve the stability of organic therapeutic agents loaded within AFt for drug delivery. 
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1.5 Research aims 

The use of proteins’ hollow spaces for the introduction of chemical functionalities to 

produce artificial metalloenzymes and drug delivery systems has led to increased 

interest in protein engineering for therapeutic and diagnostic applications. AFt 

provides a valuable platform having the function of iron storage which requires a wide 

hollow space for metal accumulation. This feature can be exploited for metal complex 

accumulation by non-covalent interactions and for covalent protein modification. The 

potential use of AFt as confined space for metal complexes with catalytic activity is 

supported by several examples reported in the literature: platinum, palladium and 

iron-based AFt nanoparticles mimicked catalase and peroxidase enzymes.176,161 

Polymerisation of phenylacetylene into polyphenylacetylene were reported from an 

AFt-rhodium complex.177 Furhtermore the affinity of AFt for metals is reported to 

achieve better control over the retention and release of encapsulated anticancer 

exposing metal coordinating moieties. Pre-complexation of olaparib with copper 

favoured drug retention into AFt for up to 6 h in physiological conditions.124 The active 

drug of TMZ (MTIC) immobilised using AFt-copper adducts led to increased drug 

bioavailability and enhanced antitumour effect compared to TMZ treatment.8 

The aim of the research discussed in this thesis was to understand how the metal 

affinity of different AFt isoforms (human heavy chain and horse spleen) can be 

exploited to load copper (II) complexes, through encapsulation and covalent 

conjugation, to improve the stability and the controlled release of anticancer prodrugs 

and to assess the in vitro stability and cytotoxicity of these formulations. The metal 

complex copper(II)-1,10-phenathroline was selected given its intrinsic antitumour 

effect and its ability to interact with temozolomide as reported in previous studies.8 To 

achieve this aim, the experimental work was developed to address three major 

objectives: 

1. Encapsulation of a metal complex with cytotoxic activity inside horse 

spleen AFt, characterisation of the protein-metal adducts and 

evaluation of its in vitro activity. Horse spleen AFt is extensively used for 

the preparation of anticancer agents for drug delivery due to its similarity to 

the human AFt and ease of preparation.68 Therefore, it would provide the best 

option for the non-covalent encapsulation of copper(II)-1,10-phenanthroline.  

This metal complex can act as helper molecule for the retention of small 

organic compounds like TMZ into AFt by metal coordination and is also the 

precursor of a class of anticancer metallodrugs known as Casiopeinas® 



 

42 
 

(Section 1.3.4). The effectiveness of these copper(II)-phenanthroline 

derivatives against many cancers is characterised by poor specificity due to 

interactions of the metal with cellular components.102,104 Therefore, the 

negatively charged amino acids lining the internal surface of AFt could 

stabilise copper(II)-phenanthroline and reduce any undesired toxicities 

caused by these interactions.141,178  

2. Assessment of the ability of AFt-copper(II) adducts in retaining and 

affecting the accumulation and the release of the anticacer agent TMZ. 

The use of the AFt-copper(II) adducts for the nanoreactor encapsulation of 

TMZ would provide indication on the stability of the anticancer agent during 

the preparation and upon exposure to physiological (pH 7.4, 37 °C, 24 h) and 

endosomal conditions (pH 5.5, 37 °C, 24 h). It is hypothesised that upon 

encapsulation the direct coordination of copper (II) by the deprotonated 

nitrogen on the imidazole ring of TMZ179 would promote the formation of bulky 

copper (II) complexes with two ligands (one phenanthroline and one TMZ 

molecule) less likely to leak through the AFt channels and with potentially 

enhanced anticancer activity when tested on GBM cells. The studies that 

reported the complexation of doxorubicin (543 Da) and olaparib (434 Da) with 

copper (II) aimed at improving the number of drug molecules loaded into 

AFt.124,150 In this case the use of TMZ, a much smaller compound (194 Da) 

that can easily fit into the protein channels, could provide better indication on 

the capacity of metal ions to stabilise small drugs into the AFt cage. 

Furthermore, the use of a copper(II)-phenanthroline complex could prevent 

the conversion of TMZ into MTIC that was reported when free copper(II) was 

used to stabilise the drug into AFt.8  

3. Production of a human heavy chain AFt cysteine mutant. Although 

extensively used, horse spleen AFt could be immunogenic compared to 

human AFt, an effect that requires attention when studying formulations for 

clinical application.68 Furthermore, human AFt could be produced in-house 

and engineered by insertion of a cysteine mutation to allow for the 

introduction of the copper(II)-phenanthroline complex by covalent 

conjugation. In the case of human heavy chain AFt, the insertion of an 

additional metal binding functionality would help increasing its metal affinity, 

naturally lower than that of light chain AFt (main component of horse spleen 

AFt cages).180,131 The use of haloalkyl reagents provides a valid alternative to 

maleimides for protein conjugation due to the ease and reliability of the 

reaction.78 For this reason it was envisaged that labelling of the cysteine 
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human AFt mutant with 2-bromo-N-(1,10-phenanthrolin-5-yl)acetamide 

would provide the advantage of greater control over the localization of the 

coordinating metal and the composition of the AFt labelled cages upon further 

encapsulation of TMZ. Furthermore, the covalent immobilisation of positively 

charged species on the interior of AFt would favour the entrapment of TMZ 

and reduce its leakage when exposing the nano-formulation to physiological 

and endosomal conditions.  
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2. Encapsulation of copper-1,10-phenanthroline by 

Apoferritin and functionality of the resulting adducts 

2.1 Background 

Ft is an iron storage protein that has been extensively studied as a drug delivery 

vehicle due to its size (12 nm external diameter and 8 nm inner cavity) and its 

biocompatibility.139,181,133 Removal of the iron mineral core leaves the empty protein 

shell, AFt that can be loaded with anticancer drug molecules, catalysts and 

nanoparticles.116 The AFt cage is a 24-mer that can be assembled as a homopolymer 

or heteropolymer, according to the metabolic requirements of the tissue where the 

protein is expressed.114 These isoferritins are formed by different ratios of two 

subunits: the Ft light chain and the Ft heavy chain. The AFt from horse spleen (HSAFt) 

is rich in light chain subunits (19 kDa) combined with a minority of heavy chain (22 

kDa) subunits and is commonly used for encapsulation studies due to its structural 

similarity with human Ft.182  

One of the methods used to load AFt with small molecules is passive diffusion through 

the protein channels connecting its surface with the protein core (Figure 2.1).138,183 

These channels (0.3-0.5 nm) are formed at the interface between the protein chains 

forming the cage.133  Although efficient and easy to perform, the limitation of this 

method is that the loaded molecules must fit inside the protein channels, which also 

results in their leakage soon after the encapsulation.139 The natural affinity of AFt for 

iron, which is extended to other metals provides a way to address this issue. Due to 

its physiological function, the internal surface of AFt is lined with acidic amino acid 

residues which normally stabilise the iron core, but that can also be exploited as 

binding sites for other metal cations like platinum (II), gold (III) and/or silver (II).141,178  

The encapsulation of metal complexes and their analysis through X-ray 

crystallography has confirmed that metal coordination occurs by amino acid residues 

lining the internal surface of the protein and its channels.141,163,164 Cytotoxicity studies 

on the AFt encapsulated with the Auoxo gold (III) complexes showed that the amount 

of metal required to kill half of the cell population is 30-100 times lower compared to 

the free complexes, with IC50 values ranging from 6-30 µM.163  Zhen et al.150 produced 

a copper(II)-doxorubicin metal complex with greater AFt loading efficiency by 

nanoreactor route (up to 73.5 %) rather than reassembly.150,140 The integrin targeted 

AFt-metal-drug system also showed longer half-life, higher tumour growth inhibition 
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and decreased cardiotoxicity compared to doxorubicin alone (Figure 2.1).150 Similarly, 

complexation of the PARP inhibitor olaparib (Figure 2.1) with copper before 

encapsulation also yielded up to 7 times higher loading efficiency compared to 

encapsulation without metal, and drug retention for up to 6 h in physiological 

conditions.124 AFt-copper adducts were also used to immobilise the active drug of 

TMZ (Figure 2.1), MTIC, increasing the drug bioavailability and enhancing its 

antitumour effect compared to treatment with TMZ alone.8 Another method to 

increase the stability of the metal-drug adducts inside AFt is to initially form metal NPs 

inside the protein and then load the drug of interest. The process of gold metal NPs 

nucleation into AFt was tracked and applied to sequester the cytostatic drug 5-fluoro-

uracil (5-FU) to inhibit the growth of liver cancer cells.151,166 

 

Figure 2.1. Representation of some of the anticancer agents encapsulated into AFt. 

In addition to the complexes mentioned above, other metal complexes of 

phenanthroline and/or bipyridine have been shown to exhibit anticancer properties.184 

On its own, the 1,10-phenanthroline ligand has shown antibacterial activity due to its 

metal chelating properties and its ability to interact with DNA. Casiopeinas® are a 

class of copper coordination compounds where the primary ligand is either a 

bipyridine ring or a phenanthroline ring.102 They have very potent pharmacological 

activity against several cancers, with some of these compounds are currently under 

clinical evaluation.101 The aromatic nature of the ligands and the metal centre provide 

a variety of mechanisms of action against cancer cells and microorganisms such as 

generation of ROS causing DNA oxidation and degradation and depletion of 

antioxidant defences, mitochondrial toxicity through CYP450 inhibition and DNA 
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intercalation. Among them, Cas III-ia (Phase I clinical trial) and Cas III-Ea (Chapter 1, 

Section 1.3.4) have been identified as those baring the best balance between human 

cells toxicity and efficacy against cancer cells and parasites.103 However, the 

cytotoxicity that copper phenanthroline derivatives can exert toward healthy human 

cells is greater than that of their bipyridine analogues.102 The poor selectivity of these 

agents in association with their intercalating, redox and hydrolytic capacity strongly 

increase their ability to inhibit cell growth compared to their bipyridine analogues.102,104 

The presence of charged metal species favours participation in a variety of chemical 

and biochemical processes before reaching their target.105 This feature of the 

phenanthroline derivatives makes them more efficient at killing cancer cells but very 

damaging to healthy human cells.  

 

Figure 2.2. Representation of the eight hydrophilic channels used to load HS-AFt for drug 

encapsulation and the synthesis of nanoparticles (NPs).  The AFt from horse spleen has been 

reported as a potential platform for efficient encapsulation of drug molecules with metal 

coordinating groups124 and controlled metal NPs synthesis.172 

This work investigates the ability of the HSAFt cage to retain a metal complex of 

copper with 1,10-phenanthroline and tests the effect of encapsulation on its 

anticancer activity. It was hypothesised that the encapsulation within HSAFt would be 

beneficial to diminish their toxicity to healthy cells by improving the selective uptake 

into cancer cells. Furthermore, the possibility to functionalise the external surface of 

AFt and exploit its enhanced uptake by iron-avid cancer cells can provide better 

control over the site-specific release of this complex to in selected tissues.185,186 
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Whilst other metal phenanthroline complexes were successfully incorporated into 

AFt, as drug delivery agents,163 Casiopeinas® have not been loaded into AFt yet 

which makes it the aim of the study described in this chapter. It was envisaged that 

this experimental work would provide valuable information about the impact of the AFt 

cage on the cytotoxicity and stability of the copper-1,10-phenanthroline complex. 

 Accordingly, the objectives of this chapter are to achieve the encapsulation of a new 

metal complex with cytotoxic activity inside AFt and to evaluate the protein effect on 

its in vitro activity and selectivity.  

2.2 Production and characterisation of AFt loaded with copper 

phenanthroline 

The test agent selected for encapsulation inside horse spleen AFt is the precursor of 

a family of metallodrugs for which anticancer and anti-parasitic activity has been 

reported.187,103 The planarity of the 1,10-phenanthroline ring contributes to cell 

cytotoxicity by direct interaction with cellular DNA and was found to be the electron 

donor ligand with the greatest cytotoxic activity.104,187 For this reason, copper-1,10-

phenanthroline was selected as the candidate test agent to analyse the effect of the 

AFt cage on this class of metal complexes.  

2.2.1 Synthesis and characterisation of the copper-1,10-phenanthroline 

complex  

The metal chelator 1,10-phenanthroline is the parent compound of the 2,2’-bipyridyl 

system.102 However, 1,10-phenanthroline is characterised by the presence of a 

central ring, determining the rigidity of the planar conformation where the position of 

the two nitrogen atoms is fixed (Figure 2.3).102 On one hand this makes metal 

coordination extremely quick and the coplanarity of the lateral rings favours the 

pharmacological activity of 1,10-phenanthroline as DNA and RNA intercalator. 102,187 

However, in some experimental conditions the 3-ring system can cause steric effects 

that can dramatically slow down the formation of binary and ternary complexes with 

metal ions like copper.188 



 

48 
 

 

Figure 2.3. Structure of the 1,10-phenanthroline ligand and metal chelator and the 2,2’-

bipyridine system.  

Few studies report the formation rate, stability and ratio of complexes of copper (II) 

with 1,10-phenanthroline in aqueous solutions, with and without second 

ligands.189,190,191 In general, the coordination number of copper (II) complexes can 

vary from four to six, usually accompanied by crystallographic structures 

characterised by tetrahedral distortions.192 According to Ozutsumi et al., extended X-

ray absorption and other spectrophotometric measurements performed in aqueous 

solution showed that the predominant species found were those of the 

hexacoordinated copper-1,10-phenanthroline [Cu(phen)]2+ and the ternary complex 

[Cu(phen)3]2+ (Figure 2.4).190 Given the low stability of [Cu(H2O)6]2+ in aqueous 

solution compared to the other complexes, the progressive substitution of the water 

molecules with ligand leads to the formation of the mono, bis and tris complexes at 

different rates.189 Overall, it was shown that the ternary copper (II) complexes with 

phenanthroline are the species most stable in solution.191 This is hypothesised to be 

due to the π-π stacking interaction occurring between the ligand aromatic rings which 

is mediated by the metal.191 

 

Figure 2.4. Copper(II)-phenanthroline and its complexes in aqueous solution.  
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Considering the synthesis of [Cu(phen)]2+ described in the methods section 7.2.1 it is 

reasonable to expect the composition of the aqueous solutions of the complex to 

correspond to that described in the literature, with two water molecules replaced by 

nitrate ions. According to literature describing the crystallographic structures of 

bidentate [Cu(phen)]2+ ligands in aqueous solution, it emerges that in the presence of 

water a penta-coordination of the copper ion is most likely to occur.193 Consequently 

it is possible to expect copper (II) to be coordinated by the phenanthroline nitrogen 

atoms, the two nitrate ions and a water molecule193,194 or by three water molecules 

displacing the nitrate ions (Figure 2.4).195 All these observations are valuable in the 

definition of the species likely to be present within the bulk of the [Cu(phen)]2+ 

complexes constrained within the AFt cage core.  

2.2.2 Preliminary encapsulation experiments 

The encapsulation of [Cu(phen)]2+ inside HSAFt was performed using the 

nanoreactor method (Figure 2.5).134 The reaction was performed by incubating a 

mixture of HSAFt (2.3 µM) with a 22,000 molar excess of [Cu(phen)]2+ in 0.1 M sodium 

acetate buffer at pH 5.5. The reaction was stirred for 3 h at room temperature while 

the metal complex was added in 5 aliquots every 30 minutes, to avoid protein 

precipitation. The pH conditions were chosen according to those reported in the 

literature135 and to mimic the endosomal environment to which Ft is exposed upon 

internalisation.196 After the encapsulation, the solution was transferred into fresh 

sodium acetate buffer for overnight dialysis (200 volumes, membrane MWCO 14000 

Da) to ensure removal of non-internalised copper(II)-phenanthroline complexes, 

yielding the encapsulated copper phenanthroline-AFt adduct (HSAFt-Cu(phen)). After 

dialysis, copper analysis by ICP-MS confirmed the encapsulation of 70 to 337 copper 

ions per protein cage (results of 13 independent experiments). This variation in the 

number of copper ions retained in the HSAFt-Cu(phen) samples may have been due 

to the use of different protein batches of commercial horse spleen Ft. Given that only 

the light chain subunit has the residues responsible for the iron nucleation,133 it is 

possible to assume that the fraction of L-chain subunits also drives the copper(II) 

accumulation. Copper ions have been reported to reach up to 334 metal/AFt cage 

ratio using the diffusion method in the presence of drug molecules with potential metal 

coordinating groups.8 Although the maximum number of copper ions reported by ICP-

MS is similar, the average obtained from the HSAFt-Cu(phen) is lower than expected. 

This can be explained by the different incubation times used for the encapsulation, 

as in most of these reports AFt is mixed with the metal or metal complex for more 
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than 3 h. After the ICP-MS analysis the sample was stored at -20 °C for further 

analysis.  

 

Figure 2.5. Encapsulation of copper(II)-phenanthroline inside horse spleen apoferritin. The 

removal of the Ft iron core leaves the empty shell AFt which can be loaded with small 

molecules able to enter its channels (represented as 4 for simplification). There are eight 3-

fold hydrophilic channels and 6 4-fold hydrophobic channels for compounds encapsulation. 

The encapsulation by nanoreactor route is performed by incubating the protein with an excess 

of test compound for 3 h at room temperature. The sample is then dialysed to ensure the 

complete removal of residual unencapsulated compound. 

 

2.2.3 Effect of long-term incubation on the copper-1,10-phenanthroline-apoferritin 

adducts 

After the confirmation of copper(II)-phenanthroline loading inside HSAFt, a more 

detailed analysis of the properties of HSAFt-Cu(phen) was performed. The use of 

high-resolution transmission electron microscopy (HRTEM) for the characterisation 

of loaded AFt cages is a widely used technique to confirm the integrity of the protein 

structure and to observe the distribution of the cargo within different cages in the 

same sample. 134,173  In this case HRTEM would allow the clear identification of 

structures (organised or amorphous) formed from the accumulation of the copper (II) 

complexes inside the protein due to the contrast from the background produced by 

their higher electron density. For this reason, it was decided to initially avoid staining 

with uranyl acetate for the imaging. This method would highlight the structure of the 

protein cages at the cost of visualising the material loaded inside them.  
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Figure 2.6. HRTEM (scale bar= 50 nm) and UV-vis timeline of HSAFt-Cu(phen) samples in 

sodium acetate buffer pH 5.5, T= 20 °C. (a) HSAFt-Cu(phen) sample (1 µM) imaged after 1 

week from the encapsulation at pH 5.5 showing crystalline structures with an estimated 

diameter of d= 2.5 ± 0.8 nm. (b) HSAFt-Cu(phen) sample (1 µM) imaged after 4 months from 

the encapsulation at pH 5.5 showing crystalline structures with an estimated diameter of d= 

5.6 ± 1.1 nm. (c) HSAFt-Cu(phen) samples UV-vis taken at the time of HRTEM imaging.  

To assess the timescale of the encapsulation and the stability of the adducts, samples 

were imaged by HRTEM at one week and at four months after the encapsulation, 

upon storage in sodium acetate buffer at pH 5.5, -20 °C. The images taken after one 

week revealed the presence of electron-dense copper structures that showed a 

crystalline organisation upon magnification (Figures 2.6-a). The presence of electron-

dense structures was also observed after 4 months of storage at -20 °C (Figure 2.6-

b). Furthermore, the average diameter of these copper particles increased from d= 

2.5 ± 0.8 nm (n= 805) at 1 week to d= 5.6 ± 1.1 nm (n= 83) at 4 months. Images taken 

after 6 months showed the loss of such structures suggesting their degradation over 
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time (Appendix 2.A). No formation of particles was observed by performing the 

encapsulation and analysis of control agents copper nitrate and 1,10-phenanthroline 

separately into the AFt cage (Figure 2.7 c and d).  

 

Figure 2.7. UV-vis and HRTEM controls of 11 µM HSFt (a) and HSAFt (b), HSAFt 

encapsulated with copper nitrate (c) and HSAFt encapsulated with 1,10-phenanthroline at pH 

5.5 (d). (a) The presence of iron inside Ft is confirmed by the increased absorbance intensity 

on the UV spectrum (top) and by the dark high electron-dense cores that are visible in the 

HRTEM image (bottom). (b) The AFt spectrum (top) shows the expected protein peak at 280 

nm confirming protein present in the sample. The HRTEM (bottom) is in this case less clear 

due to the absence of sufficient contrast between the carbon-based structure of the protein 

sample and that of the graphene oxide grid. (c) No increase in the absorbance of the AFt is 

visible upon encapsulation with copper nitrate (top), no clusters or electron-dense structures 

appear on HRTEM (bottom). (d) AFt-1,10-phenanthroline shows increased absorbance on the 

UV-vis spectrum (top) but no visible structures on the HRTEM (bottom), confirming their 

formation only in presence of copper.  

To better inform the observations from the HRTEM results UV-Vis spectrum of the 

HSAFt-Cu(phen) particles was recorded. A new UV-vis spectrum was recorded 

before every HRTEM analysis (Figure 2.6-c). At each time point, the recorded spectra 

showed two maxima at 230 nm and 268 nm, together with a shoulder peak at 295 nm 

(Figure 2.6 c). By comparing these UV spectra with the one of [Cu(phen)]2+ in 

methanol (Appendix 7.B) it is reasonable to conclude that the metal complex has been 

retained in the HSAFt-Cu(phen) solution after encapsulation and dialysis. The UV-Vis 

spectrum of HSAFt-Cu(phen) is substantially different to that of HSAFt (Figure 2.7-b) 

and at the same time very similar to that of [Cu(phen)]2+ (Appendix 7.B). By looking 

at the same data produced using HSFt, HSAFt and the HSAFt treated with either 

copper nitrate or 1,10-phenanthroline at pH 5.5 it is clear that the structures observed 
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in the HSAFt-Cu(phen) samples prepared at pH 5.5 are unique and related to the 

presence of the metal complex (Figure 2.7). The HSFt and the AFt-1,10-

phenanthroline sample images confirm that the electron-dense cores observed are 

directly related to the presence of copper (Figure 2.7-a and d). However, the spectrum 

of the AFt-1,10-phenanthroline also suggests that the copper can play an important 

role in the amount of 1,10-phenanthroline retained by the HSAFt cage, as there is a 

significant difference in the absorbances at 280 nm of the HSAFt-Cu(phen) and AFt-

1,10-phenanthroline spectra at the same protein concentration (Figures 2.7-c and d). 

The ICP-MS data obtained from the encapsulation of Cu(NO3)2 into AFt show that the 

maximum metal retention is of 84 metal ions per protein cage. This value is on the 

lower end of the average measured for HSAFt-Cu(phen), suggesting that also in this 

case the association of copper (II) and phenanthroline into the metal complex can be 

mutually beneficial for their loading into HSAFt.  

The analysis of the UV-vis spectra at higher wavelengths could prove valuable in 

informing if the HSAFt-Cu(phen) adducts observed could be copper NPs. Literature 

reports on the synthesis of copper (0) and copper (I) oxide (Cu2O) NPs describe a 

change in colour in the solution and presence of absorbance bands respectively at 

573 nm and 360 nm upon metal NPs formation and subsequent oxidation in 

solution.197 In the case of the HSAFt-Cu(phen) samples none of these features is 

present, confirming that the structures observed in the HRTEM images are adducts 

of HSAFt with [Cu(phen)]2+, rather than NPs. It is also important to highlight that in 

some cases (Figure 2.7-b), even though copper (II) is present in the sample, it cannot 

be visualised in the form of electron dense cores by HRTEM.  

2.2.4 Characterisation of the HSAFt-Cu(phen) adducts 

The images collected by HRTEM on the HSAFt-Cu(phen) samples after 4 months of 

storage allow for the analysis of the lattice visible upon magnification on single copper 

particles (Figure 2.8-a). The alternation of parallel dark and bright stripes visible in 

Figure 2.8 a identifies the lattice structure, called lattice fringe, in which copper seems 

to be organised into a crystalline structure. This arrangement is substantially different 

from the amorphous iron cores that normally accumulate in Ft (Figure 2.8-b). The 

dark lines are formed by the aligned atoms and the bright ones represent the space 

between the atoms (Figure 2.8-a and c). Using the ImageJ analysis tool it is possible 

to estimate the spacing between the atoms by measuring the thickness of the bright 

stripes (Appendix 2.B). This value can inform on the arrangement of the copper atoms 

with their surrounding environment. The d-spacing estimated for the lattice fringes 
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observed is 0.251 nm (Appendix 2.B, Figure 2.8-c). Crystal structures with a similar 

d-spacing (0.264 nm) are CuO NPs in which copper and oxygen atoms are packed 

into what is called a simple cubic unit cell arrangement. 198,199 However, the results 

presented in this chapter showed no evidence of NPs forming in HSAFt-Cu(phen) 

solution according to the data from previous literature.    

 

Figure 2.8. Image and drawing of the lattice arrangements of copper atoms in HSAFt-

Cu(phen) and image of iron-loaded ferritin. (a) Image of the crystalline adducts formed in 

HSAFt-Cu(phen) samples (1 µM) where the crystal lattice is visible and highlighted by the 

dashed line. (b) Image of the amorphous iron core of ferritin (1 µM). (c) Representation of the 

basic structure of a crystal lattice were the d-spacing is indicated as the distance between the 

stripes which corresponds to the distance between the copper atoms forming the lattice (0.251 

nm in this case).  

Even though no NPs are formed inside HSAFt-Cu(phen) the electron energy loss 

spectroscopy (EELs) analysis provided additional evidence of copper-oxygen 

interactions occurring (Figure 2.9). This technique allows for the identification of the 

type of atom present and the chemical properties of the specimen analysed, hence 

giving information on the state and the neighbouring environment of the copper ions 

present within the sample. The EELs spectrum of the HSAFt-Cu(phen) sample 

(Figure 2.9-a) shows the energy edges in the 900-950 eV range which correspond to 

those present in reference samples of CuO (Figure 2.9-b).  
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Figure 2.9. EELs spectrum of HSAFt-Cu(phen) (a) compared to a reference spectrum of CuO 

thin film (b). The spectrum of HSAFt-Cu(phen) sample (a) shows a very low-intensity signal in 

the 900-950 eV region which corresponds to the energy edge produced by copper oxide as it 

can be identified in the reference spectrum (b), suggesting copper coordination by oxygen. 

By considering the data from the lattice measurements and the EELs it is feasible to 

hypothesise that the void spaces in the copper crystalline pattern observed by 

HRTEM are occupied by oxygen atoms provided by neighbouring amino acid side 

chains. Some of the copper ions present in the HSAFt-Cu(phen) sample may be 

coordinated to oxygen atoms belonging to the aspartate and glutamate residues lining 

the internal surface of the AFt cage.141 Some examples in the literature show how the 

1,10-phenanthroline ligand can dissociate from the metal after loading into AFt.164 

This can support the hypothesis in which there are other metal species in addition to 

[Cu(phen)]2+ present inside the protein cage, forming a heterogeneous copper core 

(Figure 2.10). In addition to the organised structures lining the interior of AFt resulting 

from the interaction between the metal and the protein amino acid residues, there 

could be a central bulk formed by a mixture of the different copper(II)-phenanthroline 

complexes described in section 2.2.1. 160,161,162,190 

The images produced by the copper loaded AFt cages so far has provided information 

on the copper arrangement in the samples but not on whether the protein shell has 

maintained its integrity.  In the absence of staining, it is very difficult to visualise the 

protein shell around the metal cores. This is due to the low contrast between the 

carbon background of the graphene oxide grid used and the carbon-rich structure of 

the protein itself.  In most literature reports, negative staining with uranyl acetate 

provides a good solution to image the AFt protein shell, but sometimes that can 

negatively affect the visualisation of the internal cargo.171 In this case, it was observed 

that by storing the sample (once deposited on the grid) under vacuum overnight it 

was possible to significantly increase the contrast and, in some cases, to visualise 

the protein shell. This method was tested on the Ft control (Figure 2.8-b) in which 
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both the protein shell (bright white ring) and the features of the iron core were more 

visible compared to the sample containing copper (Figure 2.8-a).  

 

Figure 2.10. Representation of the hypothesised HSAFt-Cu(phen) core composition. L-chain 

HSAFt subunits were used to represent the protein cage. 

To identify the protein shell in the HRTEM images and assess its integrity in the 

HSAFt-Cu(phen) pH 5.5 samples, uranyl acetate staining was used. By comparing 

unstained and stained images it is possible to visualise the AFt protein shell and 

confirm its integrity even in the presence of the copper adducts (Figure 2.11).  

 

Figure 2.11. HRTEM with (right) and without (left) staining using uranyl acetate of the HSAFt-

Cu(phen) encapsulated at pH 5.5 aged 4 months.  
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Furthermore, the images of the AFt protein with uranyl acetate staining agree with the 

results from the native PAGE, DLS and zeta potential. By comparing the DLS data 

from HSAFt and HSAFt-Cu(phen) at pH 5.5 (Figure 2.12-a) the predominant particle 

species has an estimated hydrodynamic radius of 15.4 ± 2.3 nm for the HSAFt-

Cu(phen) and of 17.2 ± 1.3 nm for AFt. The DLS shows that in both HSAFt and 

HSAFt-Cu(phen) The zeta potential values recorded are -7.79 ± 1.97 mV for AFt and 

-7.15 ± 0.67 mV for HSAFt-Cu(phen). Even though these values are lower than those 

reported in the literature124,138 it is possible to conclude that no significant 

accumulation of charged species on the outside of the protein cage occurred neither 

did the protein subunits formed oligomers200 (Figure 2.12-b).   The native PAGE gel 

showed that all the samples displayed a migration pattern like the protein reference 

(Figure 2.12-c). 

 

Figure 2.12. Analysis of the HSAFt cage integrity in HSAFt-Cu(phen) samples by DLS (a), 

zeta potential (b) and native PAGE (c).  (a) Size distribution in the HSAFt and HSAFt-Cu(phen) 

samples at pH 5.5. (b) Zeta potential of the protein cage and the HSAFt-Cu(phen) at 25 ºC. 

(c) Lane 1: HSAFt reference (440 kDa); Lane 2: HSAFt-Cu(phen).  

To summarise, the characterisation of the HSAFt-Cu(phen) indicates a 

heterogeneous composition of the metal core inside the protein cage. This link can 
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be enough to justify the presence of organised crystal layers formed by the interaction 

of copper with amino acid residues inside the protein, but it does not support the 

formation of NPs. In addition to the copper layers, the UV-vis data clearly show 

presence of phenanthroline in the HSAFt-Cu(phen) samples, supporting the 

hypothesis of a central bulk composed by a mixture of [Cu(phen)]2+ and [Cu(phen)3]2+ 

as not all the ligand dissociated form the metal (Figure 2.10). To conclude the DLS, 

zeta potential and native PAGE results show that the AFt cage is intact, with no 

indication of charged compounds associated to the external surface of the protein.  

2.2.5 Stability of the AFt-Cu(phen) adducts 

One of the purposes of introducing metal complexes into AFt is to improve the 

retention of the pharmacological compounds encapsulated for drug delivery through 

metal coordination by the drug functional groups. 8,124 For this reason, the stability of 

the adducts formed in the HSAFt-Cu(phen) sample was tested at physiological 

conditions, by estimating the time-dependent release profile of 1,10-phenanthroline. 

A sample (aged 1-4 months) was incubated at 37 ºC for 24 h either at pH 7.4 or at pH 

5.5 and the 1,10-phenanthroline released in the dialysis solution was recorded by UV-

vis (Figure 2.13). The percentage of phenanthroline release over time was estimated 

from the intensity recorded from the dialysis solution at the maxima at 268 nm for 

each time measurement using the Beer-Lambert law (Appendix 2.C, 2.D). The data 

show a 1,10-phenanthroline release of up to a maximum of 60% of the total loaded 

amount within 10 h of incubation at 37 °C (Figure 2.13). The percentage of 

phenanthroline release is lower at pH 7.4, suggesting a greater stability of the 

complex at physiological conditions. Given that the UV-vis spectra of phenanthroline 

and of its copper complex are very similar (Appendix 7.B) and given the low 

absorbance of the peak at 679 nm characteristic of [Cu(phen)]2+ it is not possible to 

verify whether the 1,10-phenanthroline detected in the dialysis buffer was still 

coordinating copper. For this reason, the dialysis buffer was also analysed by ICP-

MS to determine the release of copper ions from AFt (Figure 2.13). The ICP-MS data 

were in agreement with what observed by UV-vis, as the largest percentage of AFt-

internalised copper was released at pH 5.5 (20 %). This suggests a greater stability 

of the HSAFt-Cu(phen) adducts at pH 7.4. When comparing these data to other nano-

formulations with copper-phenanthroline it seems that lipid formulations like 

liposomes yield better stability at pH 7.4. However, these data report incubation of 

the nano-formulation for only 90 mins201 compared to the results reported in this 

section which span over 24 h.   
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Figure 2.13. Release test of HSAFt-Cu(phen) at 37 °C exposed to pH 5.5 and pH 7.4. UV-vis 

(left) and ICP-MS (right) analyses were performed on the dialysis buffers to estimate the 

release of the ligand and of copper separately. 

The data reported in sections 2.2.3 and 2.2.4 show that the presence of a copper 

complex in solution with HSAFt at pH 5.5 leads to the formation of specific HSAFt-

copper adducts with a peculiar arrangement of the copper atoms inside the protein. 

The drug release data strongly suggest that accumulation of the 1,10-phenanthroline 

complex with copper occurs inside HSAFt and it is favoured by the presence of the 

metal. At this stage, it is difficult to directly measure the stoichiometry between the 

copper and the 1,10-phenanthroline loaded inside HSAFt. The data from the lattice 

measurements and the EELs analysis seems to point in the direction of different 

copper species present in the AFt core. These data suggest the simultaneous 

presence of copper ions forming the lattice layer(s) upon coordination with acidic 

amino acid side chains and a central bulk formed by a mixture of copper-1,10-

phenanthroline complexes. HRTEM, DLS and native PAGE demonstrated that these 

structures are inside the protein shell, which preserved its integrity and native 

features. To investigate the possible factor contributing to the formation of HSAFt-

Cu(phen) adducts the effect of pH and temperature were tested in separate 

experiments (section 2.2.6). 

2.2.6 Effect of pH and temperature on NPs growth 

Buffer pH and temperature were evaluated as factors with the potential to influence 

the encapsulation efficiency and the stability of the structures forming inside AFt. 

Even though it was concluded that the HSAFt-Cu(phen) adducts described in this 

work were not NPs, literature on copper NPs (metal and oxide) was taken as a 
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reference to test the adducts growth conditions. The evidence available from other 

literature reports shows that certain pH conditions can promote the growth into NPs 

and affect the size of the metal structures formed. Furthermore, some of the data 

above suggested the decomposition of part of the [Cu(phen)]2+ upon encapsulation. 

In the case of metallic copper, the size of NPs increases up to pH ≥ 5 and probably 

between pH 9-11 whilst at neutral, slightly alkaline pH, the excess of hydroxide ions 

causes the formation of copper oxides NPs rather than metallic copper NPs.170 The 

temperature was also evaluated, as protocols for the chemical synthesis of copper 

NPs also supply heat to speed the reaction.167 

A second encapsulation experiment was performed by diffusion through the protein 

channels, but with a different reaction buffer: 50 mM glycine at pH 7.4. This pH was 

chosen according to other studies employing copper-AFt NPs for drug delivery 

purposes. 8 This time the dialysis buffer was supplied with 10 mg of CHELEX resin to 

ensure the efficiency of excess [Cu(phen)]2+ removal. Copper loading was quantified 

by ICP-MS giving only 33 copper ions per protein cage, which is much lower 

compared to the maximum capacity reported in the literature171 and with the 

encapsulation performed at pH 5.5. This result was further supported by UV-Vis 

recorded 2 weeks after the encapsulation. The sample was stored also in this case 

at -20 °C until the analysis. This time the spectrum profile was like that of the control 

AFt (Figure 2.14-c). The absence of the second peak at 268 nm suggested that the 

concentration of the [Cu(phen)]2+ complex in the sample was very low or absent.  

According to these results, lower pH seemed to yield better loading of [Cu(phen)]2+ 

into AFt than neutral pH. It is difficult to compare such a result with the literature as 

the buffer pH is reported to have a greater effect on the amount of AFt recovered after 

encapsulation, rather than on the loading efficiency.133 However, it is also important 

to consider the presence of the chelating resin in the dialysis solution which might 

have favoured faster release of the [Cu(phen)]2+ from the protein cage. A solution to 

this issue could be to dialyse for a shorter amount of time against the buffer containing 

the CHELEX resin followed by extensive overnight dialysis in storage buffer only. 
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Figure 2.14. HRTEM (scale bar= 50 nm) and UV-vis timeline of HSAFt-Cu(phen) samples at 

pH 7.4. (a) HSAFt-Cu(phen) sample (1 µM) imaged after 1 week from the encapsulation at pH 

7.4 where no copper clusters can be observed. (b) HSAFt-Cu(phen) sample (1 µM) imaged 

after 4 months from the encapsulation at pH 7.4 showing structures forming with an estimated 

diameter of d = 9.8 ± 0.9 nm. Further magnification in the 20 nm range was not possible due 

to low contrast. (c) HSAFt-Cu(phen) samples UV-vis taken at the time of HRTEM imaging.  

HRTEM analysis was carried out by storing one aliquot of the HSAFt-Cu(phen) 

sample at pH 7.4 at -20 °C and imaging it at different time intervals. The images 

recorded showed dark circular structures (9.8 ± 0.9 nm) forming after 4 months of 

storage (Figure 2.14-b). Due to the low contrast between the particles and the 

background, it was not possible to magnify the image to a lower nm range to confirm 

if the nuclei were crystalline or not. Although such images suggest a change in the 

samples over time the results did not provide enough evidence to confirm the 

formation of the same adducts that were present in the HSAFt-Cu(phen) samples at 

pH 5.5. 

To further analyse the influence of pH on copper adducts growth, the sample 

encapsulated in glycine buffer at pH 7.4 was divided into aliquots, each one 

exchanged into two buffers one at pH 6 and the other at pH 2 (0.1 M NaOAc).  In this 

case, the aliquots were characterised by UV-Vis (Figure 2.15 c) and analysed by 

HRTEM (Figure 2.15-a and b). UV-Vis confirmed the very low concentration of 

[Cu(phen)]2+ in the original solution as also in this case the peaks at 230 and 268 nm 
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showed by 1,10-phenanthroline were not visible. Images showed copper clusters at 

pH 6 and no visible structures were observed at pH 2, where the protein is expected 

to be disassembled. The behaviour observed at pH 6 could be explained as the effect 

of low pH on the stability of the [Cu(phen)]2+ complex. As reported in section 2.2.5 the 

release tests suggested the potential tendency of [Cu(phen)]2+ to dissociate into 1,10-

phenanthroline and the copper ion. This can then lead the subsequent coordination 

of the free copper to the acidic glutamate and aspartate side chain lining the internal 

surface of AFt.141 According to literature reports the size of copper NPs increases up 

to pH ≥ 5 while at higher pH the excess of hydroxide ions favours the formation of Cu 

oxides and hydroxides which are more difficult to visualise by HRTEM on a graphene 

grid due to low contrast. 170 

 

Figure 2.15. HSAFt-Cu(phen) samples treated at pH 6 and pH 2 (scale bar= 50 nm). (a) 

HRTEM image of the HSAFt-Cu(phen) sample exposed to pH 2. No clear protein and metal 

clusters could be identified. (b) HRTEM image of the HSAFt-Cu(phen) sample exposed to pH 

6. In this case, small copper clusters (average diameter 6.3 ± 2.3 nm) appear, suggesting that 

the change in pH might drive their formation. (c) UV spectra of the samples treated at different 

pH showing a different absorbance profile depending on pH. 

After observing that pH can have an influence on the accumulation of copper within 

AFt it was determined whether the temperature was able to accelerate the process. 

Two aliquots of the HSAFt-Cu(phen) sample were incubated overnight at 37 and 50°C 
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before examining them by HRTEM. This revealed no difference between the 

untreated samples and those exposed to higher temperatures (Figure 2.16), thus 

suggesting that temperature does not have an effect on copper cores formation. 

 

Figure 2.16. HSAFt-Cu(phen) samples treated at 37 (a) and 50 °C (b) overnight. Both samples 

do not show the presence of high electron-dense copper cores. Scale bar= 50 nm. 

 

2.3 Test of the catalytic activity of copper phenanthroline in solution 

The potential for AFt to be employed as a scaffold for catalysis has been extensively 

demonstrated in the literature for different purposes.176 The first group that identified 

the catalytic potential of copper-phenanthroline complexes were Sigman and co-

workers that discovered the nuclease activity of bis-(1,10-phenanthroline)copper 

(II).202 Copper complexes were found to act by two mechanism of DNA cleavage: 

oxidative and hydrolytic cleavage. While the majority of the copper-phenanthroline 

complexes and their derivatives act by oxidative cleavage,202 which also requires the 

presence of a reducing agent to convert copper (II) into copper (I), a few along with 

bipyridine-copper complexes have also shown hydrolytic activity.193,203, 204, 205 In 

addition to this DNA nuclease activity, a report from Distefano et al. showed that the 

use of the confined space provided by a protein scaffold was able to promote and 

accelerate copper (II) mediated hydrolysis of non-activated substrates in aqueous 

solution and at mild temperature conditions.206 Many pharmaceutical compounds rely 

on hydrolysis for their in situ activation.21 The ability to control this reaction through a 

targeted vehicle like AFt could therefore be highly desirable in clinical settings. Based 

on this, some assays were attempted using both [Cu(phen)]2+ and HSAFt-Cu(phen) 

to identify any catalytic activity promoted by the confined space of the protein cage.  
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The assays to test the catalytic activity using [Cu(phen)]2+ in solution to promote the 

hydrolysis of esters showed no significant effect on the reaction rate (Figure 2.17-a). 

These tests were performed both on the activated ester para-nitrophenyl acetate and 

more stable substrates N-methyl-N-phenylpicolinamide and ethyl-N-

phenylcarbamate (Chapter 7, Sections 7.2.2 and 7.2.3). Different pH conditions and 

metal complex concentrations were screened, and the reaction was monitored up to 

24 hrs with no relevant results showing any hydrolytic activity on UV-vis and HNMR.   

To validate our observations and the results reported by Distefano et al. by verifying 

if the confined space of AFt could boost the catalytic effect of [Cu(phen)]2+ the same 

assay was performed using the HSAFt-Cu(phen) adduct. The conversion of para-

nitrophenyl acetate into para-nitrophenol was followed by UV-Vis.207,208 

The reaction mixture was composed of a constant substrate concentration mixed with 

variable concentrations of the HSAFt-Cu(phen) complex. The reactions were then 

incubated for up to 24 h in 50 mM phosphate buffer at pH 7.4, 37 °C. The formation 

of para-nitrophenol was monitored by recording the absorbance at 405 nm at different 

time intervals.  

 

Figure 2.17. Curves representing the hydrolysis rate of para-nitrophenyl acetate in solution 

with [Cu(phen)]2+ (a) and with HSAFt-Cu(phen) (b). The plots represent the average rate of 

the hydrolysis of para-nitrophenol in presence of copper-1,10-phenantroline and of the HSAFt-

Cu(phen) system. In both cases no significant difference between the rate of the spontaneous 

hydrolysis of the substrate (control) and the rate in the presence of catalyst could be observed. 

The catalyst concentration was determined from the AFt/copper ratio.  
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The data collected from the experiment (Figure 2.17-b) showed no substantial 

differences from the results reported in the preliminary assays. These results suggest 

that the confined environment of the AFt cage did not affect the properties of the 

loaded copper (II) complex. In this case, the contrast from the results reported by 

Distefano could be related to the effect of the protein surface to which the metal 

complex is exposed. The adipocyte lipid-binding protein is more hydrophobic than the 

internal surface of AFt, whose core is lined by acidic amino acid residues.105, 165  As 

observed in other systems where the copper ion was used to accelerate the rate of 

ester hydrolysis the surrounding environment of the ion complex is mostly nonpolar.209 

Consequently, the different interactions between the protein surface and the 

[Cu(phen)]2+ complex are likely to contribute to the different effects on its catalytic 

activity making AFt an unsuitable scaffold for a hydrolytic artificial enzyme.  

 

2.4 Effect of HSAFt-Cu(phen) adducts on cancer and non-tumourigenic 

human cells 

Preliminary in vitro cytotoxicity studies of [Cu(phen)]2+ were carried on colorectal 

cancer cells (HCT-116) and healthy human lung fibroblasts (MRC5) (Figure 2.18). 

This preliminary assessment of [Cu(phen)]2+ activity has led to the estimation of its 

GI50 concentrations as > 5 µM for HCT-116 and of 0.7 µM for MRC5 cells (Table 2.1). 

Such values suggest that [Cu(phen)]2+ causes in vitro growth inhibition also in non-

cancer cells (Figure 2.18). If compared with the class of Casiopeinas® complexes, 

currently undergoing Phase I Clinical Trials, it is difficult to find similar results 

especially for non-cancer cells as their data collected from peripheral blood 

lymphocytes show very low cytotoxicity.104  

The preliminary results with [Cu(phen)]2+ were used to inform the analysis of the 

activity of the AFt-Cu(phen) samples prepared at pH 5.5. As for the preliminary cell 

survival assays the same cell lines were used and the same exposure time of 72 h. 

The dilutions for the assay were prepared according to the amount of copper per cage 

estimated in each sample so that the results could be directly comparable with the 

[Cu(phen)]2+ controls. Three replicates were performed. AFt was also tested to 

confirm the absence of growth inhibition (putative biocompatibility) to the selected cell 

lines.  
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Table 2.1. Table summarising the GI50 values of [Cu(phen)]2+ and HSAFt-Cu(phen) in µM 

concentration estimated for the cell lines tested. GI50 is expressed as Mean ± SD from Three 

Independent Trials, Where N = 8. 

The outcome of the 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide 

(MTT) assay correlates cell viability with the absorbance at 570 nm detected in the 

cell solution after exposure to the test compound.210 The data collected were 

normalised using the absorbance values recorded 24 h after seeding the cells, before 

treatment (T0) and before interpolation. The resulting GI50 values were estimated as 

0.92 µM for MRC5 and > 2.5 µM for HCT-116 (Table 2.1). As expected HSAFt did not 

show any effect on HCT-116 and MRC5 cells (Figure 2.18). A similar situation was 

observed on both cell lines when treated with HSAFt-Cu(phen), in this case the 

presence of the protein shell had a limited effect on the activity profile of [Cu(phen)]2+. 

Even though AFt provided some protection from the activity of [Cu(phen)]2+, the 

HSAFt-Cu(phen) adduct was more active against healthy fibroblasts than to 

colorectal cancer cells (Figure 2.19). 

To corroborate the results of the MTT assays, a cell count assay was performed in 

triplicates to assess the effects of two test concentrations of AFt-Cu(phen): 0.5 µM 

and 1.5 µM. In this assay, cells were seeded at a density of 2 x 104 cells/ well, allowed 

to grow for 24 h and exposed to the test agent for 72 h before counting. This assay 

highlighted a stark difference between the growth inhibitory activity exerted on both 

cell lines by [Cu(phen)]2+ and HSAFt-Cu(phen). However, it was again evident that 

the HSAFt-Cu(phen) treatment at 1.5 µM resulted in a greater toxicity on MRC5 cells 

compared to HCT-116 (Figure 2.19). Colorectal cancer cells did show sensitivity to 

1.5 µM HSAFt-Cu(phen), however, this concentration was still not enough to 

drastically inhibit their viability, whilst it was already very toxic to healthy cells. Similar 

results were also reported by Ferraro et al. which studied the effect of the cytotoxic 

gold (I) and platinum (II) complex encapsulated int HSAFt and revealed that the 
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presence of the protein cage significantly reduced the toxicity to cancer cells and did 

not provide enough selectivity between tumour and normal cells.162 

 

Figure 2.18. Effect of HSAFt, [Cu(phen)]2+ and HSAFt-Cu(phen) on MRC5 and HCT-116. MTT 

assays were performed at time of test agent addition (T0) and following 6 days treatment of 

cells with test agents. Representative dose-response curves are shown. Data points are mean 

± SD (n=8); 3 independent trials were conducted. 

The data presented so far are encouraging in supporting the role of AFt as a 

biocompatible scaffold, able to protect the cells from the toxic effects of its cargo. 

However, they also suggest that the effect of AFt on the pharmacological activity of 

[Cu(phen)]2+ is mild. Furthermore, it is important to specify that an increase in the GI50 

value is yet not enough to satisfy the objective of this study. The data reported here 

point out that the concentration of HSAFt-Cu(phen) required to kill colorectal cancer 

is likely to be higher than the minimum safe concentration to avoid toxicity to healthy 

cells as well. Even though the toxicity to healthy fibroblasts is a concern, the GI50 

values estimated for HSAFt-Cu(phen) against colorectal cancer cells are comparable 

with the reported toxic concentrations found for most Casiopeinas® used on HeLa 

tumour cells.104 Cytotoxicity in the low micromolar range was also found in studies 

with other copper-phenanthroline complexes tested on ovarian carcinoma211 and their 

liposomal formulations tested on murine melanoma cells.212 
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Figure 2.19. Effect of HSAFt, [Cu(phen)]2+ and HSAFt-Cu(phen) on MRC5 and HCT-116 cells. 

Clonogenic assays were performed at time of test agent addition (T0) and following 72 h 

treatment of cells with test agents. Representative cell survival data are shown. Data points 

are mean ± SD (n=2); 3 independent trials were conducted. Control represents cells incubated 

with media only until colony staining.  

To expand the investigation of these effects further, [Cu(phen)]2+ and HSAFt-

Cu(phen) were tested on two glioblastoma (GBM) cancer cell lines, MGMT-low 

U373V and MGMT-transfected U373M. These cell lines can be valuable in the study 

of the pharmacological activity of the AFt co-encapsulated with [Cu(phen)]2+ and TMZ 

which are discussed in Chapter 3. In fact, while U373V carries a control vector, and 

is sensitive to TMZ treatment, U373M expresses the MGMT protein and is resistant 

to this anticancer agent.  

The MTT assays performed on U373V and U373M showed a similar growth inhibitory 

profile in both cell lines to [Cu(phen)]2+ and HSAFt-Cu(phen), again with a mild effect 

exerted by the presence of the protein cage on the overall activity of the metal 

complex (Figure 2.20). The GI50 values were 2.3 µM for [Cu(phen)]2+ in both cases 

and only slightly lower for HSAFt-Cu(phen) (Table 2.1). No toxicity was observed 

when cells were treated with HSAFt only.  

To corroborate the results reported above on GBM cancer cell lines a clonogenic 

assay was set up exposing the cells to HSAFt (0.05 µM), [Cu(phen)]2+ (2.5 µM) and 

HSAFt-Cu(phen) (2.5 µM copper). Differently from the cell count assay employed 

previously, the clonogenic assay measures the ability of the cell lines tested to form 

colonies of > 50 cells.201 For this reason, the cells were seeded in 6-well plates at a 

low density (400 cells/well) and incubated with test agents until day 6, when the cells 

were then washed and incubated in fresh media until colonies were observed in the 
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control wells. The results from the clonogenic assay show that the cytotoxicity of the 

[Cu(phen)]2+ on both cell lines is similar and higher than that exerted by the HSAFt-

Cu(phen) adduct (Figures 2.21, 2.22). This further corroborates observations made 

in the MTT assays: HSAFt-Cu(phen) is still cytotoxic, but in this case the protein cage 

seems to exert a shielding effect on the cells from its cargo. Even though there is a 

difference between the effect of the complex alone and encapsulated into AFt these 

results are encouraging, especially when looking at the toxicity exerted on the U373M 

resistant cells.  

 

Figure 2.20. Effect of HSAFt, [Cu(phen)]2+ and HSAFt-Cu(phen) on U373V and U373M. MTT 

assays were performed at time of test agent addition (T0) and following 6 days treatment of 

cells with test agents. Representative dose-response curves are shown. Data points are mean 

± SD (n=8); 3 independent trials were conducted. 

The lack of significant effects on cell cytotoxicity observed for HSAFt-Cu(phen) 

compared to [Cu(phen)]2+ is likely to be related to the higher stability provided to the 

HSAFt-Cu(phen) adducts by the protein corona formed by the AFt shell. Studies on 

metal complexes like platinum-based anticancer agents showed that their interaction 

upon loading inside AFt reduces their pharmacological activity.133  
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Figure 2.21. Effect of HSAFt, [Cu(phen)]2+ and HSAFt-Cu(phen) on U373V GBM cells (72 h 

exposure). Representative cell survival data are shown. Data points are mean ± SD (n=2); 3 

independent trials were conducted. Control represents cells incubated with media only until 

colony staining.  

 

Figure 2.22. Clonogenic assay testing the effect of HSAFt, [Cu(phen)]2+ and HSAFt-Cu(phen) 

on U373V GBM cells (72 h exposure). Representative cell survival data are shown. Data 

points are mean ± SD (n=2); 3 independent trials were conducted. Control represents cells 

incubated with media only until colony staining.  

These results can be interpreted in light of the data presented in the previous sections 

of this chapter. At physiological conditions (pH 7.4, 37 ºC) up to 40 % of 

phenanthroline is released from the cage reaching a plateau at 10 h, which could be 

the likely cause of the cytotoxicity observed in the assay. If this is the case, AFt would 

only provide limited control over the anticancer moiety release causing it to exert the 

same level of cytotoxicity. At the same time, this might also indicate loss of copper 

coordination by the 1,10-phenanthroline ligand and therefore loss of the combined 

toxicity of the metal-ligand complex. In fact, the cytotoxicity observed in other studies 

with [Cu(phen)]2+ in solution resulted from the contribution of the metal promoting the 

production of ROS and the ligand causing DNA damage. 105  
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These findings make the analysis of a co-encapsulation system of HSAFt-Cu(phen) 

with TMZ interesting not only to investigate the effect on drug release but also to 

investigate the cytotoxic activity compared to literature studies using HSAFt-TMZ and 

HSAFt-Cu-TMZ. 8,138 

 

 

2.5 Summary and Conclusions 

This study aimed to investigate in detail the effects of the loading of HSAFt with the 

complex of copper(II) with 1,10-phenanthroline, the precursor of a family of novel 

anticancer agents currently under clinical evaluation.101 Encapsulation by nanoreactor 

route in sodium acetate buffer at pH 5.5 was identified as the optimal method to 

produce HSAFt-Cu(phen). Protein characterisation after the encapsulation suggested 

that [Cu(phen)]2+ did not affect the integrity and the properties of the AFt cage. 

Oscillation in the copper loading within a fixed range was detected by ICP-MS, which 

could be attributed to the small variability in the heavy to light chain subunits ratio in 

the protein batches prepared for the experiments. Although UV-vis data confirmed 

the presence of 1,10-phenanthroline in the sample, the determination of the exact 

metal to ligand stoichiometry was not possible.  

Upon HRTEM analysis crystalline structures could be seen forming in the HSAFt-

Cu(phen) samples which remained visible for up to 4 months of storage at -20 ºC. 

The lattice of the crystal structure formed by copper atoms was measured and with 

the EELs data it helped informing the hypothesis for the arrangement of the copper 

inside AFt. It was hypothesised that the copper ions interact with the acidic residues 

exposed inside AFt forming layers on the internal surface of the protein shell. In 

addition to these organised layers, the UV-vis and drug release results suggest the 

presence inside AFt of a central bulk likely formed by mono and tris copper-

phenanthroline complexes. This phenomenon was already observed upon  

characterisation by X-ray crystallography of HSAFt loaded with cisplatin as well as 

other platinum (II) complexes.133  These studies reported consistently a higher metal 

content detected by ICP-MS analysis compared to the crystallographic results, 

suggesting that a significant number of the encapsulated metal complex was not 

directly bound to the cage but is probably trapped in the central bulk.133  

Following from the HRTEM data, other experimental conditions were investigated: pH 

and temperature. The results collected suggested that the pH conditions could 
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influence the growth and the size of the HSAFt-Cu(phen) adducts over time. However, 

they did not provide enough evidence to attribute their formation entirely to the buffer 

pH conditions. When tested for content release under physiological conditions (37 ºC, 

PBS pH 7.4), the HSAFt-Cu(phen) samples showed loss of up to 40% of the ligand 

within 10 h of incubation and of 10% of the metal in 24 h. Although these data did not 

provide information on the ratio between [Cu(phen)]2+ complexes and separate metal 

and 1,10-phenanthroline released, it showed good retention of metal and ligand by 

the AFt cage when compared to lipid nano-formulations.201  

In vitro cell cytotoxicity assays showed that [Cu(phen)]2+ was cytotoxic to all cell lines 

tested, with MRC5 being the most sensitive and HCT-116 being the most resistant. 

No dramatic change in the cell toxicity was observed by exposing the same cell lines 

to HSAFt-Cu(phen). This effect could be caused by the release of the intercalating 

agent 1,10-phenanthroline from the protein cage before internalisation as observed 

in the release test at physiological conditions. However, HSAFt-Cu(phen) showed 

very similar growth inhibitory profiles in isogenic TMZ-sensitive and resistant 

glioblastoma cell lines. This result is promising in view of the study of the effects of 

co-encapsulation of HSAFt-Cu(phen) with the anticancer agent TMZ to evaluate its 

drug retention capacity and its effects in particular to MGMT-expressing cancer cells 

(U373M). 

In conclusion, the experiments reported in this chapter confirm HSAFt-Cu(phen) as a 

cytotoxic agent in solution, whose cargo is composed of a mixture of different copper 

species associated with 1,10-phenanthroline. These features are likely to contribute 

to the anticancer activity of HSAFt-Cu(phen), while no catalytic activity towards 

hydrolysis of prodrug functionalities was detected. These findings allowed the 

characterisation of HSAFt-Cu(phen) for the next steps of this study involving the co-

encapsulation with the anticancer prodrug TMZ.  
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3. Encapsulation of horse spleen AFt-Cu(phen) with 

temozolomide: studies on drug stability and in vitro 

anticancer activity 

3.1 Background 

The intrinsic features of AFt as a biological metal carrier have contributed to its 

extensive study for the loading of anticancer agents and their controlled release.139 

Many anticancer agents have been encapsulated into AFt: the platinum complex 

cisplatin,135,132,136 the antitumour antibiotic doxorubicin,140 the protein kinase inhibitor 

gefitinib137 are some examples. The general method for the encapsulation of small 

molecules into AFt is the nanoreactor route which involves the diffusion of the drug 

molecules into the protein cage through its hydrophobic and hydrophilic channels.133 

However, as the drug molecules encapsulated through this route should also be able 

to fit inside the protein channels (0.3-0.5 nm),139 they can also leak out of the protein 

shortly after the encapsulation. A factor that constitutes a significant challenge for 

their delivery.  

TMZ provides a good example of this issue. This prodrug is currently used for the 

treatment of GBM, an aggressive brain tumour with poor prognosis.8 TMZ undergoes 

spontaneous ring-opening at pH > 7 into 5-(3-methyltriazen-1-yl)imidazole-4-

carboxamide (MTIC) which is the precursor of a methyl diazonium ion that alkylates 

cellular DNA (Figure 3.1 a). 8,213,214 Once generated, MTIC is extremely unstable (t1/2= 

3 min) and quickly degrades into 5-amino-imidazole-4-carboxamide (AIC) at pH < 7 

(Figure 3.1 a).8 Even though TMZ efficacy against sensitive GBM cells is high, the 

hydrophilicity of its metabolites prevents quantitative crossing of the BBB and favours 

renal and hepatic clearance, reducing the drug availability to 20-30 % and causing 

dose-limiting haematological toxicity.215,216 The half-life of TMZ under physiological 

conditions (pH 7.4) is 2 h.8 However, it is important to highlight that only TMZ and 

MTIC are hydrophobic enough to cross the BBB and that the half-life of MTIC is very 

short. This causes most of the drug administered to be activated into its metabolites 

in the blood circulation before reaching the tumour in the brain.  

Recent reports show that when TMZ is encapsulated into AFt, the loaded drug is 

released at pH 5.5 quicker than at pH 7.4,138 an encouraging result for the controlled 
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delivery of TMZ to tumour cells (Figure 3.1-b). The protective effect provided by AFt 

can stabilise the structure of TMZ by slowing down its activation into MTIC and the 

non-specific toxicity. This protective effect of AFt under experimental conditions 

mimicking the blood circulation can contribute to its targeted delivery to the brain, 

prevent its degradation and increase prodrug accumulation into GBM cells, where the 

lower pH favours both the relaxation of the protein cage and drug release.  

 

Figure 3.1. Prodrug activation and pH-dependent degradation of TMZ in solution (a) and 

inside AFt as reported by Bouzinab et al. (b). 

The natural affinity of AFt for metals can be exploited to improve the retention of small 

molecules with metal coordinating functionalities. Examples of this were provided in  

recent literature describing the encapsulation of anticancer agents including 

doxorubicin,150 olaparib,124 5-fluorouracyl151 and TMZ8 with metal ions into AFt. A less 

frequent approach to this issue involves the use of negatively-charged aspartic acid 

sequences to stabilise and prevent the leakage of positively charged agents such as 

daunomycin.145 Of particular interest is the work of Li et al. which reported the 

formation of a copper-MTIC complex detectable by a UV-vis shift to 355 nm (Appendix 

3.A) with improved stability resulting from the encapsulation of TMZ into AFt in 

presence of free copper(II) as illustrated in Figure 3.2.8 The result was the 

immobilisation of MTIC inside the protein and the improvement of its stability at 

alkaline and acidic pH. In this system drug release was dependent on intracellular 

availability of glutathione (GSH) able to reduce copper(II) to copper(I) after AFt 

disassembly and thus release MTIC.8 



 

75 
 

 

Figure 3.2. Mechanism of copper-enhanced TMZ hydrolysis to MTIC upon AFt encapsulation 

as reported by Li et al. 

The work described in this chapter includes studies on the effects of the encapsulation 

of TMZ inside the HSAFt-Cu(phen) cages produced and characterised in Chapter 2. 

Following from the work of Li et al. it was decided to investigate if the presence of a 

copper(II)-phenanthroline complex would still induce the conversion of TMZ into MTIC 

otherwise observed in the presence of free copper (II).8 The crystal structure of TMZ 

complex with divalent cations like cadmium (II) has been previously reported with no 

indication of prodrug degradation.217 Furthermore, the deprotonated nitrogen on the 

imidazole ring of TMZ could offer a coordination site for the copper (II) loaded as its 

mono-phenanthroline complex inside AFt (Figure 3.3).179 The formation inside AFt of 

copper (II) complexes with two ligands (one phenanthroline and one TMZ molecule) 

would provide greater cytotoxicity against resistant GBM cancer cells as copper(II)-

phenanthroline complexes have anticancer activity (see Chapter 2, section 2.4). 

Besides, a Cu(phen)-TMZ complex loaded into AFt would result in a structure bulkier 

than TMZ with the potential of reducing the amount of drug diffusing out of the protein 

channels (Figure 3.3), thus providing an additional advantage over the potent AFt-

TMZ formulation.138 

To summarise, the purpose of the work presented here was to assess the impact of 

the formation of HSAFt-Cu(phen) in retaining and affecting the accumulation and the 

release of the anticancer agent TMZ. Upon the formation of the HSAFt-Cu(phen) 

adducts, TMZ was loaded via the nanoreactor route (Figure 3.3), encapsulation 

efficiency was assessed by UV-vis and copper content checked via ICP-MS. After 

confirming the cage integrity by HRTEM and DLS, the protein-metal-drug complexes 

were tested on three cancer cell lines (HCT-116, U373V, U373M) and normal cells 

(MRC5) by MTT and clonogenic assays. The rate of TMZ release from the AFt-

Cu(phen)-TMZ complex was determined by UV-vis at different conditions and 

compared to literature findings for the AFt-TMZ systems.138 This study could 
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contribute to the evaluation of the features of an HSAFt-Cu(phen)-TMZ formulation in 

comparison with metal-drug and drug only encapsulated systems already 

characterised, providing information on the use of AFt as drug delivery device for the 

metal-assisted controlled release of TMZ.  

 

Figure 3.3. Encapsulation of HSAFt-Cu(phen) with the anticancer agent TMZ and proposed 

structure of HSAFt-Cu(phen)-TMZ complexes (only one Cu(phen)-TMZ complex is illustrated 

inside AFt for clarity). 

 

3.2 Production of HSAFt-Cu(phen)-TMZ: characterisation and drug 

release studies 

3.2.1 Encapsulation of TMZ into HSAFt-Cu(phen) 

The encapsulation of TMZ followed the production and the formation of AFt-copper 

adducts as described in Chapter 2. To ensure consistency in results the TMZ loading 

was performed on HSAFt-Cu(phen) samples stored 1 month at -20 °C and with an 

average copper (II) content of 334 metal ions/AFt cage, at which point the formation 

of the crystalline metal adducts was confirmed by HRTEM (Chapter 2, Section 2.2.3). 

The TMZ encapsulation followed the protocol described by Bouzinab et al.138 in which 

the AFt cages were incubated with TMZ in a 1:800 ratio for 3 h at 4 °C and pH 5.5, 

then purified by ultrafiltration using a 10000 MWCO VIVASPIN microfuge column.  
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Figure 3.4: UV-vis spectrum of HSAFt-Cu(phen)-TMZ in NaOAc buffer pH 5.5. 

After encapsulation, the sample was analysed by UV-vis to estimate the ratio of 

TMZ/AFt which was found to be 339 TMZ molecules per AFt cage (mean of 4 

independent experiments, SD= 52). As shown in Figure 3.4 a TMZ has an absorbance 

maximum at 330 nm that can be used to estimate its concentration from the recorded 

intensity and its extinction coefficient of 9800 M-1 cm-1 using the Beer-Lambert 

equation (Appendix 3.B). The encapsulation efficiency (EE) and drug loading (DL) 

were 28.8 ± 4.0 % and 13.0 ± 2.8 % respectively (Appendix 3.C). Previous reports 

have shown that the AFt cage can accumulate up to 520 molecules of TMZ, with EE 

and DL higher than those reported in this study.138 Instead, when the TMZ was loaded 

with free copper (II), the overall number of TMZ molecules encapsulated into AFt and 

converted into MTIC was much lower (Table 3.1).8 Furthermore, is important to 

mention that the EE estimated for HSAFt-Cu(phen)-TMZ is higher if compared to 

liposomal formulations of TMZ.216  

To validate the hypothesis that decreased TMZ encapsulation was due to the 

presence of copper(II)-phenanthroline and to compare the copper content to that 

reported by Li et al., ICP-MS measurements were performed on the HSAFt-Cu(phen)-

TMZ samples after encapsulation. As reported in table 3.1 there was a decrease in 

the metal ion content from 334 to 126 (SD= 48) copper/AFt upon TMZ encapsulation, 

which suggests that some of the copper is likely to be displaced from the AFt core to 

favour TMZ accumulation. The extremely low absorbance of the copper(II)-

phenanthroline complex by UV-vis (ʎ= 697 nm) did not allow for the direct detection 

and estimation of the encapsulated complex. Therefore, ICP-MS demonstrated that 
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the copper content of HSAFt-Cu(phen)-TMZ was lower than reported for AFt-Cu-

MTIC systems, in which the metal to complex ratio was consistent with the successful 

immobilisation of MTIC.8 Distinct from the report by Li et al., it is reasonable to infer 

that no interaction between the AFt-encapsulated copper (II) and MTIC was observed 

in the experiments reported here, as no change in the TMZ peak was visible by UV-

vis. After the addition of copper (II), Li et al. reported a shift in the absorbance of 

aqueous TMZ solutions in PBS at pH 7.4 from 330 nm to 355 nm, suggesting the 

formation of a stable Cu-MTIC species also in presence of AFt.8 Although there is no 

visible shift between the spectrum of TMZ and that of copper-TMZ (Appendix 3.A), 

the UV spectrum illustrated in Figure 3.4 of HSAFt-Cu(phen)-TMZ showed only a 

peak at 330 nm with no other peaks belonging to the prodrug metabolites. These 

results confirmed the presence of TMZ as the only species inside the protein cage 

(Appendix 3.A). 

 

Table 3.1. Table summarising the average metal and drug encapsulation per AFt cage 

recorded in this study (HSAFt-Cu(phen)-TMZ) and reported by Bouzinab et al. (AFt-TMZ) and 

by Li et al. (AFt-Cu-MTIC). 

 

3.2.2 Evaluation of the structural integrity of HSAFt-Cu(phen)-TMZ  

Once the preliminary characterisation of the HSAFt-Cu(phen)-TMZ was completed 

the formulation was analysed by HRTEM to investigate the effect of drug loading on 

the crystalline copper (II) adducts. In this case, the same sample was analysed by 

bright-field HRTEM with uranyl acetate staining (Figure 3.5). By using the staining on 

the sample, it was possible to achieve a better definition of the distribution of the 

copper adducts inside the AFt cages upon TMZ addition. As can be observed in 

Figure 3.5, there were visible dark circular structures corresponding to the copper 

adducts formed in HSAFt-Cu(phen)-TMZ samples aged 1 month as already 

described in Chapter 2. However, the image denoted non-homogeneous distribution 
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of the metal cores in a highly concentrated AFt sample. The density of copper cores 

observed compared to protein cages agrees with the ICP-MS results reported 

previously (Figure 3.5), which suggested a loss of copper upon encapsulation with 

TMZ. Therefore, even though the TMZ and the copper(II)-phenanthroline 

encapsulation ratios positively compare to similar literature studies, 138,8 these images 

show that the actual distribution of each agent and the metal adducts was variable 

among the AFt cages present in the sample. 

 

Figure 3.5. HRTEM on stained HSAFt-Cu(phen)-TMZ. 

 As reported in the previous HRTEM analysis of HSAFt-Cu(phen) samples exposed 

to different conditions, the presence of copper(II) detected by ICP-MS could not be 

corroborated by HRTEM, due to the low copper content (Chapter 2). In this case the 

low concentration of the metal has led to the formation of fewer visible cores inside 

the AFt cage with the remaining copper dissolved in solution and inside the protein 

without forming organised lattices (Chapter 2, section 2.2.6). For this reason, it is 

important to stress that the estimates that were provided on the encapsulation 

experiments referred to the whole sample and were not an exact measure describing 

the content of a single AFt cage. Literature examples of drug co-encapsulation into 

AFt with copper illustrated  that the presence of the metal, although detected by UV 

or ICP-MS data is not always visible by HRTEM even when coordinated by the loaded 

organic compounds.124,218  

Figure 3.6-a shows the DLS profile from which the hydrodynamic radius of the HSAFt-

Cu(phen)-TMZ was estimated to be 14.7 ± 2.2 nm. The value recorded suggests no 

significant difference to the empty AFt cage (17.2 ± 1.3 nm) and from the HSAFt-
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Cu(phen) precursor (15.4 ± 2.8 nm). However, the DLS profile for HSAFt-Cu(phen)-

TMZ (Figure 3.6-a) could suggest the presence of particles with a larger size within 

the distribution. However, as reported for other anticancer formulations using AFt: 

having a large number of (charged) molecules loaded inside the cage can produce a 

small enhancement of its size.120 The zeta potential measurement and the native 

PAGE (Figure 3.3-b) also confirmed the stability of the external charge of HSAFt-

Cu(phen)-TMZ measured (-7.49 ± 0.63 mV) compared to that of AFt (-7.79 ± 1.97 

mV) and so of its structural integrity.  

 

Figure 3.6 (a) Hydrodynamic size distribution of HSAFt, HSAFt-Cu-phen and HSAFt-

Cu(phen)-TMZ measured by dynamic light scattering. (b)  Zeta potential values of HSAFt, 

HSAFt-Cu-phen and HSAFt-Cu(phen)-TMZ (left) and native PAGE of HSAFt-Cu(phen) (lane 

1) and HSAFt-Cu(phen)-TMZ (lane 2).   

When compared to similar analyses there is no major deviation between the average 

hydrodynamic size reported in the literature. Both Bouzinab and Li et al. observed a 

protein diameter of 13 and 12 nm respectively after encapsulation. 8,138 However, 

significant differences are present when comparing the zeta potential measurements 
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to those reported for AFt-TMZ cages (-12.7 ± 0.3 mV).138 The reason for this 

difference can be explained by the use of different media and pH values to perform 

the zeta potential measurement, compared to other literature reports.138,215 The zeta 

potential measurements of HSAFt-Cu(phen)-TMZ and the control AFt reported in this 

section were performed in NaOAc buffer at pH 5.5 a value close to the HSAFt pI.219 

Given that the AFt-TMZ cages produced by Bouzinab et al. were analysed in water138 

this phenomenon can explain the less negative potential observed for the AFt cages 

analysed in this study. Recent reports of AFt-gold NPs formulation also introduced 

the hypothesis of protein oligomers forming in AFt loaded cages, leading to a change 

in the protein charge upon encapsulation of organic and inorganic compounds.200 

Although these results did not provide more insights into the variability of the core 

composition of the HSAFt-Cu(phen)-TMZ cages, there is enough evidence to infer 

that the copper(II)-phenanthroline and TMZ are localised inside AFt and did not affect 

the subunits assembly into its quaternary structure.  

3.2.3 Drug release studies 

The purpose of the encapsulation of a copper complex with an anticancer agent 

bearing potential metal coordinating functionalities like TMZ (Figure 3.1) was to 

prevent uncontrolled leakage of the drug and ensure tumour-specific delivery. The 

case of AFt and TMZ is especially interesting due to the pH-dependent features of 

the prodrug and the vehicle. TMZ lacks sufficient stability at pH > 7 to achieve tumour 

accumulation without damaging normal tissues and AFt has a structure able to favour 

drug delivery under acidic conditions (pH < 7).213,138 The integrity of the AFt cage at 

pH > 7 could shield TMZ from premature activation and ensure its release only after 

internalisation in the tumour cell where the pH is more acidic.134 In addition to the 

protective role of AFt, it was hypothesised that the encapsulation of a metal complex 

like copper(II)-phenanthroline with TMZ could favour the non-covalent immobilisation 

of the prodrug into AFt, preventing its leakage through the protein channels.8,124,217 

For this reason, it was crucial to test the ability of the HSAFt-Cu(phen)-TMZ 

formulation in stabilising the TMZ cargo when exposed to different conditions. As 

performed for HSAFt-Cu(phen) in Chapter 2, the HSAFt-Cu(phen)-TMZ sample was 

also exposed to pH 5.5 and 7.4 at 37 °C for 24 h, by dialysis. The acidic pH mimicked 

the endosomal environment upon internalisation into cancer cells, and the 

physiological pH was useful to identify any drug leakage in the bloodstream before 

reaching the tumour site. Given its absorbance at 330 nm, TMZ release was detected 

and quantified recording the UV-vis spectra of the dialysis buffers at different time 

points (0, 1, 3, 5, 7, 24 h) according to the method illustrated in Appendix 3.F. Also, 
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the total amount of copper released in the dialysis solutions after 24 h was measured 

by ICP-MS. 

 

Figure 3.7. TMZ release from HSAFt-Cu(phen)-TMZ and degradation into AIC at pH 5.5 (a) 

and 7.4 (b). 

The data collected show that the HSAFt-Cu(phen)-TMZ formulation released TMZ 

under both pH conditions (Figure 3.7). However, at pH 7.4 the overall TMZ leakage 

was only 42 % (Figure 3.7-a) compared to 56 % observed at pH 5.5 (Figure 3.7-b). 

Given that the half-life of TMZ at pH 7.4 is 2 h, the presence of the prodrug peak at 

330 nm after more than 5 h of incubation suggested that no significant conversion 

into MTIC and AIC occurred while TMZ was loaded inside AFt (Appendix 3.D). On 

the contrary, the TMZ released into the dialysis buffer (PBS pH 7.4) started to degrade 

after 3 h of incubation, as shown by the second peak at 265 nm corresponding to AIC 

(Appendices 3.A, 3.D). The estimation of % drug released was based on the 

concentration of TMZ estimated into the sample dialysed (corresponding to 100 %, 

Appendix 3.F). 

These results were very similar to the release profile of TMZ observed for AFt-TMZ 

cages exposed to the same conditions.138 At physiological pH a slower diffusion of 

the anticancer agent from HSAFt-Cu(phen)-TMZ was observed, which stabilised 

between 1-3 h and then showed a marked degradation of TMZ into AIC. At pH 5.5 

the release was quick, and more drug molecules leaked in the first 3 h before reaching 

a plateau. In this case, the degradation of TMZ was only detectable after 5 h. This 

release profile could be explained by the flexibility of the AFt cage, whose structure 

is more ‘relaxed’ at acidic pH leading to the progressive swelling of the subunits and 

the consequent widening of the channels which accelerates the leakage of its 

cargo.122,145,220  
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As expected, the conversion of the released TMZ into AIC after 24 h was complete at 

pH 7.4 and only partial at pH 5.5.216 As mentioned in section 3.1, alkaline 

environments favour the conversion of TMZ into its active compound MTIC, which is 

extremely unstable and then degrades into AIC.216 This pH sensitivity is attributed to 

the protonation of TMZ, at acidic pH the drug is protonated and undergoes a slower 

degradation.221 These data are very similar to those of AFt-TMZ formulations138 

suggesting that the presence of copper (II) as copper(II)-phenanthroline did not 

improve significantly the retention of TMZ, with respect to AFt alone.   

Interestingly, the metal release measured on the samples after 24 h of incubation by 

ICP-MS showed that almost twice as much copper was released at pH 7.4 compared 

to the lower pH (Figure 3.8). This behaviour observed for HSAFt-Cu(phen)-TMZ was 

the opposite of that described for HSAFt-Cu(phen) in Chapter 2, section 2.2.5. In the 

HSAFt-Cu(phen)-TMZ more copper was released at pH 7.4 compared to pH 5.5, a 

phenomenon that cannot be explained by the flexibility of the AFt quaternary 

structures at different pH conditions. However, if the coordination of some of the 

copper(II)-phenanthroline with TMZ occurred during the encapsulation, the release of 

part of the TMZ from AFt could have destabilised the bulk formed by Cu(phen)-TMZ, 

thus favouring metal discharge. Overall the ICP-MS data confirmed that at both pH 

conditions AFt was still able to retain most of the metal present after TMZ 

encapsulation. 

 

Figure 3.8. Copper release from HSAFt-Cu(phen)-TMZ after 24 h exposure to pH 5.5 and 7.4 

at 37 °C (100 %= Cu concentration in the sample after encapsulation).   

When the HSAFt-Cu(phen)-TMZ particles are compared to similar systems like the 

one described by Li et al. it is possible to observe the effect of the copper complex, 
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rather than just the metal, on the encapsulation and the stability of TMZ inside AFt. Li 

et al. reported the rapid conversion of TMZ into MTIC and the formation of stable Cu-

MTIC complex upon encapsulation into AFt.8 This stability was reflected by their 

experimental results, where > 90 % of MTIC was retained into AFt at pH 7.4 and 5.0.8 

Instead, from the data presented in this section, there was no evidence of MTIC 

forming upon co-encapsulation of AFt with [Cu(phen)]2+ on the UV-vis spectrum 

recorded after TMZ encapsulation (Figure 3.4). This evidence was further 

substantiated by the drug release experiments (Appendix 3.C, 3.D) in which the 

compound visible in the dialysis buffer was TMZ as outlined by the peak at 330 nm, 

which degraded over time into AIC (Figure 3.7).  More recent work from the same 

group reported that encapsulation of a TMZ-doxorubicin covalent complex with 

copper also led to the conversion of TMZ into MTIC.215 Again, the copper-MTIC 

complex showed greater stability under physiologically relevant conditions.215 This 

difference supports the hypothesis that all or most of the copper present into the 

HSAFt-Cu(phen)-TMZ formulation is coordinated either by 1,10-phenanthroline or by 

amino acid residues (as suggested in Chapter 2) and that formation of Cu-MTIC does 

not occur in the absence of free copper (II). Furthermore, the AFt-Cu-MTIC particles 

produced by Li et al. when tested for their stability demonstrated that MTIC release 

was dependent on the presence of millimolar concentrations of glutathione (GSH) 

which favours both redox and coordination interactions with copper(II).215 A similar 

GSH-dependent drug release was reported also for copper-stabilised doxorubicin AFt 

formulations.218 The data collected for HSAFt-Cu(phen)-TMZ show that TMZ diffused 

out of the AFt cage in the absence of intracellular components like GSH, in a way 

similar to that reported by Bouzinab et al. for AFt-TMZ.138 

The AFt-Cu(phen)-TMZ formulation produced in this section successfully 

demonstrated that it is possible to prevent TMZ conversion into MTIC for 

encapsulation into AFt when using copper (II) coordinated by 1,10-phenanthroline 

instead of the free metal. This would favour pH-dependent drug release into tumour 

cells where TMZ would spontaneously produce its cytotoxic metabolites with no need 

for GSH-dependent activation. However, drug release experiments showed that the 

rate and the fraction of TMZ released from AFt were very similar between HSAFt-

Cu(phen)-TMZ and AFt-TMZ138 systems. Thus confirming the potent shielding effect 

that the protein cage can exert on TMZ stability at pH 7.4 and that the presence (and 

possible coordination) by a metal complex does not improve its retention. This 

protective effect of AFt is superior to that of liposomal formulations of TMZ.216 Yet the 

[Cu(phen)]2+ loaded into the HSAFt-Cu(phen)-TMZ formulation also showed its 
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potential antitumour effect on GBM cell lines (Chapter 2, Section 2.4). For this reason, 

the assessment of the in vitro activity of this formulation was considered essential in 

the evaluation of the anticancer effect of HSAFt-Cu(phen)-TMZ compared to AFt-

TMZ.  

 

3.3 In vitro anticancer activity of HSAFt-Cu(phen)-TMZ 

HSAFt-Cu(phen)-TMZ showed behaviour similar to that already reported for AFt-

TMZ138 when tested for drug release and stability. The data collected by UV-vis 

suggest that the TMZ was not altered upon encapsulation into HSAFt-Cu(phen) and 

that the cage might have a role in prolonging the stability of the prodrug at pH 7.4. 

However, a portion of the encapsulated drug still leaked out under all tested 

conditions, leaving more than > 50 % of the drug molecules within AFt cages. At this 

point in vitro assays were required to assess the impact of TMZ leakage on the activity 

of the HSAFt-Cu(phen)-TMZ formulation. Cell culture studies were also needed to 

compare the growth inhibitory activity of the formulation in cancer and normal cells.  

HSAFt-Cu(phen)-TMZ was tested against human fibroblasts (MRC5), colorectal 

cancer cells (HCT-116) and the isogenic GBM cells U373V (MGMT negative) and 

U373M (expressing high levels of MGMT). The first set of experiments performed 

were MTT assays, useful to identify the effect of the formulation on the GI50 value of 

TMZ. In this case, the exposure time to test agents was of 6 days for all cell lines. 

This extended incubation was essential to observe the pharmacological action of 

TMZ: the prodrug needs to hydrolyse into MTIC to then generate the methyl-

diazonium ion that methylates the guanine on DNA to generate O6-methylguanine.1 

At this point, O6-methylguanine mispairs with thymine alerting the DNA mismatch 

repair machinery (MMR). However, the mismatch repair system does not remove the 

methylated guanine, instead removing and replacing thymine in futile cycles of 

attempted repair, ultimately causing lethal DNA damage during the S phase of the 

cell cycle, caused by the blockage of the replication fork (Figure 3.9).1,222 While HCT-

116 resistance to TMZ derives from their absence of MMR system, U373M cells are 

transfected with O6-methylguanine-DNA methyltransferase (MGMT). Control 

experiments were performed on all cell lines with AFt and TMZ alone. No cytotoxicity 

was observed with the concentrations used of AFt. Instead, the anticancer effect of 

TMZ on GBM cells was denoted by a GI50 > 400 µM for U373M and ~50 µM for U373V 

(Figure 3.10, 3.11, Table 3.2).  
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Figure 3.9. Mechanism of TMZ-driven DNA alkylation (a) and cell cycle arrest ultimately 

leading to tumour cell death (b).  

 

Figure 3.10. Effect of HSAFt, TMZ and HSAFt-Cu(phen)-TMZ on growth of MRC5 foetal 

fibroblasts and HCT 116 colorectal carcinoma cells. MTT assays were performed at time of 

test agent addition (T0) and following 6 days treatment of cells with test agents. Representative 

dose-response curves are shown. Data points are mean ± SD (n=4); 3 independent trials were 

conducted. 

There are several mechanisms of resistance that glioma cells can develop to survive 

the damage produced by TMZ, the main one being the expression of MGMT.214 This 

enzyme can remove the methylation introduced by TMZ and allow for proper DNA 

replication.214 MGMT expression is present in the U373M cells used for this study, 
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and the difference in sensitivity to TMZ was evident in the GI50 results (Table 3.2). 

Remarkably, HSAFt-Cu(phen)-TMZ was able to overcome the resistance and 

significantly increase the cytotoxicity exerted by the drug also on MGMT expressing 

cells. These data confirmed the effect of AFt on intracellular drug accumulation that 

was also observed for AFt-TMZ, which produced a 532-fold enhanced activity against 

TMZ-resistant U373M GBM cells (Table 3.2).138 

 

Figure 3.11. Effect of HSAFt, TMZ and HSAFt-Cu(phen)-TMZ on growth of TMZ-sensitive 

U373V and resistant U373M GBM cells. MTT assays were performed at time of test agent 

addition (T0) and following 6 days treatment of cells with test agents. Representative dose-

response curves are shown. Data points are mean ± SD (n=4); 3 independent trials were 

conducted. 

The MTT assays showed the promising effects of HSAFt-Cu(phen)-TMZ against GBM 

cell lines tested. The results from the MTT assays were in line with that reported for 

AFt-TMZ.138 To corroborate these results, clonogenic assays were performed on 

U373V and U373M. In this case, the concentrations tested were selected according 

to the GI50 values estimated from the MTT assays, being 0.05 µM for AFt and 20 µM 

for TMZ and HSAFt-Cu(phen)-TMZ and the exposure time was of 6 days (Figure 3.12, 

3.13). Also, in this case exposure to AFt cages only led to no decrease in cell viability 

whilst HSAFt-Cu(phen)-TMZ caused a dramatic decrease in colony formation, more 

pronounced than with the TMZ only treatments (Figure 3.12, 3.13). Almost no 

colonies were stained after 13 days of incubation for both sensitive (U373V) and 

resistant (U373M) GBM cells.  
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Table 3.2. Table summarising the GI50 values of TMZ (blue), AFt-TMZ (grey, from Bouzinab 

et al.) and AFt-Cu-TMZ (blue) in µM concentration estimated for the cell lines tested. GI50 is 

expressed as Mean ± SEM from Three Independent Trials, Where N = 8. 

The ability to reduce cell viability of HSAFt-Cu(phen)-TMZ was especially important 

when observed for resistant U373M cells (Figure 3.13). This showed that the 

formulation can improve the efficiency of drug delivery to the point of overcoming the 

MGMT resistance mechanism, a result recently reported also by K. Bouzinab et al for 

AFt-TMZ cages.138 However, if looking back at the MTT assays it is evident that the 

encapsulation that produced HSAFt-Cu(phen)-TMZ increased the toxicity also to 

MRC5 non-tumour cells (Table 3.1, Figure 3.10). Although this correlated with an 

acceptable GI50 difference with U373V cells, it did not for U373M cells with which the 

GI50 values of the HSAFt-Cu(phen)-TMZ formulation are very close (Table 3.2). This 

enhanced toxicity to normal cells was not observed when AFt-TMZ formulation was 

tested,138 suggesting that the presence of copper(II)-phenanthroline in the HSAFt-

Cu(phen)-TMZ could contribute to this effect.  As this can be a major issue envisaging 

the clinical application of this system, another clonogenic assay was performed on 

U373M cells in which the incubation with the test agent was reduced to 24 h (Figure 

3.13). Even though the decrease in colony number is not as dramatic it is still possible 

to observe a greater effect of HSAFt-Cu(phen)-TMZ (42 % cell viability reduction) 

after 24 h of exposure compared to TMZ only (35 % cell viability reduction). When 

treated with AFt-TMZ only,  the U373M resistant cells colony formation was inhibited 

by 47 %.214 

The cytotoxicity profile of HSAFt-Cu(phen)-TMZ showed greater activity compared to 

TMZ especially against TMZ-resistant U373M cells, which was consistent with the 

cytotoxicity reported for AFt-TMZ cages. However, this increased toxicity was also 

observed in normal fibroblasts, an effect that can constitute a challenge in the clinical 

application of the HSAFt-Cu(phen)-TMZ formulation. When compared to previous 

data on AFt-TMZ formulations an increase in cytotoxicity to MRC5 cells compared to 

TMZ was also observed.214 However, in the case of AFt-TMZ the GI50 of the protein-
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drug formulation for healthy MRC5 cells was reported to be almost 100 greater than 

that of GBM cells. This difference is enough to ensure selective cytotoxicity also 

against MGMT-positive U373M cells. The increased toxicity of HSAFt-Cu(phen)-TMZ 

against MRC5 cells can be explained by the presence of [Cu(phen)]2+ complexes in 

the bulk of the AFt cargo with TMZ. As reported in Chapter 2, section 2.4, [Cu(phen)]2+ 

and HSAFt-Cu(phen) the GI50 for this cell line was < 2 µM.  

 

Figure 3.12. Effect of AFt, TMZ and HSAFt-Cu(phen)-TMZ on U373V cells (6 days exposure). 

Representative cell survival data are shown. Data points are mean ± SD (n=2); 3 independent 

trials were conducted. 

 

Figure 3.13. Effect of AFt, TMZ and HSAFt-Cu(phen)-TMZ on U373M cells (24 h and 6 days 

exposure). Representative cell survival data are shown. Data points are mean ± SD (n=2); 3 

independent trials were conducted. 
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Overall, the in vitro studies of the effects of HSAFt-Cu(phen)-TMZ formulation showed 

that there is a greater anticancer effect compared to TMZ, which became particularly 

evident in TMZ-resistant cells. These data confirmed that although some drug was 

released from the cage at physiological conditions, the proportion of TMZ stabilised 

and retained by HSAFt-Cu(phen) was enough to decrease the viability of tumour cells. 

The greater anticancer effect exerted by AFt encapsulated TMZ formulation was 

observed both in the presence and in the absence of copper(II)-phenanthroline, thus 

suggesting a marginal role of the metal complex in enhancing pharmacological 

activity. The main difference emerging from the results presented in this section 

between HSAFt-Cu(phen)-TMZ and AFt-TMZ was the increase in toxicity observed 

on MRC5 non-tumour cells, which couldn’t ensure selectivity over the TMZ resistant 

strain. Further evaluation of the toxicity exerted on U373M and MRC5 cells is required 

to better understand how to improve the risk-benefit ratio of HSAFt-Cu(phen)-TMZ for 

the treatment of resistant GBM. One way to do this would be by reducing the exposure 

time to detect an increase in the difference in the cytotoxicity observed. On this point, 

encouraging results were provided by the clonogenic assay testing HSAFt-Cu(phen)-

TMZ on U373M cells over a 24 h exposure time. The same set of experiments could 

be performed on MRC5 cells in an attempt to optimise the ability of HSAFt-Cu(phen)-

TMZ in overcoming GBM resistance without causing harm to healthy cells.   

 

3.4 Summary and conclusions 

The work described in this chapter reports the production of an AFt cage co-

encapsulated with different copper(II)-phenanthroline species and the prodrug TMZ. 

The HSAFt-Cu(phen)-TMZ cages formed were able to load up to 339 TMZ molecules, 

with an EE and DL slightly lower than those reported for AFt-TMZ formulations.138 An 

effect likely to have been caused by the presence of a copper(II)-phenanthroline bulk 

which limited the void space available for the TMZ molecules to accumulate. ICP-MS 

measurements showed that about 36 % of copper was released after the 

encapsulation of the HSAFt-Cu(phen) produced in Chapter 2 with TMZ. Although it 

was not possible to directly determine whether the copper measured was free or 

coordinated by 1,10-phenanthroline it is plausible to hypothesise that the observed 

release was a consequence of the low pH (5.5) at which the encapsulation was 

performed.  

Recent literature reports showed that the interaction of copper with TMZ accelerates 

its degradation into MTIC to form a stable metal complex visible by UV (ʎmax= 355 
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nm) both in solution and inside AFt. 8,215 However, no evidence of MTIC formation was 

observed by UV neither after the encapsulation nor during the drug release tests 

performed at different pH conditions. This evidence suggested that there was not 

enough free copper(II) to promote the conversion of TMZ into its metabolites and that 

most of the metal still present was coordinated by 1,10-phenanthroline. Therefore, 

the coordination exerted by the phenanthroline ligand on copper was able to prevent 

the degradation of TMZ into MTIC. The HSAFt-Cu(phen)-TMZ cages were imaged by 

HRTEM, which confirmed (along with DLS and native PAGE) the integrity of the AFt 

quaternary structure and showed the distribution of TMZ and the copper adducts in 

the sample to be highly variable between the protein cages.  

When tested for drug release, the HSAFt-Cu(phen)-TMZ formulation showed a 

behaviour similar to that previously reported for AFt-TMZ, with slower drug release at 

pH 7.4 than 5.5.138 The UV-vis data resulted in the release of intact TMZ (as 

evidenced by the peak at 330 nm) suggesting the ability of the cage to shield the 

prodrug from activation at physiological conditions (pH 7.4). A different release profile 

at pH 5.5 demonstrated that the flexibility of the AFt cage at lower pH favours a 

quicker and a larger discharge of its cargo, a feature that has the potential to favour 

selective drug delivery into cancer cells. Instead at pH 7.4, no significant TMZ leakage 

was observed after 1 h of incubation at 37 °C and the overall prodrug released and 

then degraded into AIC was 42 %. ICP-MS data revealed that more copper was 

released at pH 7.4 than at pH 5.5, a result opposite to what was observed for HSAFt-

Cu(phen) (Chapter 2). These data illustrate that HSAFt-Cu(phen)-TMZ as AFt-TMZ 

can potentially reduce the amount of TMZ which gets degraded before reaching the 

BBB and the tumour site,216 hence increasing the drug half-life and its efficacy at lower 

dosages. Therefore, the presence of copper(II)-phenanthroline did not produce any 

additional advantage over the control of TMZ release from AFt. 

To evaluate the possibility of greater growth inhibitory activity exerted by the co-

encapsulated anticancer agents Cu(phen) and TMZ, in vitro assays on GBM tumour 

cell lines were performed demonstrating the ability of the HSAFt-Cu(phen)-TMZ cage 

to increase the activity not only in MGMT(-) cells but also against MGMT(+) cells 

which are resistant to TMZ therapy. The GI50 value decreased by 30 times for U373M 

resistant cells when exposed to HSAFt-Cu(phen)-TMZ. These results were 

corroborated by clonogenic assays and also highlighted the increase in toxicity to 

non-tumour MRC5 cells as well. The potency of HSAFt-Cu(phen)-TMZ reduced the 

GI50 of TMZ for healthy fibroblasts by 10 times, which produced little difference from 

the average toxicity exerted against GBM resistant cells. This result was in contrast 
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with what was observed by Bouzinab et al. for AFt-TMZ cages,138 conferring to the 

copper(II)-phenanthroline present into HSAFt-Cu(phen)-TMZ a role in the enhanced 

toxicity recorded on non-tumour cells. By reducing the exposure time of U373M cells 

to HSAFt-Cu(phen)-TMZ to 24 h it was still possible to observe a greater decrease in 

cell viability compared to TMZ alone. This result was useful in suggesting the 

possibility of optimising the selectivity of HSAFt-Cu(phen)-TMZ to resistant GBM cells 

by reducing the exposure time to the agent. However, further in vitro assays (such as 

apoptosis and cell count assays) are required to confirm the viability of this approach. 

Alternatively, the AFt outer surface can be modified for example with EGFR-targeting 

affibodies,223 to increase the selectivity to GBM cells and avoid toxicity to healthy cells, 

thus improving the risk-benefit profile of the HSAFt-Cu(phen)-TMZ formulation.  

To conclude the work herein reported illustrates the potential of a designed 

nanoformulation of AFt encapsulated with a copper(II)-phenanthroline and the 

prodrug TMZ for anticancer chemotherapy. The data displayed in this chapter fill the 

gap in the characterisation of AFt with a cargo combining the metal coordinating 

prodrug TMZ and a copper complex. These data can help in the optimisation and 

development of a system that could be tested for use in clinical settings for the site-

specific delivery of pH-labile prodrugs like TMZ.224 
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4. Production of human AFt conjugated to copper(II)-

phenanthroline and its effect on temozolomide 

encapsulation and release  

4.1 Background 

The previous chapters reported the study of the interaction between HSAFt and the 

metal complex copper(II)-phenanthroline before and after the encapsulation of the 

anticancer agent TMZ (Chapters 2 and 3). The protein-metal system was prepared 

using the nanoreactor method, then the effects on the release and stability of the co-

encapsulated drug TMZ were explored (Chapter 3). HSAFt is the protein isoform most 

commonly used for drug delivery studies,225 given its ease of preparation from the 

commercially available HSFt (see Chapter 7, section 7.4.1)226 and the translatability 

of the in vitro results to the human protein.68 However, as outlined in the literature 

review (Chapter 1) the use of HSAFt is more likely to cause immunogenicity upon 

clinical administration.225,68,136 For this reason, the development of DDSs based on 

the use of human AFt is preferred. Furthermore, several in vivo studies performed on 

human H-chain AFt (HuHAFt) without additional targeting, reported a favourable 

pharmacokinetic profile characterized by enhanced accumulation into tumour tissue 

and efficient clearance from healthy organs.227,228 The nuclear translocation ability of 

HuHAFt has been exploited for the delivery of siRNA, miRNA and the anthracycline 

antibiotic doxorubicin.229,230 In addition to this, a recent study showed that HuHAFt 

uptake by cancer cells is enhanced and positively affected when the protein is loaded 

with inorganic compounds.200 

However, the number of metal ions that can be stabilised into HuHAFt is < 1000 Fe(III) 

ions per cage compared to the 4500 Fe(III) ions for the light chain 24-mer.180 This 

difference is related to the functions of each subunit. As described in Chapter 1 

(section 1.3.1), the L-chain possesses amino acid side chains that can chelate metals 

and act as nucleation sites.117 This was supported by the resolved X-ray crystal 

structures of both AFt subunits loaded with the platinum (II) drug cisplatin.135 The 

different metal loading capacity of the AFt subunits was also reflected in the results 

of the preliminary work performed on HuHAFt before bioconjugation. The nanoreactor 

encapsulation of copper(II)-phenanthroline into HSAFt (Chapter 2) was replicated for 

HuHAFt. Under the same encapsulation conditions, the ICP-MS analysis of the 

sample detected < 1 copper ion per HuHAFt protein cage. The experiment was 

performed at pH 5.5 and pH 7.4 and both conditions gave the same copper content. 
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Lower metal complex loading with respect to HSAFt (Chapter 2) was also confirmed 

by the UV-vis spectra taken on the protein sample purified after encapsulation. The 

lower intensity of the HuHAFt-Cu(phen) protein compared to HSAFt-Cu(phen) from 

Chapter 2 at the same concentration suggested reduced phenanthroline retention 

(Appendix 4.A). The difference observed between the two formulations is linked to 

the different subunit ratios of each cage: HSAFt is > 80 % L-chain, instead, HuHAFt 

is 100 % H-chain.  

The incorporation of metal complexes inside proteins can occur through different 

strategies108 such as covalent anchoring, which was the method preferred for the work 

described in this chapter. The stability and the inert character provided by non-

cleavable organometallic protein conjugates can afford a significant benefit for the 

targeted delivery of pharmacologically active molecules.19 To achieve this objective, 

the decreased metal affinity of HuHAFt could be improved by the immobilisation of 

copper by covalent conjugation of the ligand (2-bromo-N-(1,10-phenanthrolin-5-

yl)acetamide) to the interior surface of the protein. In this way, up to 24 copper (II) per 

/AFt cage could be introduced and their effect on drug accumulation and controlled 

release evaluated. The work reported by Zhang et al. showed the AFt size flexibility 

as a consequence of the electrostatic interactions between the protein and the 

species present in its core.141 The binding of positively charged metal ions such as 

iron (II) or copper (II) to the negatively charged amino acids lining the internal surface 

of AFt can cause a contraction of its structure and the interprotein subunit channels.141 

It is reasonable to hypothesize that the modification of the AFt internal surface by 

introducing positively charged compounds could promote the entrapment of 

anticancer agents like TMZ and reduce their leakage. Modification of the AFt surface 

has already been employed for the loading of multiple agents with different levels of 

hydrophilicity/hydrophobicity.149 Also the use of charged species to help the loading 

and retention of organic molecules has been described and documented in the 

literature.119,145,150,8,151 The use of a HuHAFt copper bioconjugate for the 

encapsulation of TMZ would potentially immobilize part of the drug molecules by 

direct non-covalent interaction with the metal and physically entrap the remaining 

TMZ in the bulk formed inside the cavity. The combination of the protein-metal and 

metal-TMZ electrostatic interactions has the potential to reduce the leakage of TMZ 

from the protein cage (observed in Chapter 3) during drug delivery. For this reason, 

it was envisaged that labelling a recombinant cysteine mutant of HuHAFt with 2-

bromo-N-(1,10-phenanthrolin-5-yl)acetamide would provide the advantage of greater 
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control over the localization of the metal and the composition of the labelled HuHAFt 

cages upon further encapsulation of TMZ (Figure 4.1).  

The work reported in this chapter is aimed at the production of a HuHAFt cysteine 

mutant, modified by covalent conjugation with a copper(II)-phenanthroline complex, 

and loaded with the anticancer agent TMZ. The covalent conjugation could help to 

understand the effect of the copper coordinating phenanthroline on the metal binding 

capacity of the human H-chain homopolymer. The encapsulation with TMZ to produce 

a new formulation of recombinant human AFt can be assessed for controlled drug 

release and compared to the HSAFt-Cu(phen)-TMZ formulation produced by 

nanoreactor encapsulation in Chapter 3 and to similar AFt-TMZ systems reported in 

the literature.  

 

Figure 4.1 Design of the AFt_K68C-Phen(Cu) conjugate and encapsulation with TMZ. 

Site-specific mutagenesis of Lys68 to Cys68 gives the mutant AF_ K68C cage which is then 

used for covalent conjugation with bromoacetyl-phenanthroline (1), titration with copper (2) 

and encapsulation with the drug TMZ (3). 

 

4.2 Production of the K68C cysteine mutant human AFt heavy chain  

The HuHAFt used in this study was a recombinant mutant (AFt_WT His). The gene 

encoding for this mutant, cloned between the restriction sites NdeI and XhoI of 

pjexpress414 plasmid, was kindly provided by Isobel Holden, a PhD student working 

in Prof. Neil Thomas's group (Appendix 4.B). The heavy chain subunit sequence 

contained no cysteines. To provide the protein with a functional group reactive in 

nucleophilic attack the substitution of Lys68 into Cys68 was performed by site-

directed mutagenesis. This mutation provided a cysteine whose side chain was 

exposed on the inner surface of the AFt cage, ensuring covalent binding of the 
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phenanthroline ligand exclusively inside the protein without affecting cage assembly 

(Figure 4.2). The site-directed mutagenesis was performed using the Q5® High 

Fidelity DNA polymerase from NEB and non-overlapping back-to-back primers, with 

mutation codon in the forward direction (Chapter 7, Materials and Methods, section 

7.5.1). Troubleshooting of the PCR amplification reaction was required to adjust the 

annealing temperature of the primers to optimal values. After extensive optimisation, 

a touchdown PCR produced the mutated plasmid (Chapter 7, section 7.5.1). This 

technique exposed the reaction mix to different annealing temperatures, starting from 

Tm + 10 °C with a decrease of 1-2 °C at each cycle until the annealing temperature of 

the primers is reached. 55 The success of the site-directed mutagenesis was then 

checked by sequencing upon transformation into chemically competent E. coli DH5α 

cells and subsequent plasmid extraction.  

 

Figure 4.2. Structure of the HuHAFt cage (grey) with the K68C mutation visible on the inside 

of the protein shell (red). Figure produced with The PyMOL Molecular Graphics System, 

Version 2.5.2 Schrödinger, LLC.  

4.2.1 Expression and purification of the HuAFt wild type and K68C protein 

mutant  

Once the K68C mutant of HuHAFt (AFt_K68C His) was confirmed by sequencing 

analysis, the plasmid DNA of the wild type protein (AFt_WT His) and the mutant were 

(separately) transformed into E. coli RosettaTM 2 (DE3) competent cells for protein 

expression. This cell strain was chosen due to its enhanced ability in expressing 

eukaryotic proteins compared to other bacterial cells.231 Optimization was required 

both for the expression and the purification methods. Overnight expression at 20 °C 

was found to improve the overall protein yield compared to higher temperatures and 

shorter incubation after induction (Figure 4.3-a). No increase in the amount of soluble 
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protein in the cell lysate could be achieved at lower expression temperatures. 

Purification from inclusion bodies was also attempted, but no significant protein 

recovery was possible.  

 

Figure 4.3. SDS-PAGE of the expression test for AFt_K68C His (a) and of the purified 

AFt_WT His and AFt_K68C His mutant (b). (a) SDS-PAGE of AFt_K68C His expression 

test with sonication degradation products (12 kDa): L= ladder, 1a, 2a= soluble and insoluble 

cell lysate with no IPTG at 20 °C; 3a, 4a= soluble and insoluble cell lysate with 1 mM IPTG at 

20 °C; 5a, 6a= soluble and insoluble cell lysate with no IPTG at 37 °C; 7a, 8a= soluble and 

insoluble cell lysate with 1 mM IPTG at 37 °C. (b) SDS-PAGE of purified HuHAFt proteins (24 

kDa): L= ladder, 1b= AFt_WT His, 2b= AFt_K68C His. 

The purification was performed by affinity chromatography using a Ni2+ column, as 

both HuHAFt genes were designed with a His-tag on their N-termini. The protein was 

eluted at 60 % concentration of 0.8 M imidazole buffer (Appendix 4.C). The 

preparation of the soluble fraction was crucial to achieving successful purification. 

Particular attention was required for the sonication step performed to ensure cell 

membrane rupture and protein release. In this case, excessive pulse amplitude and 

exposure time led to protein degradation in smaller fragments that eluted with the 

AFt_K68C His mutant. This markedly reduced the yield of functional protein and 

contaminated the purified sample (Appendix 4.D).  

After purification, dialysis in storage buffer (20 mM Tris, pH 8.0) and concentration, 

the protein content was estimated by the Bradford assay. The pure AFt_WT His and 

AFt_K68C His proteins (Figure 4.3-b) were produced with average yields of 127 and 

37 mg/1 L cell culture respectively. The yield for the recombinant AFt_K68C His 
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protein was lower than that of the AFt_WT His. In some cases, the introduction of the 

thiol groups of cysteine favours the formation of disulphide bridges causing 

precipitation of protein aggregates in the insoluble cell fraction.232 Mindful of this, the 

purification of the AFt_K68C His using 1 mM DTT as reducing agent was attempted, 

without any improvement in the purification yield. 

To increase the yield of AFt_K68C His mutant produced per expression round, batch 

fermentation in a 10 L cell culture volume was attempted.233 The fermentation was 

set up using LB media supplemented with carbenicillin and chloramphenicol as for 

the small scale expression, and the 1 L inoculum was prepared from a 1 mL glycerol 

stock of E. coli RosettaTM 2 (DE3) carrying the AFt_K68C His plasmid. The cell growth 

and protein expression were carried out using the same conditions as previously 

described with the addition of pH and O2 monitoring (see Chapter 7, section 7.5.3). 

The growth of the bacterial culture was monitored by OD measurements and 

induction at 20 °C was found to be challenging. Due to the slow cooling process of 

the reactor combined with the fast growth of the bacteria between the inoculation and 

induction time point (doubling time = 45 min) the addition of IPTG was performed 

before the reactor temperature reached 20 °C. Two fermentation experiments were 

performed where optimization of temperature and pH control allowed for a protein 

yield of 20 mg/ 10 L. The 10 L expression produced a significantly lower amount of 

recombinant protein compared to the expression in 1 L culture. There are a few 

reasons to explain this issue, the first being the need for better control over induction 

time and temperature by using a lower inoculum volume and starting the fermentation 

with OD ≤ 0.1. The second reason could be the overflow metabolism which has been 

reported for E. coli cultured in large volumes.234,235 This phenomenon consists of a 

switch of the bacterial metabolism from aerobic to anaerobic even in the presence of 

high amount of oxygen because of regulatory triggers activated by membrane surface 

limitation and high [NADH]/[NAD+] ratio.236 This switch was reported to contribute to 

a decrease in cell density and recombinant protein production.234,235  

In addition to the issues related to the use of E. coli for fermentation, also during the 

expression of AFt_K68C His in 1 L batches, it was observed that the protein yield 

substantially decreased with glycerol storage time. This problem was detected 

regardless of the storage time of the glycerol stocks used to prepare the plates for 

picking the colonies for inoculation. This problem could be also included in the 

explanation of the low yield fermentation experiments. Although it was not possible to 

address this issue at the time it is reasonable to hypothesise a decrease in the 
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expression efficiency of the bacterial cells upon storage. A possible solution would be 

to perform the expression from single colonies picked from a plate prepared from 

freshly transformed cells, not glycerol stocks. Although the production of recombinant 

AFt_K68C His was sub-optimal, it was still sufficient to proceed to the His-tag removal 

procedure and then the bioconjugation to 2-bromo-N-(1,10-phenanthrolin-5-

yl)acetamide. 

4.2.2 Removal of the His-tag from HuHAFt variants through TEV protease 

cleavage 

The sequences used to produce the AFt_WT His and AFt_K68C His recombinant 

proteins were provided with a hexahistidine tag on the N-terminus of the subunit to 

allow purification by affinity chromatography (IMAC). The design of the protein gene 

included the first methionine starting codon (ATG), followed by the tag and the TEV 

protease cleavage site for removal of the His residues after protein purification.237 The 

effect of the hexahistidine tag on the folding and stability of recombinant proteins is 

highly dependent on the single protein.238 However, its removal is required to produce 

biological proteins envisaged for clinical applications as it is an immunogenic 

sequence.239 In addition to this it is important to highlight that the tag has high affinity 

for metal ions including nickel (II), cobalt (II), copper (II), and zinc (II).237 Although this 

property makes it extremely valuable for protein purification, the presence of the tag 

can impact the data collected when studying quantitative metal-protein interactions 

like in the case of AFt.  

The TEV protease required to remove the His-tag from AFt_K68C His was the 

mutated form of the tobacco etch virus enzyme that can be expressed by E. coli, 

purified by IMAC affinity chromatography and has enhanced catalytic activity.240 The 

presence of the hexahistidine tag on its sequence allowed for its purification and 

efficient separation from the cleaved HuHAFt (AFt_K68C, AFt_WT) after the 

reaction.240 Among the other enzymes used for fusion tags removal, the TEV protease 

showed greater specificity.241 TEV recognizes the sequence ENLYFQG/S and cuts 

between the amino acids Q and G/S (Figure 4.4).240 The TEV protease used in this 

work was expressed in  E. coli BL21 (DE3) CodonPlus-RIL and subsequently purified 

by affinity chromatography.240 Upon protein purification it was possible to observe the 

presence of the maltose-binding protein (MBP) band at 50 kDa, which was fused with 

the TEV gene to reduce the formation of inclusion bodies in the insoluble cell fraction 

(Appendix 4.E).240 After purification the fractions containing pure TEV were pooled, 
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concentrated and the yield estimated by UV-vis (13 mg/ 1L culture) and stored at -80 

°C for a maximum of 6 months.  

 

Figure 4.4. TEV recognition sequence and cutting site on HuHAFt. 

The optimal digestion conditions for the His-tag cleavage were identified using the 

WT_AFt over different incubation temperatures (30 and 37 °C) and reaction times (1 

h, 3 h, overnight), using a 1:20 protease to AFt ratio. The results of this test showed 

that there were no substantial differences between incubation at 37 or 30 °C, with the 

latter providing a slightly better cleavage ratio at the same incubation time (Figure 

4.5-a). This was visible in both samples loaded on the SDS-PAGE that showed the 

presence of the TEV protease (28 kDa), the AFt_WT His (24 kDa) and AFt_WT (22 

kDa) at different incubation times (Figure 4.5-a). It was also observed that after 3 h of 

incubation the reaction produced a precipitate whose composition was checked by 

SDS-PAGE and revealed that it was mainly aggregated AFt (Appendix 4.F). The 

aggregated protein could not be solubilized and thus was lost due to the TEV 

cleavage reaction. Up to 60 % of protein loss was observed even upon reduction of 

the incubation time to 1.5 h and after decreasing the protein concentration in the 

reaction. The reaction mixture was purified by affinity chromatography using a His-

Trap column and the flow-through fractions containing only the digested protein were 

collected (Appendix 4.F). The flow-through fraction was then dialyzed to remove 

imidazole and concentrated using Vivaspin® (3000 MWCO). Protein recovery was 

quantified by Bradford giving 40 % of cleaved AFt_WT and AFt_K68C. The ability of 

the protein to form intact cages was assessed by native PAGE, which also showed 

the different molecular weights of the cleaved protein (Figure 4.5-b). 
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Figure 4.5. SDS-PAGE of the TEV digestion optimisation test (a) and native PAGE of the 

AFt_WT His, AFt_K68C His and AFt_K68C (b). SDS-PAGE of TEV protease (28 kDa) 

cleavage of AFt_WT His: L= ladder, 1a, 5a= reaction at time zero (37 and 30°C), 2a, 6a= 

reaction at 1 h (37 and 30°C), 3a, 7a= reaction at 3 h (37 and 30°C), 4a, 8a= overnight reaction 

(37 and 30°C). (b) Native PAGE of HuHAFt: 1b= AFt_WT His (MW= 24 kDa, pI= 5.76), 2b= 

AFt_K68C His (MW= 24 kDa, pI= 5.67), 3b= AFt_K68C (MW= 22 kDa, pI= 5.31). 

 

4.3 Production of AFt_K68C-Phen(Cu)  

The covalent anchoring of metal ligands to proteins is based on the nucleophilic attack 

between a specific cysteine residue in the protein and an activated group on the 

metal-ligand. This method permits the control of the metal localization inside the 

protein scaffold.242 The low natural abundance of cysteine, its unique nucleophilicity 

and reactivity at neutral pH, made it a useful tool in the production of protein-

engineered bioconjugates.243 The use of a genetically engineered HuHAFt protein 

with only one cysteine in its peptide sequence can significantly reduce the probability 

of nonspecific labelling and ensure the binding of the phenanthroline ligand 

exclusively on the interior surface of the protein, where metal accumulation is 

preferred for the stabilization of TMZ upon encapsulation.  

The acidity of the thiol group (pKa= 8-9) with the ability of sulfur to be easily 

polarizable make cysteine particularly reactive toward electrophiles like maleimides 

and alkyl halides.243 Maleimides have been widely exploited to produce 

macromolecules for therapeutic use.80 However, recently it was found that these 

bioconjugates can undergo disruptive cleavage by thiol exchange, ring hydrolysis and 

retro-Michael addition in the organism, compromising their therapeutic efficacy and 
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causing undesired toxicities.80,78,79 Furthermore, the heterogenicity of these drug-to-

antibody mixtures combined with uncontrolled maleimide conjugation site occupancy 

can lead to issues in batch reproducibility for clinical applications.244 Iodoacetyl groups 

have been employed to produce more stable thiol-conjugates in particular in the 

production of ADCs.244,245  Alley et al. reported the improved plasma stability of 14 

days for ADCs prepared with a bromoacetamidecaproyl (bac) in place of the 

maleimidocaproyl (mc) linker, with higher intratumoral drug exposure and similar 

tolerability.82 Camacho et al. used the bromoacetamide group to conjugate a G-

protein-coupled-receptor agonist used in the treatment of obesity and hyperglicemia 

to a cysteine bearing immunoglobulin (IgG), resulting in a long-acting formulation with 

enhanced plasma half-life.246 

Thiol conjugation with halogen-substituted ligands can be achieved with higher 

specificity in buffers whose pH ensures the stability of AFt.244, 245 In fact, the reactivity 

of the cysteine is highly dependent on the environmental pH, determined by the pKa 

of the amino acid residue ≈ 8.5.247 The deprotonation of the thiolate ion at alkaline pH 

(> 8.5) favours the nucleophilic attack to the halogen-substituted electrophile and the 

expulsion of the halogen atom by an SN2 mechanism (Figure 4.6).247 

 

Figure 4.6. Cysteine alkylation mechanism by halogen-substituted electrophilic ligands. 

4.3.1 Covalent conjugation of phenanthroline to AFt_K68C  

With the hexahistidine removed, the AFt_K68C protein was used for covalent 

conjugation of the ligand 2-bromo-N-(1,10-phenanthrolin-5-yl)acetamide as 

illustrated in Figure 4.7 (see Chapter 7, section 7.2.2). As mentioned in the previous 

section, the use of haloalkyl reagents provides a valid alternative to maleimides for 

protein conjugation due to the ease and reliability of the reaction.78 Control over the 

bioconjugation pH was essential to avoid the non-specific labelling of other 

nucleophilic side chains of lysines and histidines as the specificity towards cysteines 

is favoured at pH > 8.78 For this reason the bioconjugation reaction was performed in 

20 mM Tris at pH 8.5 (see Chapter 7, section 7.5.6).  
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Figure 4.7. Bioconjugation of bromoacetyl-1,10-phenanthroline to AFt_K68C. 

In addition to the pH, it was necessary to tune the best reaction conditions that would 

ensure thiol availability to the ligand. This aspect was of particular importance for the 

completion of the labelling reaction as the SH groups were localized exclusively on 

the inside of the AFt cage. It was decided to avoid the use of pH-dependent 

disassembly of AFt due to concerns reported by the literature on the reversibility of 

the procedure, and to reduce the risk of aggregation.122 Instead the availability of the 

thiol groups was evaluated by dissociating the AFt subunits by introducing urea in the 

reaction buffer. Two test concentrations were evaluated (4 and 8 M urea) using 

Ellman’s assay for thiol quantification. The results of the Ellman showed that 8 M urea 

exposed 104 % of SH available compared to 47 % at 4 M urea (Figure 4.8-a), 

confirming that higher urea concentrations help exposing the inner-facing SH 

residues of AFt. Mindful of the potential denaturing conditions of 8 M urea to AFt, the 

protein tested was run on a native PAGE after purification (PD-10) to ensure proper 

reassembly, which was confirmed by the results outlined in Figure 4.8-b. 

 

Figure 4.8. Ellman’s assay of the AFt_K68C exposed to different urea concentrations 

(a) and native PAGE to check for cage integrity (b). (a) AFt_K68C treated with 4 M and 8 

M urea, (b) native PAGE of reassembled cage 1= AFt_K68C untreated, 2-3= AFt_K68C 

reassembled after treatment with urea. 
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The effect of pre-treatment of the protein sample with reducing agents was also 

investigated. A first preliminary experiment was directed at testing the UV background 

signal that could be produced by contamination of the Ellman reaction by DTT, BME 

and TCEP reagents. The test was performed by incubating two 45 µL dilutions of 

each reagent within the detection range of the Ellman’s assay (40-300 µM) with 10 

µL of DTNB stock in 445 µL of Ellman’s buffer. The absorbances at 412 nm were 

recorded and showed that DTT could produce the most significant background signal 

if not properly removed from the bioconjugation sample (Appendix 4.G). Although 

BME and TCEP reported the equivalent reactivity with DTNB, the latter was preferred 

being less volatile and therefore safer. After this preliminary evaluation, cysteine 

exposure in AFt_K68C was assessed by Ellman’s assay with and without pre-

treatment using TCEP (Figure 4.9).  The AFt_K68C protein was incubated with 20 

mM TCEP in urea-Tris buffer at pH 8.5 for 1 h at 37 °C under inert atmosphere. The 

reaction was then purified by PD-10 and dialysis and analyzed by Ellman’s assay 

(Figure 4.9). The results from the assay demonstrated that there was no significant 

improvement in the thiol availability after treatment of AFt_K68C with TCEP. The 

results illustrated in Figure 4.9 did not exclude some background signal generated by 

low quantities of the TCEP reagent contaminating the reaction. As reported in 

Appendix 4.G TCEP can react with DTNB and it was still present in the protein 

solution after PD-10, hence requiring purification by dialysis. For these reasons, it 

was evaluated that the potential disadvantages of using and then removing TCEP 

from the protein for bioconjugation overcame the minimal increase in thiol availability 

produced by pre-treatment. 

 

Figure 4.9. Ellman’s assay testing the effect of pre-treatment of AFt_K68C with TCEP on free 

thiols availability. 
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The conjugation reaction was carried out in degassed Tris-urea buffer (20 mM and 8 

M respectively) at pH 8.5. The AFt cysteine mutant was incubated with up to 50 

equivalents of ligand, diluted from a DMSO stock, at 4°C overnight under nitrogen 

atmosphere. No substantial difference was observed by incubating the reaction at 37 

°C. Purification of the protein bioconjugate was performed with two successive rounds 

of dialysis (1000 dilution) using freshly prepared 20 mM Tris buffer pH 8.5. Effective 

removal of excess ligand was checked by recording the UV-vis spectrum of the 

dialysis buffer. The measurement of the UV-vis absorbance intensity of a range of 

concentrations of 2-bromo-N-(1,10-phenanthrolin-5-yl)acetamide in Tris buffer 

showed that ligand peak was detected down to 0.1 µM concentration (Appendix 4.H).  

4.3.1.1 Evaluation of AFt_K68C His conjugation reaction by UV-vis, Ellman’s assay 

and MALDI-TOF 

The first attempts at protein labelling were performed using the AFt_K68C His cage. 

This approach was chosen considering the significant protein loss caused by the TEV 

protease cleavage, which considerably reduced the amount of cleaved protein 

available for the conjugation reaction (see section 4.2.2). The first bioconjugation 

reaction was performed using only 20 equivalents of the phenanthroline ligand. The 

lower concentration of phenanthroline was supposed to minimize the probability of 

protein aggregation during the reaction. The other reaction conditions were kept as 

described above (degassed Tris-Urea buffer pH 8.5, incubation at 4°C overnight 

under nitrogen atmosphere). The reaction was purified by dialysis, concentrated by 

Vivaspin® (3000 MWCO) and the protein recovered was quantified by Bradford 

assay. The initial evaluation of the purified bioconjugation reaction was performed by 

UV-vis and Ellman’s assay (Figure 4.10).  

 

Figure 4.10. Results of the AFt_K68C His bioconjugation using 20 equivalents to 

bromoacetyl-1,10-phenanthroline: UV-vis (a) and Ellman’s assay (b). 
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The Ellman’s assay recorded a 47 % decrease in free thiols (Figure 4.10-b), thus 

suggesting labelling of almost half of the cysteine residues inserted per AFt cage. 

This result could be partially corroborated by the UV-vis spectrum which showed an 

increase in the intensity at 280 of the protein cage, which could be linked to the 

presence of phenanthroline (Figure 4.10-a). The analysis of the protein concentration 

by Bradford assay before and after the bioconjugation confirmed that 58 % of the 

AFt_K68C His was recovered. Protein loss could be caused by aggregation due to 

the high concentration of urea required to allow cysteine exposure.  

To directly visualize the extent of the bioconjugation on the AFt_K68C His-Phen 

protein, the analysis of the sample with Matrix-Assisted Laser Desorption/Ionization 

Time-of-Flight Mass Spectrometry (MALDI-TOF) was attempted (Figure 4.11). The 

protein sample was desalted and spotted on a stainless plate using a saturated 

solution of sinapic acid in 30:70 (v/v) acetonitrile: TFA 0.1% in water. Once dried, the 

spots were analysed in the mass range of 13000-28200 Da using a myoglobin 

standard for calibration (see the example provided in Appendix 4.I).  

 

Figure 4.11. MALDI-TOF results of the AFt_K68C His bioconjugation using 20 

equivalents to bromoacetyl-1,10-phenanthroline. Peak 1= 24256.2  Da, AFt_WT His 

sample at 1.5 mg/mL; Peak 2= 24224.3 Da, AFt_K68C His-Phen sample at 1 mg/mL; Peak 

3= 24449.3 Da AFt_K68C His-Phen at 1 mg/mL.  

The spectra produced by the unlabelled protein (AFt_WT His) and the bioconjugation 

product AFt_K68C His-Phen seemed to support Ellman’s assay findings even though 

UV-vis could not discriminate between covalently bound phenanthroline and 

encapsulated phenanthroline. While the AFt_WT His sample showed a sharp peak at 

24256 Da (expected 24204 Da), the AFt_K68C His-Phen sample presented two 

peaks (2,3) with a mass difference of 225 Da, which was about 12 Da less than the 

shift of 237 Da expected for the protein bioconjugate with phenanthroline (Figure 

4.11). This evidence was encouraging in suggesting the possible presence of two 
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protein species in the sample: the AFt_K68C His (peak 2, 24224 Da) and the 

AFt_K68C His-Phen conjugate (peak 3, 24449 Da). 

The data reported for the AFt_K68C His-Phen bioconjugation performed using 20 

equivalents of phenanthroline ligand suggested labelling of about half of the 

recombinant AFt subunits. Encouraged by these results, another experiment was 

performed aimed to achieve a larger percentage of subunits labelling by using 50 

equivalents of 2-bromo-N-(1,10-phenanthrolin-5-yl)acetamide. The covalent 

conjugation was performed again on AFt_K68C His in urea-Tris buffer at pH 8.5, 4 °C 

overnight under inert atmosphere. The reaction was dialyzed to remove excess 

phenanthroline and the purified sample was analyzed by UV-vis, Ellman’s assay and 

MALDI-TOF (results of two independent replicates). 

 

Figure 4.12. Results of the AFt_K68C His bioconjugation using 50 equivalents to 

bromoacetyl-1,10-phenanthroline: UV-vis (a), Ellman’s assay (b). 

In this case, up to 64 % of AFt_K68C His-Phen was lost due to aggregation after the 

bioconjugation reaction as measured by Bradford assay. However, the data from 

Ellman’s assay suggest labelling of 88 % of the free cysteine residues in the protein. 

These encouraging data were supported by the UV-vis spectra that showed a 

significant increase in absorbance for the AFt_K68C His-Phen compared to that of 

AFt_K68C His. The AFt_K68C His-Phen was also analysed by MALDI-TOF as for the 

previous conjugation (Figure 4.13). The results of the analysis on AFt_WT His and 

AFt_K68C His produced masses of 24189 Da and 24287 Da respectively, with shifts 

of 14 Da and 111 Da (TFA) from the expected values (Figure 4.13). Furthermore a 

broadening of the peak was visible in the AFt_K68C His spectrum, possibly related 

to the presence of a larger quantity of sinapic acid on the sample spot and the 

prolonged exposure of the protein to alkaline buffer before desalting.248  
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Figure 4.13. MALDI-TOF spectrum of HuHAFt species. Peak 1= 24189 Da, AFt_WT His 

sample at 1.7 mg/mL; Peak 2= 24287 Da, AFt_K68C His sample at 1 mg/mL; Peak 3= 24207 

Da and peak 4= 24287 Da AFt_K68C His-Phen sample at 1 mg/mL. 

The mass spectrum recorded for the AFt_K68C-Phen His mutant used for the 

bioconjugation illustrated in Figure 4.13 showed a broad signal with two peaks at 

24207 Da and 24287 Da. Although the AFt_K68C His-Phen protein had a spectrum 

like the one observed in Figure 4.11, neither of the two peaks (3,4) corresponds to 

the mass shift expected for the labelled protein (237 Da). Peak 2 and 4 reported the 

same mass of 24287 Da that could be associated with the unlabelled protein. In this 

case, the MALDI-TOF spectrum of AFt_K68C His-Phen suggested a heterogeneous 

composition of the sample, likely formed by a mixture of several protein forms 

including labelled and unlabelled subunits, some aggregated subunits or the 

presence of non-covalently associated phenanthroline ligand. The heterogeneity of 

the sample was also supported by the UV-vis profile of AFt_K68C His-Phen in which 

the peak at 280 nm was significantly broadened (Figure 4.12-a). 

MALDI-TOF was not able to provide further evidence of successful conjugation due 

to heterogeneity of the bioconjugation reaction sample, which made the resolution of 

protein peaks difficult. However, Ellman’s assay suggested the labelling of 88 % of 

the cysteine residues upon incubation of AFt_K68C His with 50 equivalents of the 

phenanthroline ligand. Even though the mass spectra could not corroborate the 

results from the Ellman reagent, the experiments of conjugation with AFt_K68C His 

mutant provided positive evidence of possible labelling occurring at the protein 

subunits.  
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4.3.1.2 Evaluation of AFt_K68C conjugation reaction by UV-vis and Ellman’s assay  

Encouraged by the results observed for the bioconjugation of the HuHAFt with the 

hexahistidine tag, the same reaction was reproduced using the AFt_K68C digested 

by the TEV protease. Along with the AFt_K68C, also AFt_WT with no cysteine 

residues were used in parallel as a control experiment. The proteins were incubated 

in degassed urea-Tris buffer at pH 8.5 under a nitrogen atmosphere at 4° C, 

overnight. Also in this case protein recovery was measured by Bradford assay after 

reaction purification by dialysis and concentration by Vivaspin® (MWCO 3000 Da) to 

its initial volume. The final protein recovery was improved up to 67 % and 78 % for 

AFt_K68C-Phen and AFt_WT-Phen respectively (results of two independent 

experiments) compared to the previous experiments (Section 4.3.1.1). The 

bioconjugate and the control were characterized by UV-vis and Ellman’s assay 

(Figure 4.14).  

As reported in the previous section, the increase in the 280 nm intensity can be 

associated with the presence of the phenanthroline ligand in the sample with AFt. 

However, the UV-vis spectrum is not able to differentiate between covalent 

conjugation of the ligand to the protein or physical entrapment into its hollow core. 

The spectrum of AFt_K68C-Phen reported an increase in absorbance at 280 nm 

compared to the protein stock at an equal concentration (Figure 4.14-a). Although this 

seemed encouraging, a similar increase in intensity was also observed for the 

AFt_WT-Phen control which had no cysteines in its peptide sequence (Figure 4.14-

a). This phenomenon could be a consequence of the entrapment of some 2-bromo-

N-(1,10-phenanthrolin-5-yl)acetamide molecules into the protein cage reassembled 

during the dialysis steps performed to remove urea. Therefore, it is possible to 

hypothesize that not all the phenanthroline molecules retained in the AFt_K68C-Phen 

sample resulted from the covalent bond with cysteine residues. It was possible to 

expect the AFt_K68C-Phen cages to be composed of a mixture of labelled and 

unlabelled subunits and some free 2-bromo-N-(1,10-phenanthrolin-5-yl)acetamide 

molecules occupying the protein core. 
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Figure 4.14. Results of the AFt_K68C bioconjugation to bromoacetyl-1,10-phenanthroline: 

UV-vis (a), Ellman’s assay (b). 

The UV-vis spectrum was used to estimate the concentration of ligand present in the 

sample from the increase in absorbance at 266 nm and the extinction coefficient 

calculated for 2-bromo-N-(1,10-phenanthrolin-5-yl)acetamide (21700 M-1 cm-1) using 

the Beer-Lambert Law (Appendix 4.L). The concentrations of ligand present in the 

AFt_K68C-Phen sample and that of the AFt_WT-Phen accounted for 8 and 9 ligand 

molecules per AFt cage respectively. Although the UV-vis data suggested a similarity 

to the results reported for AFt_K68C His-Phen, Ellman’s assay outcome was 

substantially different (Figure 4.14-b). In this case, Ellman’s assay consistently 

showed a low availability of the free thiols in the protein even before the conjugation 

reaction (Figure 4.14-b). The available thiols concentration seemed to increase after 

the bioconjugation and therefore it was not possible to properly evaluate such results. 

The results from different batches of pure AFt_K68C showed high variability in the 

number of free thiol groups. A problem that could be explained by the irreversible 

oxidation of the cysteine thiol in AFt_K68C occurring during the protein storage and 

hampering proper labelling. 

As mentioned previously the effect of reducing agents on the thiol availability of 

cysteines was evaluated and no significant improvement was detected when 

AFt_K68C was pre-treated with TCEP (Figure 4.9). Such preliminary tests ruled out 
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the possibility of disulfide bond formation between AFt_K68C subunits, the possibility 

of aerobic oxidation of the cysteines should be considered instead. As represented in 

Figure 4.15 some products can be generated by cysteine oxidation, in some cases 

irreversibly. By excluding the disulfide cysteine interaction, which is normally reversed 

using reducing agents like TCEP, progressive oxidation of the sulfur atom can lead 

to the irreversible conversion to cysteine sulfonic acid (Figure 4.15).249 It is possible 

that the thiols exposed on the AFt_K68C subunits progressively underwent 

overoxidation into sulfonic acid between the protein purification and the 

bioconjugation reaction which irreversibly reduced cysteine accessibility for 

conjugation. Such an issue could be prevented by performing the protein purification 

and TEV cleavage under an inert atmosphere and storing the protein aliquots under 

nitrogen for a minimal amount of time before the conjugation.  

Figure 4.15. Possible cysteine oxidation products under aerobic conditions. 

Due to the lack of sufficient sample and pure protein available it was not possible to 

further test the bioconjugation products or repeat the reaction to further investigate 

the AFt_K68C-Phen by mass spectrometry. Another analysis that would be useful to 

confirm the cysteine conjugation and determine its efficiency is the MALDI-TOF 

analysis on a trypsin digest of the AFt_K68C-Phen. In this case, the degradation of 

the protein in small peptide fragments would provide peaks with better resolution and 

the shift due to cysteine labelling would be more significant and therefore easier to 

detect.  The presence of ligand retained into the AFt_K68C-Phen sample as 

estimated by UV-Vis (8.6 ligand/ AFt cage) allowed for the metalation with Cu(NO3)2+ 

to be performed as indirect analysis to further support the hypothesis that some of 

the cysteines were conjugated to 2-bromo-N-(1,10-phenanthrolin-5-yl)acetamide. 
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4.3.2 Metalation of AFt_K68C-Phen with Cu(NO3)2 

The data from the bioconjugation reaction of AFt_K68C with 2-bromo-N-(1,10-

phenanthrolin-5-yl)acetamide to produce AFt_K68C-Phen did not provide definitive 

evidence of covalent labelling of the cysteine residues. Furthermore, the presence of 

the phenanthroline ligand was also suggested by the UV-vis of the AFt_WT protein 

used as the control for the bioconjugation reaction. This could indicate the covalent 

binding of a small portion of the phenanthroline, making the complex less likely to 

leak out of the AFt cage during subsequent experiments. In this context, it was 

envisaged that progressing through the metalation step could help in the clarification 

of this hypothesis and allow observing the effects of the AFt_K68C-Phen(Cu) 

conjugate.  

The introduction of copper into the AFt_K68C-Phen cages was performed by 

incubating 100 equivalents of Cu(NO3)2 with the protein in 20 mM Tris buffer at pH 

8.5 for 3 h at room temperature. The excess copper was then removed by dialysis in 

fresh buffer (2 rounds x 2000 volumes). The final protein concentration was estimated 

by Bradford assay and the metal content was measured by ICP-MS. Two control 

reactions were performed, where two additional samples were incubated with the 

copper salt: the sample used as a control for the conjugation reaction, AFt_WT-Phen, 

where phenanthroline was likely to be retained in the cage by encapsulation, as well 

as a fresh aliquot of AFt_WT without phenanthroline. 

The results from the ICP-MS showed no significant difference in the metal 

accumulation observed between the bioconjugation samples and the controls (Table 

4.1). Most importantly, it was not possible to evaluate whether if the presence of the 

phenanthroline ligand influenced the amount of copper retained compared to the 

native protein (Table 4.1).  

Overall, the metalation did not provide any evidence of an increased copper 

accumulation in the AFt_K68C-Phen(Cu) sample compared to the controls, thus 

suggesting that the presence of the ligand as < 10 molecules per protein cage did not 

affect the metal retention regardless of its state (covalently bound or encapsulated). 

X-ray crystallography reported for heavy chain AFt cages loaded with the anticancer 

metal complex cisplatin showed that the amino acid residues interacting with the 

metal are not conserved between the L-chain and the H-chain protein subunits.135 

Such difference was reported to affect the metal recruiting ability and the type of 

metal-binding between AFt cages from different organisms, such as HuHAFt and 
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HSAFt.135 This work was in part aimed at investigating the effect of the introduction of 

one additional Cys68 by engineering the HuHAFt protein, thus increasing the number 

of metal-binding sites by 24/cage. The ICP-MS results of the metallated protein 

suggest that covalent conjugation of metal-coordinating complexes requires a very 

high labelling yield for it to impact the metal accumulation capacity of the HuHAFt 

cage. At the same time, it could explain why almost no difference could be seen in 

metal binding for the AFt_K68C-Phen(Cu) sample, as the concentration of labelled 

cysteine residues was not high enough to affect the copper binding. However, some 

copper retention was confirmed by ICP-MS by the AFt_K68C-Phen(Cu) cages, so the 

conjugation product was used to encapsulate TMZ.  

 

Table 4.1. Copper content into AFt_K68C bioconjugates with AFt_WT controls. The 

results of each experiment are reported as the number of copper ions per AFt subunit and 

protein cage. No significant increase in metal accumulation was observed regardless of the 

presence and loading method of the phenanthroline ligand. The results are presented as an 

average of 3 analytical measurements and errors are calculated as the standard error of the 

mean (SEM).  

 

4.4 Encapsulation of TMZ into AFt_K68C-Phen(Cu) cages and drug 

release study 

This study aimed to understand and characterize the potential of the AFt_K68C-

Phen(Cu) bioconjugate as a drug delivery system for TMZ. As reported in Chapter 3 

and the literature, in vitro activity of AFt-encapsulated TMZ was characterized by a 

striking increase in cancer cell growth inhibitory activity. However, TMZ can still exert 

damage also to non-cancer cells such as MRC5 (Chapter 3, section 3.3) especially 

when combined with copper(II)-phenanthroline. For this reason, the evaluation of the 

ability of the AFt_K68C-Phen(Cu) in retaining the drug under physiological conditions 
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(pH 7.4, 37 °C) was fundamental to evaluate the viability of this formulation for 

targeted delivery.  

4.4.1 Production of AFt_K68C-Phen(Cu)-TMZ 

In the case of AFt_K68C-Phen(Cu) the encapsulation with TMZ was performed 

directly after metalation. The method for TMZ loading was the nanoreactor route, 

which followed the same procedure described in Chapters 3-7. However, as the 

protein bioconjugate was stored in Tris buffer at pH 8.5, the protein solution was 

dialyzed overnight in 0.1 NaOAc buffer at pH 5.5 before the encapsulation to prevent 

TMZ degradation. The encapsulation ratio was kept as 1:800 protein to drug 

molecules and the product solution was purified by ultrafiltration using 3000 MWCO 

Vivaspin®. The protein content was quantified by Bradford assay and the TMZ 

encapsulated was estimated by UV-vis (refer to Appendix 3.B). The UV-Vis confirmed 

successful encapsulation of TMZ by showing the drug peak at 330 nm (Figure 4.16).  

The average drug content was estimated to be 335 TMZ molecules per protein cage 

(average of two replicates, SD= 18), with DL and EE of 42.9 % and 12.9 % 

respectively (Appendix 3.C). Overall these results did not differ from those obtained 

with HSAFt-Cu(phen)-TMZ reported in Chapter 3, supporting the hypothesis that the 

presence of even low amounts of phenanthroline molecules can have an impact on 

the TMZ loading compared to AFt-TMZ cages.138 As mentioned previously, the use 

of HuHAFt for the encapsulation of therapeutic agents such as TMZ is not as common 

as that of HSAFt, which provides the main literature reference for drug encapsulation 

studies.225 Successful encapsulation of the anticancer agent TMZ was also confirmed 

by the DLS spectrum recorded for the AFt_K68C-Phen(Cu)-TMZ sample which was 

very similar to that produced by the AFt_K68C control (Figure 4.16). Furthermore, the 

average hydrodynamic radius measured was 17.6 ± 1.2 nm for the empty AFt_K68C 

and 16.8 ± 0.2 nm for AFt_K68C-Phen(Cu)-TMZ. These results confirmed that the 

AFt_K68C-Phen(Cu)-TMZ cages produced are comparable to those described in 

Chapter 3 and derived from HSAFt and that modified HuHAFt is suitable for drug 

encapsulation.  
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Figure 4.16. UV-vis (a) and DLS (b) spectra of AFt_K68C-Phen(Cu)-TMZ in 20 mM Tris buffer 

at pH 8.5. 

4.4.2 TMZ release from AFt_K68C-Phen(Cu)-TMZ 

The evaluation of the ability of the AFt_K68C-Phen(Cu)-TMZ bioconjugate to retain 

the drug TMZ under different environmental conditions was a crucial analysis to 

elucidate the potential role of this system for therapeutic applications. As for HSAFt-

Cu(phen)-TMZ also the AFt_K68C-Phen(Cu)-TMZ bioconjugate was exposed to two 

different pH conditions (pH 7.4 and 5.5) relevant to the physiological and endosomal 

environment. The UV measurement of drug release was performed on the dialysis 

solution in which the protein sample was incubated (pH 7.4 or 5.5) for up to 24 h at 

37 °C. As previously described in Chapter 3 (Section 3.2.2) the UV-vis data were 

used to estimate the percentage release of TMZ over time and its conversion to AIC 

(Figure 4.17).  

From Figure 4.17-a it is possible to observe a marked difference between the TMZ 

release rate observed for AFt_K68C-Phen(Cu)-TMZ compared to the HSAFt-
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Cu(phen)-TMZ produced in Chapter 3. The bioconjugate sample released ~ 62 % of 

TMZ when exposed to pH 7.4 within 3 h and 100 % of the drug when exposed to pH 

5.5. No cloudiness or precipitation in the sample solution was observed at pH 5.5 to 

suggest loss of the protein cage structure. As expected from previous experiments 

(Chapter 3, section 3.2.3) almost all of the released TMZ was degraded into AIC at 

pH 7.4 within 24 h, only 50 % of AIC formed instead at pH 5.5 (Figure 4.17).  

 

Figure 4.17. TMZ release from AFt_K68C-Phen(Cu)-TMZ and degradation into AIC at pH 5.5 

(a) and 7.4 (b) measured by UV-vis (TMZ encapsulated= 100%). 

When compared to previous data reported for HSAFt-Cu(phen)-TMZ (Chapter 3) it 

was possible to notice the difference of the two formulations in their ability to slow 

down TMZ release at both pH 7.4 and 5.5 (Table 4.2). Faster leakage of TMZ from 

AFt_K68C-Phen(Cu)-TMZ could be explained by the different metal loading of 

HuHAFt from HSAFt. By comparing the data illustrated in this chapter with the results 

reported for HSAFt-TMZ138 it is evident that the release profile of TMZ from 

AFt_K68C-Phen(Cu)-TMZ is very similar at both pH conditions. In both cases, the 

release of TMZ at pH 7.4 is slower compared to more acidic pH at which the protein 

channels enlarge, but quicker than that observed for HSAFt-Cu(phen) in presence of 

the metal (Chapter 3). If these findings in some respect support the positive effect of 

the copper ion on the retention of TMZ into HSAFt, they also confirm the ICP-MS data 

reported previously for AFt_K68C-Phen(Cu). The lack of an effect on TMZ retention 

by AFt_K68C-Phen(Cu)-TMZ supported that no significant increase in copper binding 

could be achieved by the protein bioconjugate. 
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Table 4.2. Percentage of TMZ released at pH 5.5 and 7.4 from AFt_K68C-Phen(Cu)-TMZ, 

HSAFt-Cu(phen)-TMZ. 

 

4.5 Summary and conclusions 

The work reported in this chapter described the attempt to design a human heavy 

chain apoferritin bioconjugate with copper-phenanthroline for the encapsulation and 

the controlled release of the anticancer agent temozolomide. The use of HuHAFt 

instead of protein isoforms from other organisms bears the advantage of a lower risk 

of immunological reactions.68 Furthermore homopolymers of heavy chain AFt 

subunits showed greater uptake by tumour cells compared to protein cages 

composed mostly of light chain subunits (like in the case of HSAFt).200 These two 

facts provide a significant advantage when developing drug delivery systems 

envisaged for therapeutic applications. In addition, the ferroxidase function of heavy 

chain AFt is linked to its reduced metal storage capability compared to the light chain 

subunit.180 Consequently the introduction of a metal coordinating ligand by covalent 

binding had the potential to improve the metal accumulation into heavy chain AFt 

homopolymers too. For these reasons, the development of the AFt_K68C-Phen(Cu)-

TMZ was considered valuable to allow for direct comparison with a similar system 

produced from HSAFt-Cu(phen)-TMZ. In this case, the immobilization of the copper-

phenanthroline complex by covalent conjugation was also considered a valid 

approach to promote metal accumulation into the HuHAFt structure.180 

The results reported in this chapter showed that a K68C mutation was successfully 

introduced into the HuHAFt peptide sequence with no other cysteines. The 

recombinant AFt_K68C His cage had one cysteine residue per heavy chain subunit, 

positioned on the internal surface of the protein shell. Expression in E. coli and 

purification by affinity chromatography highlighted the lower protein yield obtained for 

the AFt_K68C His mutant over the AFt_WT His, even after protein expression in 10 

L bioreactor. The progressive decrease in AFt_K68C His expressed over time from 

glycerol stocks led to the conclusion that the use of freshly transformed colonies 

would significantly improve the protein yield. The use of a metal complex for 

AFt_K68C His conjugation required the removal of the poly-His tag by TEV protease 

cleavage. Although extensive reaction optimization was carried out, up to 50 % of the 

HuHAFt protein was lost due to aggregation during the TEV digestion and could not 

be recovered. This issue led to a limited amount of AFt_K68C pure sample available 

for bioconjugation experiments.  
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The covalent conjugation reaction with 2-bromo-N-(1,10-phenanthrolin-5-

yl)acetamide produced encouraging results which require validation after extensive 

optimization of the bioconjugation conditions. The covalent binding was carried on 

AFt_K68C His first, then on AFt_K68C and AFt_WT as a negative control. The UV-

vis data reported an overall increase in the 280 nm peak correlated to the retention 

of < 10 ligand molecules per AFt cage for both sample and control. The reduction in 

available thiol concentration was observed only in AFt_K68C His-Phen suggesting 

conjugation. The same could not be assessed for the AFt_K68C-Phen reaction 

possibly because of overoxidation of the protein cysteines. MALDI-TOF analysis on 

the native protein subunits could not provide conclusive evidence of conjugation due 

to the presence of different protein variants in the samples analysed. ICP-MS data 

were collected after the metalation of AFt_K68C-Phe(Cu). The average copper 

content was estimated to be < 22 ions per cage, in the sample and the AFt_WT 

controls. The accumulation of similar quantities of copper ions in both sample and 

control suggested a lack of influence of the phenanthroline ligand on metal retention 

in the AFt_K68C-Phen(Cu) sample.  

Although no significant differences in the copper content of AFt_K68C-Phen(Cu) and 

the controls were observed, the presence of the metal was still evaluated for its effect 

on TMZ retention. Drug encapsulation into AFt_K68C-Phen(Cu)-TMZ produced a 

protein to TMZ ratio, EE and DL similar to those recorded for HSAFt-Cu(phen)-TMZ. 

This evidence provided indirect confirmation of phenanthroline presence in the 

protein cage and suggested that AFt_K68C-Phen(Cu) could be a suitable vehicle for 

drug delivery. However, the drug release experiments showed that AFt_K68C-

Phen(Cu)-TMZ was less efficient in retaining TMZ than HSAFt-Cu(phen)-TMZ both 

at pH 7.4 and pH 5.5. Under both conditions, more drug was released within the first 

3 h of incubation than with HSAFt-Cu(phen)-TMZ. However, the AFt_K68C-

Phen(Cu)-TMZ showed a drug release behaviour similar to that reported by Bouzinab 

et al. for HSAFt-TMZ,138 thus providing further evidence that no significant copper 

accumulation occurred in the recombinant AFt cage.  

The data reported in this chapter did not provide substantial evidence of AFt labelling 

with phenanthroline, but still showed encouraging results that can’t exclude the 

potential presence of bioconjugation like in the case of Ellman’s assay. Most of the 

techniques used suggested the presence of heterogeneous protein mixtures in the 

AFt_K68C samples which likely had an impact on copper accumulation and TMZ 

retention. The main issue outlined by these results is related to the potential 
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overoxidation of the cysteine residues in AFt_K68C which caused inefficient 

conjugation with phenanthroline and the inability to generate replicable data for 

interpretation. Tests performed using TCEP as a reducing agent did not show any 

improvement making advisable the storage of the recombinant HuHAFt under 

nitrogen for a short time between the purification and the bioconjugation. The use of 

degassed solutions for all experimental procedures following AFt purification should 

also be considered along with performing the histidine tag removal and the purification 

itself under inert atmosphere. Such corrections should be able to reduce the risk of 

irreversible thiol oxidation and ensure replicability and ease of sample analysis.   

Although promising, these results require further validation. The optimization of 

recombinant AFt storage and handling is needed to achieve consistent conjugation, 

which would provide a ligand concentration quantitatively detectable by MALDI-TOF 

and that could affect the accumulation of metal ions into the engineered AFt cage. An 

HuHAFt bioconjugate characterized by high metal complex concentration would also 

help in increasing its effect on the efficiency of TMZ retention and delivery as well as 

providing clear sites for optimization of this formulation.  
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5. Discussion  

The research described in the previous chapters was aimed at the characterisation 

of two apoferritin protein cages loaded with the metal complex copper(II)-1,10-

phenanthroline (Cu(phen)) by nanoreactor and covalent conjugation methods and on 

their efficiency at preventing the leakage of the anticancer agent temozolomide in 

solution. The first part of this work focused on the encapsulation of Cu(phen) into 

horse spleen AFt (HSAFt) by the nanoreactor route, which consisted in the diffusion 

of the metal into the protein core through the AFt hydrophilic channels. Encapsulation 

in sodium acetate buffer at pH 5.5 was identified as the optimal method to produce 

the protein-metal complex HSAFt-Cu(phen) also according to previous literature.135 

The metal content of HSAFt-Cu(phen) cages was within the values reported for other 

metal complexes like the Au2Phen complex (432 gold ions/ AFt cage) and the 

platinum (II) anticancer agent cisplatin (45 platinum ions/AFt cage).163,8,133 The Cu(II) 

content measured through different experiments was between 70 to 337 metal ions/ 

AFt cage. DLS, zeta potential and native PAGE confirmed the integrity of the HSAFt 

cage after its loading with Cu(phen). The UV-vis, HRTEM and EELs provided valuable 

information to hypothesise the composition of the HSAFt-Cu(phen) cores, the fate of 

the Cu(phen) and the likely coordination state(s) of copper (II) as a consequence of 

the encapsulation into the protein.  

The presence of 1,10-phenanthroline confirmed by UV-vis suggested the presence 

of the intact Cu(phen) complex inside the AFt core. Ozutsumi et al. identified two 

predominant copper (II) species in aqueous solution: the hexacoordinated copper-

1,10-phenanthroline [Cu(phen)]2+ and the ternary complex [Cu(phen)3]2+ (Section 

2.2.4).190 Similar studies also supported that the copper (II) coordination by the nitrate 

groups and phenanthroline is usually preferred over water.193,194,195 Furthermore, the 

X-ray crystallography study performed by Monti et al. on the Au2Phen complex and 

on the parent Auoxo metallodrugs showed that decomposition occurred during 

encapsulation into HSAFt, leading to the loss of the ligand by the metal and its 

interaction with the protein amino acid residues.163 It is therefore plausible to expect 

an abundance of the more stable ternary copper (II) complex with phenanthroline,191 

some mono-phenanthroline complexes and some free copper (II). The evidence from 

the HRTEM images collected using the HSAFt-Cu(phen) samples showed the 

presence of copper cores that grew over 4 months from d= 2.5 ± 0.8 nm (n= 805) at 

1 week to d= 5.6 ± 1.1 nm (n= 83). The analysis of the crystal lattice observed, and 

the EELs data suggested the presence of oxygen atoms in the environment 
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surrounding the free copper forming the electron dense cores visible by HRTEM. This 

supported the hypothesis of the decomposition of part of the Cu(phen) used for the 

encapsulation leading to the release of free copper (II) able to interact with the acidic 

amino acid residues lining the interior of the AFt cage that provided coordination sites 

for the free metal. This interaction could have resulted in an organised arrangement 

visible in the lattice structure observed by HRTEM. When the encapsulation was 

performed at neutral pH, those structures were not visible in the HSAFt-Cu(phen) 

sample. When HSAFt-Cu(phen) was exposed to pH 7.4 at 37 ºC for 24 h, the protein 

cage provided improved stability and reduced leakage of the metal complex over lipid 

nano-formulations.201  

The pronounced activity of the Cu(phen) complex against cancer and non-tumour 

cells was not affected by encapsulation into AFt. HSAFt-Cu(phen) was still very toxic 

to colorectal cancer cells, glioblastoma (GBM) cells and healthy fibroblasts. The 

release of 1,10-phenanthroline from HSAFt observed by UV upon incubation of 

HSAFt-Cu(phen) at pH 5.5, 37 °C suggested the discharge of the intercalating agent 

in the tumour microenvironment before internalisation, thus leading to anticancer 

activity like that of the free Cu(phen).   

The full characterisation of the HSAFt-Cu(phen) allowed for the progression of the 

experimental work and its use for the encapsulation of the prodrug temozolomide 

(TMZ) by nanoreactor route. The drug loading and encapsulation efficiency of HSAFt-

Cu(phen)-TMZ were lower than those reported previously for AFt-TMZ studies.138 

This could be explained by the presence of the Cu(phen) already filling some of the 

protein internal volume. About 36 % of copper was released during the encapsulation 

of TMZ because of the acidic pH 5.5 that favoured the swelling of the protein channels 

and the leakage of its content.  The UV-vis data showed that (differently from other 

reports) the encapsulated TMZ was stable and did not degrade in the presence of 

Cu(phen). Therefore, it is feasible that the presence of Cu(phen) favoured the 

formation of a Cu(phen)-TMZ complex through the deprotonated nitrogen on the 

imidazole ring,  rather than a Cu-MTIC one.8,215,179 Structural integrity of the HSAFt-

Cu(phen)-TMZ cage was assessed, with no evidence of TMZ accumulation on the 

outer surface. The HRTEM (stained and unstained) images of the HSAFt-Cu(phen)-

TMZ sample showed the heterogeneous accumulation of the copper adducts 

between the protein cages and the reduced copper (II) content following, TMZ 

encapsulation at pH 5.5. 
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When tested for drug release, the HSAFt-Cu(phen)-TMZ formulation showed a 

behaviour similar to that previously reported for AFt-TMZ.138 The UV-vis data at pH 

7.4 reported the release of up to 42 % of intact TMZ which supported that the prodrug 

remained stable under physiological conditions as long as loaded inside the HSAFt 

capsule. Degradation of the released TMZ in solution was then progressively 

observed over time. At pH 5.5 instead the flexibility of the AFt cage favoured the 

discharge of larger amounts of TMZ, demonstrating the ability of AFt to favour 

selective drug delivery into cancer cells. Such results were also reported for AFt-

TMZ.216 Although this evidence demonstrated that AFt could increase the amount of 

TMZ delivered only into the BBB and reduce toxicities due to non-specific prodrug 

activation and degradation, it also illustrated that the presence of Cu(phen) was not 

able to produce any additional advantage over the control of TMZ release from AFt. 

It is possible to infer that the AFt protein cage plays a crucial role in the controlled 

delivery of the anticancer agent and its protection from degradation.   

The HSAFt-Cu(phen)-TMZ was tested in vitro to evaluate the combined anticancer 

effect of Cu(phen) and TMZ by MTT and clonogenic assays. The formulation was 

tested on colorectal cancer, GBM MGMT(+) and MGMT(-) cancer cells and healthy 

fibroblasts. The enhanced intracellular accumulation favoured by encapsulation into 

AFt was evident by the 30-fold decrease in the GI50 for MGMT(+) GBM cells exerted 

by HSAFt-Cu(phen)-TMZ compared to non-encapsulated TMZ. However, this 

enhanced anticancer effect was also reflected into an increase in the toxicity to 

healthy fibroblasts, quantified into a 10-fold decrease in the GI50 value of the HSAFt-

Cu(phen)-TMZ. Such data suggested that the increase in anticancer effect against 

GBM cells is coupled to a decrease in selectivity of the cytotoxicity. Although 

selectivity could be achieved between TMZ susceptible MGMT(-) GBM cells and 

fibroblasts, the difference to the GI50 value estimated for TMZ-resistant MGMT(+) cells 

was smaller. This effect could significantly decrease the advantage provided by AFt 

delivery in the treatment of TMZ-resistant GBM. This phenomenon was not reported 

for the AFt-TMZ formulation produced by Bouzinab et al., the selective anticancer 

activity was preserved for both TMZ-susceptible and resistant cells.138 This evidence 

suggested that the enhanced toxicity detected from HSAFt-Cu(phen)-TMZ with 

respect to AFt-TMZ on non-tumour cells was related to the presence of Cu(phen), 

able to exert anticancer activity as reported in this work and in the literature.250,251 

Interestingly, when the MGMT(+) cells were exposed to HSAFt-Cu(phen)-TMZ for a 

reduced time (24 h), enhanced anticancer activity was still observed for the AFt 

formulation over non-encapsulated TMZ. This result could suggest that the issue of 
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lower selectivity toward non-tumour cells could be optimised by reducing the 

treatment exposure time or by promoting quicker accumulation at the tumour site by 

AFt surface functionalisation.  

Another way to decrease the cytotoxic effect of the encapsulated Cu(phen) to non-

tumour cells could be to immobilise the 1,10-phenanthroline complex by covalent 

conjugation to the internal surface of AFt, thus reducing its ability to diffuse out of AFt 

and interact with cellular components. It was envisaged that this approach would be 

feasible by producing an AFt recombinant mutant with a cysteine amino acid 

substitution to provide for an anchor for covalent immobilisation of 1,10-

phenanthroline.  The possibility to produce human heavy chain AFt (HuHAFt) in-

house along with its favourable features over HSAFt for clinical applications led to the 

design of a mutant (HuHAFt_K68C) with one cysteine per subunit, exposed on the 

internal surface of the AFt cage. The cysteines provided the reactive nucleophilic 

center for the thiol-conjugation of 1,10-phenanthroline. In addition to the potential 

decrease in non-specific toxicity produced by the immobilisation of the copper (II) 

ligand, the design of the HuHAFt_K68C His bioconjugate was aimed at the 

encapsulation and controlled release of TMZ. HuHAFt provides some advantages 

over HSAFt for  clinical applications: lower risk of immunological reactions68 and 

better innate uptake by tumour cells due to the expression of TfR1 reaceptor.200 

However, differently from the light chain AFt (mostly expressed in HSAFt), HuHAFt 

has a reduced accumulation capacity for metal ions.180 In this context the introduction 

of an additional metal coordinating functionality by covalent conjugation was also 

useful in the evaluation of  its impact on the metal binding ability of the recombinant 

HuHAFt_K68C.180  

A single cysteine per AFt subunit was introduced through a K68C mutation of the 

HuHAFt peptide sequence. The cysteine expressed was exposed on the internal 

surface of the protein shell. The mutation induced a reduced protein yield upon 

expression and purification compared to the wild type HuHAFt even when a 10 L 

bioreactor was used. One of the causes identified for the reduced expression was the 

progressive decrease in the expression efficiency of the bacterial glycerol stocks over 

time, which required the expression to be carried out from freshly transformed 

colonies every time. The amount of pure recombinant HuHAFt_K68C available for 

bioconjugation was further reduced by the TEV removal of the hexa-histidine tag, that 

led to 50 % of protein aggregation into insoluble precipitated during the reaction. This 

step was required to reduce the sites for non-specific copper (II) coordination. 

However, due to the low amount of pure HuHAFt_K68C recovered, the covalent 
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conjugation experiments were carried first on HuHAFt_K68C with the hexa-histidine 

tag and then on the protein digested by TEV protease.  

A general increase in the UV intensity of the HuHAFt_K68C protein was detected 

after covalent conjugation reaction to the phenanthroline ligand, that was estimated 

to correspond to < 10 ligand molecules per protein cage. However, the same UV 

results were observed also when the reaction was carried out on the wild type HuHAFt 

protein expressing no cysteines, suggesting that some physical entrapment might 

occur during the protein reassembly during the purification step. On some of the 

HuHAFt_K68C reactions, the UV was correlated to a decrease in the thiols available 

detected by Ellman’s which suggested covalent labelling. Although a significant 

reduction in thiols available could be detected in some of the conjugation experiments 

on HuHAFt_K68C, such results were not replicable. This was likely due to cysteines 

overoxidation which irreversibly caused a significant reduction in the number of thiols 

available in the HuHAFt_K68C sample before the conjugation. No improvement could 

be observed upon protein treatment with reducing agents like TCEP. Also in biological 

environments the generation of the sulfonic acid oxidation product of cysteine 

(Section 4.3.1) cannot be reversed by glutaredoxin or sulfiredoxin, leading the 

affected protein to proteasomal degradation.249 For this reason, it was envisaged that 

the storage of the purified recombinant HuHAFt_K68C and its handling under inert 

atmosphere would be a potential solution to this issue. MALDI-TOF was performed 

on the HuHAFt_K68C bioconjugation reaction (HuHAFt_K68C-Phen) and on wild 

type HuHAFt to corroborate the possible labelling when detected by Ellman’s assay. 

However, no conclusive data could be collected due to the heterogeneity of the 

reaction mixtures. Although these results were not able to confirm conjugation of 1,10-

phenanthroline to recombinant HuHAFt_K68C, at the same time they did not provide 

enough evidence to exclude the presence of labelled HuHAFt_K68C subunits.  

Metalation of the wild type HuHAFt and HuHAFt_K68C-Phen with Cu(NO3)2 reported 

an average of < 22 ions per AFt cage, with no significant differences observed 

between the two proteins. The collected data suggested that the presence of 1,10-

phenanthroline (either encapsulated or covalently linked) did not influence or improve 

metal retention in the HuHAFt_K68C-Phen with respect to the HuHAFt wild type. 

Although characterised by a low metal content, the encapsulation of TMZ into 

HuHAFt_K68C-Phen with copper (II) was performed, and the formulation tested for 

drug leakage at pH 7.4 and 5.5. The protein to TMZ ratio, the encapsulation efficiency 

and the drug loading estimated were similar to those recorded for HSAFt-Cu(phen)-
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TMZ, confirming the potential of the HuHAFt K68C conjugate system as a suitable 

vehicle for drug delivery. However, it was less efficient in retaining TMZ than HSAFt-

Cu(phen)-TMZ both at pH 7.4 and pH 5.5, with a larger amount of drug released within 

3 h.  This provided further confirmation that no significant copper (II) accumulation 

occurred in the HuHAFt_K68C-Phen cage. These results illustrated the challenges 

emerging for the design of an engineered HuHAFt cage by covalent conjugation for 

drug delivery. More work will be required to optimise the experimental protocols and 

identify suitable techniques for the robust and replicable characterisation of the 

HuHAFt_K68C-Phen bioconjugate, whose synthesis constitutes the crucial step in 

the design of this novel drug delivery strategy. 
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6. Conclusions and future work 

This work represented an attempt to improve the delivery of the anticancer agent 

temozolomide for the treatment of glioblastoma multiforme. The encapsulation within 

the nano-cage AFt could shield the drug from degradation and favour intracellular 

accumulation. The concomitant encapsulation of the copper(II)-phenanthroline 

complex with temozolomide would prevent its premature leakage and its non-specific 

activation. The preparation of these metal-stabilised formulations of temozolomide 

was done using HSAFt and HuHAFt, that provided different methods to produce AFt-

Cu(phen) cages for temozolomide encapsulation. This approach helped in the 

definition of the challenges related the use of different AFt homopolymers for metal-

drug incorporation and delivery. It was also possible to elucidate the interaction 

between the copper (II) complex with AFt, and the potential of AFt-Cu(phen) for 

anticancer chemotherapy. 

The first part of this work focused on the synthesis of HSAFt-Cu(phen) through the 

encapsulation of copper(II)-phenanthroline using the nanoreactor method (Chapter 

2). The successful encapsulation of copper(II)-phenanthroline and the 

characterisation of the HSAFt-Cu(phen) system led to the identification of organised 

structures formed by copper (II) upon storage at pH 5.5 and stable for up to 4 months. 

Further investigation into the composition of these copper (II) cores by EELs and UV-

vis showed no evidence of metal NPs formation or of an alteration in the copper 

oxidation state. It was possible to hypothesise that the encapsulation of copper(II)-

phenanthroline into HSAFt was followed by the decomposition of part of the metal 

complex into free copper (II). The excess phenanthroline produced tris-

phenanthroline complexes and the free copper (II) was coordinated by the amino acid 

residues lining the interior of the protein core. It is reasonable to postulate that such 

interactions would be favoured in the HSAFt cage due to the predominance of L-chain 

subunits, rich in amino acid residues able to act as nucleation sites.117 These 

observations led to the conclusion that the composition of the HSAFt-Cu(phen) core 

was formed by a mixture of copper species: mono and tris-copper(II)-phenanthroline 

trapped in the central bulk and the free copper (II) coating the internal surface of AFt 

as a consequence of side chains coordination. X-ray photoelectron spectroscopy 

(XPS) would be a useful technique to apply on the HSAFt-Cu(phen) preparation to 

corroborate this hypothesis and to determine the elemental composition and the 

oxidation states of the copper species present within AFt. 
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The in vitro cytotoxicity of copper(II)-phenanthroline was not affected by 

encapsulation into HSAFt. The metal complex showed promising activity against 

glioblastoma cell lines, both TMZ-sensitive and TMZ-resistant. However, this 

anticancer effect was also associated to a significant toxicity toward non-tumour 

fibroblast. The toxicity exerted by HSAFt-Cu(phen) on both cancer and healthy cells 

poses a challenge for in vivo studies and clinical translation of this system. For this 

reason, the evaluation of a HSAFt cage with surface functionalisation to improve the 

specificity of tumour targeting should be considered for future work.  

The HSAFt-Cu(phen) cages successfully encapsulated high quantities of 

temozolomide, without affecting the protein cage integrity and the prodrug structure 

(Chapter 3). The low pH required for drug encapsulation, causing the expansion of 

the AFt cage, contributed to the release of part of the copper(II)-phenanthroline. 

Consequently, the HSAFt-Cu(phen)-TMZ showed a lower metal content and a 

heterogeneous distribution of the metal-drug cargo across the nano-cages. When 

subjected to drug release experiments, the AFt cage demonstrated its ability to shield 

the temozolomide from degradation and to retain up to 58 % of the loaded drug at pH 

7.4 over 24 h. The ability of HSAFt-Cu(phen) to retain temozolomide was not different 

from that reported for AFt-TMZ formulations without the metal complex.138 This 

confirmed that the introduction of the copper(II)-phenanthroline complex did not 

improve temozolomide retention. Although copper(II)-phenanthroline did not affect 

the controlled release of temozolomide from AFt, it could have contributed to the 

increased toxicity observed for HSAFt-Cu(phen)-TMZ in the in vitro experiments 

against cancer cells and normal cells. When compared to AFt-TMZ,138 the formulation 

with copper(II)-phenanthroline showed increased anticancer activity against resistant 

glioblastoma cells over short-term exposure (24 h), correlated to a greater toxicity to 

healthy fibroblasts. This results in a lower specificity of the anticancer activity of 

HSAFt-Cu(phen)-TMZ with respect to AFt-TMZ.138 Future use of flow-cytometry and 

enzyme-linked immunosorbent assay (ELISA) on cancer and normal cells treated 

with HSAFt-Cu(phen)-TMZ, would help in understanding the cell cycle progression 

and level of DNA damage induced by the combined administration of copper(II)-

phenanthroline and temozolomide. This information would be valuable in reducing the 

toxicity observed on normal cells.  

The preparation of a HuHAFt-based metal-drug formulation using copper(II)-

phenanthroline was deemed preferable by covalent immobilisation of the metal 

complex to a mutated cysteine residue expressed on the H-chain sequence (Chapter 

4). The K68C substitution was successfully inserted into the HuHAFt sequence, which 
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showed proper protein folding and cage assembly upon expression and purification. 

However, no substantial evidence to confirm bioconjugation with the phenanthroline 

ligand could be collected, even though in some cases thiol availability was markedly 

reduced upon incubation with phenanthroline. The techniques used for the 

bioconjugate characterisation revealed the presence of heterogeneous protein 

mixtures in the purified reaction solution which negatively affected the quality of the 

data produced. The cause of these problems was identified in the potential 

overoxidation of the cysteine residues in the K68C mutant which prevented efficient 

and replicable conjugation with phenanthroline. The challenges in the bioconjugation 

affected and were reflected in the protein ability to accumulate copper (II) and to 

prevent drug leakage. No enhancement in copper (II) binding was detected for the 

K68C mutant incubated with phenanthroline. Any future attempts at producing a 

HuHAFt K68C bioconjugate would require the handling and storage of the protein 

under inert atmosphere. Furthermore, it would be preferable to perform the 

bioconjugation reaction shortly after protein purification, to minimise the risk of 

irreversible thiol oxidation. The analysis of the protein bioconjugation reaction by 

protein digest MALDI-TOF rather than native MALDI-TOF should also be considered, 

as smaller protein fragments would allow for better resolution of the protein peaks 

and an easier interpretation of the bioconjugation outcome.  

Although the HuHAFt protein conjugation step was characterised by unexpected 

challenges, the encapsulation of temozolomide was performed successfully and 

without affecting the assembly of the protein cage. In this case drug release 

experiments, revealed the inability of the HuHAFt in retaining temozolomide, with up 

to 62 % of the drug released at pH 7.4 and almost none left inside AFt after 24 h at 

pH 5.5. These findings confirmed the need to concentrate on the improvement of the 

bioconjugate synthesis and characterisation for the proper evaluation of its potential 

as delivery system for temozolomide. The production of the HuHAFt copper(II)-

phenanthroline conjugate would require a systematic analysis of its ability to 

encapsulate and retain temozolomide compared to HuHAFt-temozolomide systems 

synthesised using the wild type and the K68C mutant. If successful, this work should 

be followed by the evaluation of the in vitro anticancer activity of HuHAFt K68C 

mutant, of its bioconjugate and of the final formulations with encapsulated 

temozolomide.  
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7. Materials and Methods 

7.1 Materials 

All the reagents commercially available were purchased from Sigma-Aldrich (now 

Merck) and all enzymes used for molecular biology experiments were purchased from 

New England Biolabs unless otherwise stated in the text. Buffers and aqueous 

solutions were prepared using milli-Q grade water. Commercially available reagents 

for chemical syntheses were used throughout, without purification unless otherwise 

stated. In cell culture experiments, media components were sterilised by autoclaving 

(121 °C, 20 min, 15 psi), or were stated in the text by filtration (0.2 μm filter), and 

mixed when cooled. Media solutions were prepared in deionised water (dH2O) and 

stored at room temperature unless otherwise stated. Where solid medium was 

required, agar (Melford; 15 g/L) was added to the medium before autoclaving. 

Carbenicillin (100 mg/mL), chloramphenicol (25 mg/mL) and IPTG (1 M) stock 

solutions were filter sterilised and stored at -20 °C as 1000 concentrated stocks, prior 

addition to the media. Expressed proteins were purified using a 5 mL HisTrap FF 

crude pre-charged nickel column (GE Healthcare) installed on an AKTA purifier 10 

(GE Healthcare). 

Protein concentrations were determined by Bradford assay on a Fluostar OPTIMA 

plate reader (BMG Labtech) using BSA as standard. Protein mass spectra were 

acquired using a Bruker Ultraflex III MALDI-TOF analyser. UV-Vis spectra were 

acquired on a UV-2600 with a CPS-100 cell positioner (Shimadzu) and with Agilent 

Cary 8454 UV-Vis spectrometer. The multi-elemental analysis was undertaken using 

ICP-MS iCAP-Q (Thermo Fisher Scientific). Absorbances for cell viability assays were 

measured using a Perkin Elmer plate reader. High-resolution transmission electron 

microscopy (HRTEM) images were acquired using a JEOL 2100F TEM microscope. 

Analytical thin-layer chromatography was carried out on aluminium backed plates 

coated with Merck Kieselgel 60 GF254 and visualised under UV light at 254 and/or 

360 nm. Chemical staining was also routinely used, with aqueous basic potassium 

permanganate. Flash chromatography was carried out using Davisil silica 60 Å, with 

the eluent specified. H1 NMR spectra were recorded at 298 K using a Bruker 

AV(III)400, AV400 (400 MHz). Mass spectra analyses of the chemicals synthesised 

were obtained from a Bruker microTOFII with ElectroSpray Ionisation (ESI) sample 

injection method.   
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7.2 Syntheses 

7.2.1 Preparation of the copper-1,10-phenanthroline complex [Cu(phen)]2+ 211 

 

To a solution of 1, 10-phenanthroline (270.3 mg, 1.5 mmol) in ethanol (80 mL) was 

added Cu(NO3)2.3H2O (398.6 mg, 1.5 mmol). The blue solution was stirred for 1 hour 

at room temperature giving a blue precipitate. The precipitate was filtered under 

vacuum and washed with isopropanol (≈ 10 mL). The crude powder was then dried 

under nitrogen overnight. The final product (464.2 mg, 84 %) was characterised by 

ESI mass spectrometry (calculated mass  367.8 Da (2NO3
-) and 304.9 Da (NO3

-)) m/z 

304.9 (M+ 100 %), 271.0 (67), 244.0 (25), elemental analysis (found: C 38.45, H 2.06, 

N 14.89, C12 H8 Cu N4 O6 expected C 39.19, H 2.19, N 15.23), UV-Vis analysis (λmax 

= 679 nm, Appendix 7.B) and ICP-MS (Cu/ligand= 0.90 ± 0.01).  

7.2.2 Preparation of 2-bromo-N-(1,10-phenanthrolin-5-yl)acetamide 

 

To a 50 mL two necked flask filled with 30 mL of anhydrous CHCl3 at 50 °C was added 

624.7 mg (3.2 mmol, 1 eq) 1,10-phenantroline-5-amine under a nitrogen atmosphere. 

To this solution was added slowly half of 0.42 mL (968.9 mg, 4.8 mmol, 1.5 eq) bromo 

acetyl bromide. After 1 h of incubation the remaining volume of bromo acetyl bromide 

was added. The reaction mixture was heated under reflux overnight and the resulting 

suspension was filtered. The solid was recrystallized from hot MeOH, yielding the HBr 

salt of the desired compound as a yellow/orange solid. The final product (692.3 mg, 

69 %) was characterised by ESI mass spectrometry (calculated mass 316.2) m/z 

316.2 (M+ 100 %) and 1H NMR (400 MHz, DMSO) δ (ppm) 10.87 (s, 1H, H15), 9.34 

(dd, 1H, H12, J1= 4.76, J2= 1.64 Hz), 9.22 (dd, 1H, H3, J1= 5.04, J2= 1.64 Hz), 9.13 



 

131 
 

(dd, 1H, H14, J1= 8.28, J2= 1.04 Hz), 9.03 (dd, 1H, H1, J1= 8.64, J2= 1.64 Hz), 8.23 (, 

3H, H2,9,13, J1= 3.60 Hz).  

7.2.3 Synthesis of N-methyl-N-phenylpicolinamide 

 

The picolinic acid (393.9 mg, 3.2 mmol) was dissolved in 5 ml of heated THF (61°C) 

under reflux conditions. Upon complete dissolution of the picolinic acid, T3P (0.93 ml, 

1018.2 mg, 3.2 mmol), DIPEA (1.12 ml, 830.3 mg, 6.4 mmol) and the 

monomethylaniline (0.33 ml, 342.9 mg, 3.2 mmol) were added to the mixture which 

was kept heated under reflux overnight. A yellow solution formed the organic phase 

which is washed with water acidified with HCl (1/20, v/v, 5 ml, 2 washes) and then 

with water only (5 ml). The organic phase was then washed with brine (5 ml, 3 

washes). The organic phase was dried by addition of MgSO4 and filtered under 

gravity. The solvent was evaporated from the filtrate under reduced pressure to give 

a brown oil. The product (242.4 mg, 35,6 %) was characterised by ESI-MS in 

acetonitrile (calculated mass 212.25 Da) m/z 213.10 (M+ 100 %) and H1NMR (400 

MHz, CDCl3) δ (ppm) 8.34 (s,1H, H2), 7.62 (t, 1H, H5, J = 11.36 Hz), 7.45 (d, 1H, H4
, 

J= 6.0 Hz), 7.23 (m, 4H, H3,13,14,15), 7.06 (s, 2H, H12,16), 3.52 (s, 3H, H10).  

 

7.2.4 Synthesis of ethyl-N-phenylcarbamate 

 

 

To a solution of aniline (0.3 ml, 306.6 mg, 3.3 mmol) in DCM (12 ml) was added 

ethylchloroformate (0.29 ml, 325.6 mg, 3.0 mmol) dropwise, the mixture was kept in 
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ice-water bath for 1 hour. After 1 h, water (20 ml) was slowly added to the reaction 

mixture which was left stirring for 30 minutes. The organic phase was then extracted 

with DCM (10 ml, 2 washes) and then dried with MgSO4. The solvent was removed 

under reduced pressure to give the final product (312.0 mg, 63 %). The product was 

characterised by H1 NMR (400 MHz, acetone) δ (ppm) 7.39 (d, 2H, H1,5 J= 8.0 Hz), 

7.32 (t, 2H, H2,4, J= 8.0 Hz), 7.07 (t, 1H, H3, J= 8.0 Hz), 4.25 (q, 2H, H7, J= 8.0 Hz), 

1.33 (t, 3H, H8, J= 8.0 Hz). 

7.3 Assessment of the catalytic activity of copper(II)-phenanthroline 

The catalytic assay testing the copper catalyst for the hydrolysis of 4-nitrophenyl 

acetate was performed by keeping the substrate concentration fixed while varying the 

catalyst to substrate ratios (0.05, 0.1, 0.15). The reactions were prepared in 1 mL of 

50 mM phosphate buffer at pH 7.4 with 500 µM para-nitrophenyl acetate and 

respectively 25, 50 and 75 µM of the AFt encapsulated with Cu-phen. The protein 

concentration was measured by Bradford after encapsulation. The reaction controls 

were prepared as 1 mL buffer with 500 µM para-nitrophenyl acetate. Product 

formation was followed by monitoring the absorbance at 405 nm (ʎmax of 4-

nitrophenol) at a constant temperature of 37 °C for up to 24 h.  

The catalytic assay using the carbamate and amide substrates were instead prepared 

by dissolving the substrate in 50 mM phosphate buffer at pH 8 at 37°C. A solution of 

the catalyst in the same buffer was then added to start the reaction that was then 

incubated under constant stirring at 37°C for 24 hours. The final reaction volume was 

2.5 ml containing 20 mM substrate and 1 mM catalyst concentrations. Two controls 

were prepared for each experiment, one containing only the substrate and the other 

being a reaction mixture with Cu(NO3)2 instead of the catalyst. After 24 hours the 

organic phase was the extracted from the reaction mixture using deuterated 

chloroform and product formation was analysed by H1 NMR.  

 

7.4 Horse spleen Apoferritin 

7.4.1 Preparation of AFt from horse spleen Ferritin 

The AFt protein cage used for this work was prepared from 3 batches of HSFt 

purchased from Sigma-Aldrich as a saline solution.  
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A sample of the stock HSFt protein was diluted 10 times into sodium acetate buffer 

(0.1 M NaOAc, pH 5.5) and transferred into a dialysis bag (MWCO 14000). The 

protein solution was then immersed in acetate buffer (0.1 M NaOAc, pH 5.5, 1.5 L) 

and purged with nitrogen for 15 min before the addition of 0.03 M of thioglycolic acid 

(2 mL). The protein was dialysed for 2 hrs under constant purge with N2 and then 1 

mL of thioglycolic acid (0.03 M) was added. After one hour the protein was transferred 

into a fresh sodium acetate buffer (0.1 M NaOAc, pH 5.5, 1.5 L) and the procedure 

was repeated 6 times keeping the solution at room temperature. After that, the protein 

was finally transferred into 1.5 L of fresh sodium acetate buffer and dialysed for 

another 24 h to remove any thioglycolic acid residue. The protein was then split into 

1 mL aliquots and stored at -20 °C. The residual iron content was assessed by ICP-

MS. 

7.4.2 Encapsulation of copper-1,10-phenanthroline within HSAFt 

The [Cu(phen)]2+ complex was loaded into the AFt cage by passive diffusion through 

the protein channels. The metal complex and the protein cage (24 mer) were mixed 

in different ratios up to a maximum of 22000 to 1 ratio in 0.1 M sodium acetate buffer 

(pH 5.5) or 50 mM glycine buffer (pH 7.4) for a total incubation time of 3 h. The AFt 

solution (3 mL, 3.5 µM) was kept stirring at room temperature while 0.5 mL of the 

copper-phenanthroline solution (4 mL, 57.2 mM) was added every 30 min to avoid 

AFt precipitation. After incubation, the free copper-phenanthroline was removed by 

overnight dialysis against at least 500 volumes of 0.1 M NaOAc pH 5.5 or 50 mM 

glycine pH 7.4 buffer.  The samples were stored at -20 °C for further analysis. Copper 

content was assessed by ICP-MS analysis and UV-vis spectrometry. The integrity of 

the protein cage was confirmed by native PAGE, DLS and HRTEM. Sample dilutions 

were prepared for UV-vis at protein concentration of 0.30-0.50 mg/mL for UV-vis 

(except for the HS-Ft control which was at 0.05 mg/ml due to the high intensity 

absorbance produced by the iron), 0.05 mg/mL for DLS, 1.0 µM for HRTEM using 

freshly prepared encapsulation buffer (0.1 M NaOAc pH 5.5 or 20 mM glycine pH 

7.4).  

7.4.3 Effect on environmental conditions on HSAFt-Cu(phen) adducts formation 

The AFt cages with encapsulated [Cu(phen)]2+ were subjected to different 

temperature and pH conditions and the formation of metal nanoparticles inside the 

protein was followed by TEM imaging. In the first experiment, three sample aliquots 

(0.5 mL) originally stored in 50 mM glycine buffer at pH 7.4 were incubated for 18 hrs 
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at -20, 37 and 50 °C respectively before TEM imaging. In the second experiment, 

three sample aliquots (0.5 mL) were dialysed against pH 7.4, 6.0, and 2.0 for 6 hrs. 

Different buffers were employed to achieve different pH conditions: 20 mM Glycine 

was used for pH 7.4 and 6.0, 0.1 M sodium acetate was used for pH 5.5 and 2.0. All 

the buffers were supplemented with CHELEX (10.0 mg/L) to ensure removal of 

external metal ions. After dialysis, all the samples were incubated at 37 °C overnight. 

7.4.4 Catalytic activity of copper(II)-phenanthroline loaded inside HSAFt 

The catalytic assay testing the copper catalyst for the hydrolysis of 4-nitrophenyl 

acetate was performed by keeping the substrate concentration fixed while varying the 

catalyst to substrate ratios (0.05, 0.1, 0.15). The reactions were prepared in 1 mL of 

50 mM phosphate buffer at pH 7.4 with 500 µM para-nitrophenyl acetate and 

respectively 25, 50 and 75 µM of the AFt encapsulated with [Cu(phen)]2+. The reaction 

controls were prepared as 1 mL buffer with 500 µM para-nitrophenyl acetate. Product 

formation was followed by monitoring the absorbance at 405 nm (ʎmax of 4-

nitrophenol) at a constant temperature of 37 °C for up to 24 h.  

7.4.5 Encapsulation of temozolomide within the HSAFt-Cu(phen) structures 

The anticancer agent temozolomide (TMZ) was loaded into the HSAFt-Cu(phen) 

cages by passive diffusion through the protein channels. The nanoreactor procedure 

was performed at 2 weeks after the encapsulation of the AFt protein with [Cu(phen)]2+ 

to allow enough time for the formation of crystal copper structures. The drug and the 

protein cage (24mer) were mixed in 800 to 1 ratio in 0.1 M sodium acetate buffer (pH 

5.5) for a total incubation time of 3 h. The TMZ solution (TMZ: 10 mM, 7.2 μmol) was 

prepared in DMSO and was added every 30 min, to the AFt solution with constant 

stirring at 4 °C to prevent precipitation of the test agent. The solution was then ultra-

filtered through an Amicon ultra-4 centrifugal filter (MWCO 10000 Da) at 4000 xg for 

4 min. The final TMZ concentration was estimated by UV-vis, and AFt concentration 

was confirmed by Bradford assay. The integrity of the cage was confirmed by native 

PAGE, DLS and HRTEM. Samples were stored at -20 °C for further analyses. 

7.4.6 Drug release studies on HSAFt-Cu(phen) and HSAFt-Cu(phen)-TMZ   

Drug release studies were performed by adding 250 μL of AFt nanoformulation into a 

D-Tube Dialyzer Mini 12-14 kDa MWCO (Novagen), and samples were dialyzed at 

37 °C and mixed at 150 rpm against 1 mL of either pH 5.5 NaOAc buffer (0.1 M) or 

pH 7.4 phosphate-buffered saline (PBS). After 1, 3, 5, 7, and 24 h of dialysis, drug 
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leakage in the dialysis solution was monitored by UV−vis spectroscopy (AIC λ= 265 

nm, 1,10-phenanthroline λ= 268 nm, TMZ λ = 330 nm).  

The Beer-Lambert law states the proportional relation between the absorbance of a 

compound in solution and its concentration. Given that only the extinction coefficient 

of TMZ is known (9800 M-1 cm-1) the absorbance values of TMZ (330 nm) and that of 

its degradation product AIC (265 nm) were used as representative of the amount of 

agent released in the experiment. The estimation of percentage release was 

determined by assuming as absolute maxima the absorbance value of TMZ in the 

initial AFT-Cu-TMZ sample. The estimation of percentage release at each time point 

was calculated as follows: 

 

𝐴𝑏𝑠 𝑚𝑎𝑥 𝑓𝑟𝑜𝑚 𝑑𝑖𝑎𝑙𝑦𝑠𝑖𝑠 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝐴𝑏𝑠 𝑚𝑎𝑥 𝑓𝑟𝑜𝑚 𝑠𝑎𝑚𝑝𝑙𝑒
 𝑋 100 

 

To solidify the reliability of the estimation method described above, the integrated 

peak intensities were extrapolated using the software Origin from the maxima of the 

Gaussian curve fitted using the original spectra with the software GraphPad Prism. 

7.4.7 High-resolution transmission electron microscopy (HRTEM) studies  

The unstained samples HRTEM analysis were diluted to an AFt concentration of 1.0 

µM in sodium acetate buffer, deposited on a graphene oxide grid on holey carbon 

film, left to dry for 10 minutes, washed with one droplet of deionised water and dried 

under vacuum overnight before analysis. An aliquot from the same sample was 

applied on a separate carbon grid, stained with 2 % uranyl acetate and dried at room 

temperature overnight before imaging.   

 

7.5 Human Apoferritin 

7.5.1 Preparation of the HuHAFt cysteine mutant 

Plasmid pJexpress414 containing the wild type gene of the Hu-HAFt (Appendix II) 

was kindly provided by prof. Thomas’ group. All primers (Table 1) were synthesised 

by Integrated DNA Technologies Inc. (IDT).  
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Primer Sequence (5’ to 3’) 

Hu-HFt-K68C_F CACGCCGAGTGCCTGATGAAACTG 

Hu-HFt-K68C_R CTCGCGTTCTTCATGG 

 

Table 1. Primers used to introduce a K68C mutation (codon in bold) in the Hu-HAFt gene to 

provide a cysteine residue per subunit. 

The polymerase polymerase chain reaction (PCR) to amplify and mutate the plasmid 

was perfomed using the Q5 high fidelity DNA polymerase enzyme from purchased 

from New England Biolabs. PCR reaction mixes (25 μL) contained: 5x master mix 

buffer for Q5 polymerase (5 μL), dNTPs (10.0 mM each; 0.5 μL), 5’ primer (10.0 μM; 

1.25 μL), 3’ primer (10.0 μM; 1.25 μL), template DNA (25 ng), Q5 high fidelity DNA 

polymerase (1 U) and PCR grade water. The thermocycler conditions used are shown 

in (Table 2). Digestion of the DNA template was done by adding 1 µL of the DpN I 

enzyme to the reaction tube which was incubated for 5 minutes at 37 °C. The 

digestion reaction was then mixed with 5 x loading dye (New England Biolabs) and 

analysed by agarose (1%) gel electrophoresis. 

Initial denaturation 98 °C, 30 s  

Denaturation 98 °C, 10 s 

Repeated for 30 cycles Primer annealing 45-65 °C, 30 s 

Elongation 72 °C, 3 min 

Final elongation 72 °C, 2 min  

 

Table 2. Thermocycler conditions used for the Q5 mutagenesis on Hu-HAFt.  

DNA gel extraction and purification were performed on the electrophoresis sample 

using the Monarch DNA Gel Extraction Kit giving a final solution of 6 µL. The purified 

DNA was then subjected to 5-OH’ ends phosphorylation and ligation using T4 PNK 

and ligase enzymes (New England Biolabs). The phosphorylation reaction mix was 

made by adding 1 µL of 5 x T4 buffer and 1 uL of T4 PNK to the purified DNA solution, 
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which was incubated at 37 °C for 30 minutes. The further addition of 1 µL of 5 x T4 

buffer and 1 µL of the T4 ligase allowed for the circularisation of the plasmid DNA. 

The ligation reaction mix was allowed to react for 2 h at room temperature. 

The Q5 mutagenesis product was then transformed into chemically competent E. coli 

DH5α cells by heat shock. Heat shock transformation was performed by transferring 

plasmid DNA (200.0 ng) to sterile microfuge tubes and chilling them on ice (10 min). 

Chemically competent cells (50 μL) were defrosted on ice and transferred to the tube 

containing DNA. The suspension was mixed by gently swirling and stored on ice (30 

min). Cell suspensions were heat-shocked in a water bath (42 °C, 45 s) and 

immediately transferred to ice (2 min). SOC medium (800 μL) was added to the cells 

and the culture incubated (1 h). Transformants were selected by plating the culture 

(200 μL) on LB supplemented with carbenicillin (50 µg/mL) and incubated overnight 

at 37 °C. Plates were stored at 4°C for a maximum of two weeks.  

Single colonies were picked and inoculated in LB media supplemented with 

carbenicillin and incubated overnight at 37 °C, 250 rpm. The cell solution was used 

to prepare 25 % glycerol stocks which were stored at -80 °C and to verify plasmid 

internalisation via sequencing after DNA extraction and purification. After verification 

of successful mutation, the genetic material was stored at -20 °C. Restriction digests 

were performed to confirm plasmids had been correctly assembled by extracting the 

DNA using a miniprep kit (Monarch). The restriction enzyme digestion was performed 

using the NdeI kit from Thermo Fisher Scientific on the Q5 mutagenesis product and 

the template. The reaction was prepared by mixing 2 µL of 10 x kit buffer, 1 µL of 

NdeI, 200 ng of plasmid DNA and PCR grade water. A first incubation step at 37 °C 

for 10 minutes allowed for the digestion and then 5 minutes at 65 °C ensured 

inactivation of the restriction enzyme. Following the reaction, samples were loaded 

directly into agarose gels for analysis. 

7.5.2 Expression and purification of AFt_WT His and AFt_K68C His mutant 

After transformation of the mutated plasmid into E. coli RosettaTM 2 (DE3) competent 

cells from Novagen according to the manufacturer protocol single colonies were 

inoculated into 100 mL of LB-carbenicillin (50 µg/ml) medium which was then 

incubated for 18 h at 37°C, 250 rpm shaking. The OD600 of the preculture was 

measured and a suitable volume of the preculture was added into 1 L of LB-

carbenicillin (50 µg/ml) to have a starting OD600= 0.1. The 1L culture was then 

incubated at 37°C and shaking at 250 rpm until the OD600= 0.6. At that point, protein 
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expression was induced by adding IPTG to reach a final concentration of 1 mM 

followed by incubation at 37°C, 250 rpm for 4 h for the Hu-HAFt wild type and at 20°C 

with shaking at 180 rpm, for 18 h for the Hu-HAFt K68C mutant. After induction, cells 

were harvested at 5000 xg at 4°C for 20 minutes, pellets were stored at -80°C and 

the supernatant was discarded.  

To prepare the protein sample for purification, the pellet was suspended in a cell lysis 

solution composed of a protease inhibitor cocktail tablet, lysozyme (1.0 mg/mL) 0.1 

µg/mL of nuclease (benzonase) and stirred for 1 hour in ice. After that, the solution 

was sonicated (35 % amplitude, cycles 1-2: 30 seconds pulse on, 5 minutes pulse 

off, cycles 3-5: 15 seconds pulse on, 5 minutes pulse off) while kept on ice. 

Centrifugation at 35000 xg, 4°C, for 35 minutes allowed for the separation of the cell 

debris (insoluble cell fraction) from the supernatant (soluble cell fraction, 10 mL) which 

was then passed through a 0.45 µM filter and loaded on a 5 mL His-Trap FF Crude 

column. The soluble fraction was purified by IMAC affinity chromatography using 20 

mM Tris, 300 mM NaCl, 30 mM imidazole, pH 8.0 as the binding buffer to initially 

equilibrate the column and 20 mM Tris, 300 mM NaCl, 0.8 M imidazole pH 8.0 as the 

elution buffer. Protein purification was assessed by SDS-PAGE gel (15 %) 

electrophoresis. 

The purified K68C mutant AFt was dialysed at 4 °C overnight in dialysis buffer 1 (20 

mM Tris, 1 mM EDTA, pH 8.0) then 4 h in dialysis buffer 2 (20 mM Tris, pH 8.0), which 

allowed for the removal of the residual iron ions bound to the subunits. After dialysis, 

the amount of protein was quantified by Bradford assay before concentration 

(VIVASPIN, 10000 MWCO) and storage at -80 °C.  

7.5.3 Fermentation for 10 L expression of AFt_K68C His 

The preculture for the large-scale human apoferritin expression was prepared by 

inoculating a 1 mL glycerol stock of E. coli RosettaTM 2 (DE3) competent cells 

containing the plasmid encoding for the HuHFt K68C protein in 1 L of sterile LB media 

supplied with carbenicillin (50 µg/ml) and chloramphenicol (25 µg/ml). The preculture 

was incubated for 18 h at 37°C, 250 rpm shaking. 

The 10 L reactor (Electrolab 10 L SIP) was prepared by pouring 9 L of LB solution 

(250 g) supplied with 5 mL of antifoaming agent (propylene glycol 2000) which was 

sterilised by bringing it to 121 °C for 15 minutes. The media was let to cool down to 

37 °C and then supplied with sterile carbenicillin (50 µg/ml) and chloramphenicol (25 
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µg/ml). The volume of preculture pumped into the reactor was determined from its 

OD600 (1 L for OD600 < 2, 0.5 L for OD600 ≥ 2). The culture was incubated at 37 °C, 800 

rpm agitation, 1 vvm oxygen, pH 7.0. The initial OD600 of the 10 L culture was 

measured and was checked every 30 minutes until reaching 0.6. At OD600 ≈ 0.6 the 

temperature was reduced to 20 °C and when stabilised IPTG was added to a final 

concentration of 1 mM to start protein induction for 18 h. After induction, cells were 

harvested at 8000 xg at 4°C for 10 minutes, pellets were stored at -80°C and the 

supernatant was discarded. Pellets were treated for AFt_K68C His protein purification 

as described in section 3.5.2.  

7.5.4 Expression and purification of the TEV protease240 

After transformation of the TEV protease expression vector pRK793 into E. coli 

BL21(DE3) CodonPlus-RIL according to the manufacturer protocol single colonies 

were inoculated into 15 mL of LB medium supplied with carbenicillin (100 µg/mL) and 

chloramphenicol (30 µg/mL). The inoculum was then incubated for 18 h at 37 °C, 250 

rpm shaking. After overnight incubation the preculture was added into 0.6 L of LB with 

carbenicillin (100 µg/ml) and chloramphenicol (30 µg/mL) and its starting OD600 

measured. The 0.6 L culture was then incubated at 37 °C and shaking at 250 rpm 

until the OD600 ≥ 0.6. At that point, protein expression was induced by adding IPTG to 

reach a final concentration of 1 mM followed by incubation at 30 °C, 250 rpm for 4 h. 

After induction, cells were harvested at 8000 xg at 4 °C for 10 minutes, pellets were 

stored at -80 °C and the supernatant was discarded.  

To prepare the protein sample for purification, the pellet was suspended in a cell lysis 

solution composed of a protease inhibitor cocktail tablet, lysozyme (1.0 mg/mL) 0.1 

µg/mL of nuclease (benzonase) and stirred for 1 hour in ice. After that, the solution 

was sonicated (35 % amplitude, 30 seconds pulse on, 30 seconds for 5 minutes) 

while kept on ice. Centrifugation at 15000 xg, 4 °C, for 30 minutes allowed for the 

separation of the cell debris (insoluble cell fraction) from the supernatant (soluble cell 

fraction) which was then passed through a 0.45 µM filter and loaded on a 5 mL His-

Trap FF Crude column. The soluble fraction was purified by IMAC affinity 

chromatography using 50 mM Na2HPO4-NaH2PO4, 200 mM NaCl, 10 % glycerol, 25 

mM imidazole pH 8.0 as the binding buffer to initially equilibrate the column and 50 

mM Na2HPO4-NaH2PO4, 200 mM NaCl, 10 % glycerol, 250 mM imidazole pH 8.0 as 

the elution buffer. Protein purification was assessed by SDS-PAGE gel (12 %) 

electrophoresis. 
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The relevant fractions were pooled together and EDTA (2 mM) and DTT (5 mM) were 

added before concentration with VIVASPIN (10000 MWCO). The concentrated 

protein solution was dialysed against 25 mM Na2HPO4-NaH2PO4, 100 mM NaCl, 10 

% glycerol pH 7.5 overnight. Fresh storage buffer was used to dialyse the protein 

solution for other 2 h before determining its concentration by UV and storing the 

protein in aliquots at -80 °C. 

7.5.5 TEV protease cleavage reaction on AFt_K68C His to produce AFt_K68C  

The purified aliquots of TEV protease were used to remove the His-tag from the N-

terminus of the HuHAFt K68C before bioconjugation with the 2-bromo-N-(1,10-

phenanthrolin-5-yl)acetamide. The reaction was set up by mixing the HuHAFt (1 

mg/mL, 45 µM) and TEV (0.05 mg/mL, 1.8 µM) in a 1:20 molar ratio in 50 mM Tris, 

0.5 mM EDTA, 1 mM DTT pH 8.0. The mixture was incubated at 30 °C for 2 h and 

the reaction was then purified by IMAC affinity chromatography using 20 mM Tris, 

300 mM NaCl, 30 mM imidazole, pH 8.0 as the binding buffer to initially equilibrate 

the column and 20 mM Tris, 300 mM NaCl, 1 M imidazole, pH 8.0 as the elution 

buffer. The reaction was loaded on a His-Trap FF crude 5 mL column and the fractions 

were run on a SDS-PAGE. The relevant fractions containing pure cleaved HuHAFt 

K68C His- were pooled together, concentrated by VIVASPIN (3000 MWCO), analysed 

by Bradford assay and stored at – 80 °C for future experiments.  

7.5.6 K68C mutant labelling with 2-bromo-N-(1,10-phenanthrolin-5-yl)acetamide 

The protein K68C mutant (67.5 nmol, 1 mg/ mL) was exchanged in 20 mM Tris, 8 M 

urea pH 8.5 by dialysis (200 volumes) for 2 h at room temperature. After dialysis the 

protein solution was purged with nitrogen gas and mixed with 20 equivalents (1.35 

µmoles) of 2-bromo-N-(1,10-phenanthrolin-5-yl)acetamide from a 10 mM stock 

solution in DMSO. The protein and the ligand were incubated at 4 °C, overnight under 

constant stirring and nitrogen atmosphere. Upon reaction completion the sample was 

purified through PD-10 desalting column, previously equilibrated with 20 mM Tris, 8 

M urea pH 8.5. Fractions were analysed by UV-vis and Bradford assay. The fractions 

of interest were pooled and concentrated with VIVASPIN (MWCO 3000). The final 

concentration was estimated by Bradford and the ratio of free thiols available was 

determined by Ellman’s assay. After this preliminary characterisation the protein 

conjugate was dialysed against 20 mM Tris pH 8.0 at 4 °C overnight. After dialysis 

the protein sample was stored at -20 °C for further analysis.  
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7.5.7 Ellman’s assay 

The protein control (1 mL) was dialysed in 200 mL of 20 mM Tris, 50 mM NaCl and 8 

M urea at pH 7 for at least 2 h. After dialysis a 4.0 mg/ml solution of Ellman’s reagent 

(5, 5’-dithiobis (2-nitrobenzoic acid), DTNB) was prepared in 100 mM sodium 

phosphate, 1 mM EDTA at pH 7.0. Free thiols estimation was achieved in accordance 

with the following reaction:  

 

Samples were prepared as follows: 445 μL of buffer, 45 μL of protein sample (or 

protein buffer for negative control) and 10 μL of Ellman’s reagent solution.  The 

reaction was left at room temperature for 15 minutes then absorbance was monitored 

at 412 nm. Concentration of free thiols were then calculated according to the following 

equation: 

[𝑓𝑟𝑒𝑒 𝑆𝐻] =  
(𝐴𝑏𝑠𝑇𝐸𝑆𝑇 − 𝐴𝑏𝑠𝐶𝑂𝑁𝑇𝑅𝑂𝐿) ∙ 500 ∙ 1,000,000

14,500 ∙ 45
 

Where [free SH] correspond to the concentration of free thiol (in μM), Abs test is the 

absorbance of the protein sample at 412 nm, Abs control is the absorbance of the 

control cuvette at 412 nm, 500 and 45 are the dilution factors due to the assay 

protocol, 1,000,000 is the conversion factor from M to μM and 14500 M-1cm-1is the 

coefficient of molar extinction of TNB2- at 412 nm under the assay’s conditions. A 

cuvette of path length 1 cm was used for each experiment.  

7.5.8 MALDI-TOF 

Protein samples for MALDI-TOF analysis were prepared as follows: 10 µL of protein 

solution at 1 mg/mL and above were desalted using C4 ZipTips previously equilibrated 

with 0.1 % TFA. The protein was then eluted using a solution of saturated sinapic acid 

in 30:70 (v/v) Acetonitrile: TFA 0.1% in water. The plate was spotted with 0.5 µL of 

saturated sinapic acid in ethanol and allowed to dry, then 0.5 µL of sample were 

deposited on top of the first layer and allowed to dry. The analysis was performed on 

a MALDI-TOFMS Bruker Autoflex Max in linear mode, using a mass range of 1300-
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28200 Da and laser intensity of up to 70 %. Myoglobin from equine skeletal muscle 

purchased from Merck was used as a standard for external calibration. 

 

7.6 AFt cage integrity assessment 

7.6.1 Native PAGE 

Discontinuous native PAGE gels were prepared to assess the integrity of the horse 

spleen AFt cage upon Cu(phen) encapsulation. The 6 % (w/v) resolving gel and the 

4 % (w/v) stacking gel were prepared according to the procedure described in Table 

3 and allowed to polymerise for 30 minutes before sample loading. The protein 

samples were mixed with a 4 x loading buffer (50 mM Tris-HCl pH 6.8, 100 mM DTT, 

50 % v/v glycerol, 0.1 % w/v bromophenol blue) and loaded on the gel. Horse spleen 

AFt control was also loaded along with the encapsulation samples as reference. The 

gel was run in 200 mM glycine, 25 mM Tris base at 125 V for 1.5 h. The gel was 

stained for 30 minutes with Coomassie brilliant blue buffer and then destained for 2 h 

before imaging. 

 Stacking gel 4% (w/v) Resolving gel 6 % (w/v) 

Milli-Q H2O 2.88 mL 6.66 mL 

30% (w/v) acrylamide 0.5 mL 2.3 mL 

1.5 M Tris 0.94 mL (pH 6.8) 3 mL (pH 8.8) 

10 % (w/v) APS 60 µL 150 µL 

TEMED 6 µL 15 µL 

 

Table 3. Composition of the stacking and resolving gels prepared for the native PAGE of horse 

spleen AFt. 

7.6.2 DLS and zeta potential  

The analysis of DLS and zeta potential were carried out on samples at 0.0 5mg/mL 

protein concentration which was identified as the optimal condition to avoid excessive 

aggregation. Both analyses were performed on a Malvern Zetasizer Nano ZS using 

a quartz cell Zen-2112 for DLS measurements and a DTS1070 cell for zeta potential. 
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Before the analyses samples were filtered using a 0.22 µM filter to prevent protein 

aggregation and then stored at 4 °C. 

7.7 Cytotoxicity studies  

7.7.1 MTT assay210 

HCT-116 human-derived colorectal carcinoma (CRC) cells, MRC-5 foetal fibroblasts, 

glioblastoma multiforme (GBM) U373V (MGMT-) and U373M (MGMT+) cells were 

seeded at a density of 5×103 cells per well into 96-well microtiter plates and allowed 

to adhere for 24 hr before treatment with test compounds AFt, [Cu(phen)]2+, TMZ, 

HSAFt-Cu(phen), HSAFt-Cu(phen)-TMZ, solvent and buffer controls. The seeding 

density was 400 cells per well for HCT-116, MRC5 and 650 cells per well for GBM 

cell lines when tested with the anticancer agent TMZ. Serial dilutions were prepared 

in medium supplemented with 10 % FBS, before each assay. Viable cells at the time 

of drug addition (time-zero; T0), following 72 hr drug exposure and 6 days drug 

exposure (for TMZ and HSAFt-Cu(phen)-TMZ only) were determined by adding MTT 

(2 mg/mL) in PBS solution to reach a final concentration of 400 μg mL-1). Incubation 

of the plates for an additional 2-3 h at 37 °C allowed reduction of MTT by viable cell 

dehydrogenases to insoluble formazan product. Supernatants were aspirated from 

the wells and formazan solubilised with 150 μL DMSO. Absorbance was read at 570 

nm using a plate reader (Perkin Elmer). Absorbances were then corrected by 

subtraction of the solvent background and used to calculate the estimated 

concentration causing reduction of cell viability by 50% (GI50) for both cell lines. 

Control cell growth was determined using the control groups at T0 after 24 h 

incubation as references. The final GI50 values were estimated through the curve-fit 

analysis of GraphPad Prism, using the non-linear regression function. 

7.7.2 Cell count assay 

The cell lines of interest (MRC5 and HCT-116) were seeded at a density of 1 x 104 

cells/ well in 0.5 mL medium in 12-well plates and incubated at 37 °C for 24 h. On day 

2 each well was treated with 0.5 mL of the test agents diluted in medium. The 

treatments used for this assay were AFt, [Cu(phen)]2+, HSAFt-Cu(phen) at the final 

concentrations 0.5 and 1.5 µM. After 72 h of exposure to the treatment the well 

content was aspirated, and the cells were resuspended with 0.25 mL of trypsin. 

Trypsin was inactivated by adding 0.25 mL of medium and a single cell suspension 

was produced by putting the content of each well through a syringe needle. The cells 

were then counted using a haemocytometer. 
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7.7.3 Clonogenic assay201 

Clonogenic assays were set up in 6-well plates and U373V, U373M were seeded at 

400 cells/well. The cells were incubated at 37 °C for 24 h before treatment with AFt 

(0.05 µM), [Cu(phen)]2+ and HSAFt-Cu(phen) (2.5 µM), TMZ and HSAFt-Cu-TMZ (20 

µM). The cells were exposed to the test compounds for 24 h and/or 6 days. The media 

was then removed, the cells were washed with ice cold PBS and fresh medium was 

added into the wells. Plates were incubated at 37 °C until colonies of ≥50 cells were 

observed in control wells. The medium was removed, colonies were washed in ice 

cold PBS, fixed with 100 % methanol, stained with 0.05 % methylene blue and 

counted. Duplicate repeats for each test agent were performed in at least three 

independent trials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

145 
 

8. Appendices  

Appendix 1.A: COVID-19 Impact statement 

I started the Doctoral Training Programme (DTP) in October 2017. For most of my 

first year I worked on three different projects as part of three lab rotations from which 

I defined my PhD project, which started in May 2018. The initial idea for my PhD was 

to prepare a catalyst able to perform targeted prodrug activation by hydrolysis (the 

prodrug selected was the anticancer agent capecitabine). This project spanned 

different disciplines (synthesis of metal complexes, protein modification and 

characterisation and drug delivery in cells). Starting from the work of Distefano et al. 

the catalyst selected was copper(II)-phenanthroline, that was reported to promote the 

hydrolysis of non-activated esters and amides when inserted within the confined 

space of a protein shell (for which we selected apoferritin).  According to this 

objective, the first few months of my PhD have been devoted to assess and improve 

the catalytic activity of copper(II)-phenanthroline and apoferritin copper(II)-

phenanthroline. However, no significant hydrolytic activity was detected under the 

conditions tested. Instead copper(II)-phenanthroline demonstrated the accumulation 

of metal structures inside apoferritin; these complexes also have bioactivity towards 

cancer cells, evidence which is supported by the literature. Therefore, the following 

experimental phase pursued to investigate the effects of copper(II)-phenanthroline 

when loaded into apoferritin on its bioactivity and the interaction between the metal 

complex and the protein. In addition to encapsulation by diffusion, also the 

bioconjugation of copper(II)-phenanthroline to apoferritin was considered for study. In 

parallel, to address the initial vision of the PhD, I started synthesising alternative 

complexes for in vivo catalysis (based on Ru). That’s when the pandemic started. 

By the time the pandemic hit the experimental work performed for my PhD project 

was too advanced to adjust my research objectives to mitigate the lack of 

lab/equipment access. The experimental approach required for my research could 

not be reverted to computational, as the study of apoferritin requires years of training 

and specialist knowledge to produce doctoral-level computational data- myself or my 

supervisors did not have this training. I had no laboratory access from March 2020 

until August 2020 which caused the loss of essential samples of apoferritin copper(II)-

phenanthroline, which required 4 months of preparation for imaging. Such samples 

were vital to producing robust conclusions for the work described in Chapter 2 of the 

thesis. From August until December 2020 I could work in the lab only 50 % of the time 
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due to shifts to ensure a COVID-19 secure environment. I couldn’t access Chemistry 

facilities until the beginning of September 2020 for chemical compounds 

characterisation, same for the nmRC (samples imaging) and I got access to BDI (for 

cell culture work) only in February 2021. Even then, although access was resumed 

the use of facilities was still restricted: direct access to instruments in Chemistry 

(NMR, MALDI-TOF) was only allowed to technical staff, who had stringent pressure 

on their time; and access to BDI was restricted by working shifts to ensure the respect 

of COVID safety requirements; and access to nmRC was also reduced. During this 

time some experimental work was performed to synthesise the ruthenium-based 

metal catalysts to provide an alternative to copper(II)-phenanthroline for prodrug 

activation, however the progress was too slow and this work was abandoned in spring 

2021. 

During my PhD regular travel has been essential for my personal life, because I am 

an international student and my partner and family live abroad (Italy). Before 

pandemic, I managed this situation with regular visits either from myself or from my 

partner. The pandemic meant that the travel disruptions prevented me from visiting 

my partner and family (and vice versa), so I found myself isolated at times and worried 

for them. This inability to travel and the uncertainty of the whole situation had 

therefore a non-negligible impact on my overall well-being during the last year and a 

half of my PhD, which affected some of my experimental progress. 

Another significant disruption caused by the COVID-19 outbreak on my PhD was the 

cancellation of the compulsory placement (required by the BBSRC funder) that was 

planned to take place in a Research Institute in Basel in the summer of 2020. Extra 

time and resources had to be devoted to organising a new adapted placement 

compatible with the COVID-19 safety requirements which took place at the University 

of Nottingham between March and June 2021 and allowed me to spend some time 

working on my PhD, in parallel with the placement.  

After careful evaluation with my supervisors once some experimental work could 

resume with certain regularity, we developed a revised experimental plan to complete 

the doctoral thesis which involved the significant scaling down of the original 

objectives to the understanding of the encapsulation of copper(II) complexes into 

apoferritin. The suspension of lab activities had a heavy impact on data collection for 

drawing robust conclusions for the thesis and meeting the minimum doctoral 

outcomes. To partially mitigate for the experimental inactivity caused by the lockdown 

I was granted a funded extension (3 months) of my BBSRC scholarship which I spent 
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in the lab to conclude the essential experiments to achieve the minimum doctoral 

objectives. This experimental work involved the optimisation of the protein 

bioconjugate synthesis and its tests for stability and drug release under relevant 

conditions for clinical application (Chapter 3). Despite the impact of the pandemic, 

isolation from family and partner, laboratory restrictions and experimental setbacks, 

with this revised experimental plan I managed to show the anticancer effect of 

copper(II)-phenanthroline, follow and characterise the formation of organised copper 

cores within apoferritin for up to 4 months under acidic conditions (pH 5.5), 

demonstrate the effect of apoferritin copper(II)-phenanthroline over temozolomide 

degradation and its anticancer effect, show that also human heavy chain apoferritin 

has the potential to be a valid drug delivery system for temozolomide and open to the 

possibility to conjugate copper(II)-phenanthroline to human apoferritin with tight 

control over cysteine oxidation. 
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Appendix 1.B: PIPS reflective statement 
Note to examiners: 

This statement is included as an appendix to the thesis in order that the thesis accurately 

captures the PhD training experienced by the candidate as a BBSRC Doctoral Training 

Partnership student. 

The Professional Internship for PhD Students is a compulsory 3-month placement which 

must be undertaken by DTP students. It is usually centred on a specific project and must 

not be related to the PhD project. This reflective statement is designed to capture the skills 

development which has taken place during the student’s placement and the impact on 

their career plans it has had. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PIPS Reflective Statement 

The PIP was carried out within the Research and Innovation Department at the University of 

Nottingham under the supervision of Dr Maria Arruda, in the role of research officer trainee. 

The placement lasted from 3 months from March to June 2021 and was performed through 

remote working. The project I was responsible for aimed at improving the operational and 

strategic management of the University of Nottingham COVID-19 research asset through the 

promotion of internal and external communication of the University’s research excellence in 

the COVID-19 arena. My role was to directly support the Research and Innovation team 

responsible for the strategic management of COVID-19 research projects lead and co-lead by 

the University of Nottingham and in the identification of new stakeholders. The work 

activities were carried out in collaboration with the office of the Pro-Vice Chancellor for 

Research and Knowledge Exchange, the Faculties concerned, the Global Research Themes, 

the Interdisciplinary Research Clusters, the University of Nottingham Beacons of Excellence, 

and the Executive Office. 

The placement was very valuable in expanding my knowledge of the extent of the University 

of Nottingham research across different disciplines. This helped me in understanding and 

appreciating the importance of multidisciplinary collaboration between university groups, 

departments, faculties and with external partners. The possibility to interact with experts 

from all these categories has made me conscious of the importance of cultivating 

collaborations to promote high quality and high impact research. Even though the placement 

was done by remote working, the daily work was very dynamic and helped me in acquiring 

the ability to adapt to different challenges and to critically evaluate and look at the impact of 

the different research strategies adopted within the university.  

The daily task performed during this placement involved: participation in meetings, 

comparative analyses and identification of potential research funding, preparation of Power 

Point presentations and reports. The experience I gained improved my collaboration skills 

with colleagues on tasks characterised by short-time deadlines which involved the 

management and the organisation of large amounts of data on research projects, funding 

and funding bodies. Often these data required to be collected and presented in a non-

academic context. This tasks favoured the improvement of my presentation and writing skills 

for academic and non-academic audiences. I learned to adapt my presentation style to the 

different contexts which formed part of my day to day work.  To conclude, this placement 

has given me the opportunity to have an insight on a different aspect of academia and the 

research work done within the University. In particular it has showed me how it is possible to 

(indirectly) contribute to high impact research outside the laboratory. The best part of this 

placement was the possibility to know all the amazing research performed throughout the 

university, especially outside my area of expertise.  
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Appendix 2.A: Images of HSAFt-Cu(phen) sample at pH 5.5 aged 6 

months. 

 

 

 

Appendix 2.B: Lattice fringes spacing estimation of the HSAFt-Cu(phen) 

adducts. 

 

 

The measurement of the lattice fringes was performed using the image analysis tool 

ImageJ. The original image (Figure 2.9 a) was processed by Fourier transformation 

(a) from which a representation of the lattice fringes based on their intensity from the 

original image (b) was obtained. By drawing a section perpendicular to the fringes on 

image b it is possible to produce a plot with the intensity profile of the fringes (c). The 

number of peaks shown on the plot corresponds to the number of fringes present in 

the perpendicular segment drawn. The ratio between the line length (nm) and the 

number of peaks gives the nm estimate of the atoms spacing which can be used to 

determine the unit cell arrangement. 
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Appendix 2.C: UV-vis spectra of the HSAFt-Cu(phen) dialysis solutions 

of the release test at pH 7.4 

 

Appendix 2.D: UV-vis spectra of the HSAFt-Cu(phen) dialysis solutions 

of the release test at pH 5.5 
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Appendix 3.A: Reference curve for TMZ, AFt-TMZ and table of the ʎmax 

wavelengths for TMZ, Cu-MTIC and the metabolite AIC. 

 

Appendix 3.B: Estimation of TMZ loaded in HSAFt-Cu(phen)-TMZ cages, 

encapsulation efficiency and drug loading 

The estimation of the TMZ retained inside the AFt-Cu(phen)-TMZ performed using 

the intensity of the sample at 330 nm (TMZ ʎmax) and the extinction coefficient of the 

loaded agent (9800 M-1 cm-1) factored into the Beer-Lambert equation:  

𝐴 = 𝜀𝑙𝑐 

Where A is the intensity at ʎmax, Ɛ is the extinction coefficient of TMZ, l is the cuvette 

path (1 cm) and c is the estimated TMZ concentration. For the estimate to be accurate 

the intensity used in the equation was the difference (grey line) between the intensity 

of the AFt-Cu(phen)-TMZ sample and that of the precursor AFt-Cu(phen) sample at 

equal concentration (0.5 mg/mL) and in NaOAc buffer (0.1 M, pH 5.5) as shown in 

the graph below: 
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These calculations were performed for 4 independent encapsulation experiments. 

Once the concentration of TMZ into AFt-Cu(phen)-TMZ samples was estimated it was 

possible to calculate the TMZ: AFt ratio as follows:  

𝑇𝑀𝑍: 𝐴𝐹𝑡 =
𝐹𝑖𝑛𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑇𝑀𝑍 𝑖𝑛 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝐹𝑖𝑛𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐴𝐹𝑡 𝑖𝑛 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
 

 

Appendix 3.C: Encapsulation efficiency and drug loading of HSAFt-

Cu(phen)-TMZ cages 

The calculations for TMZ encapsulation efficiency (EE) and drug loading (DL) were 

performed using the following equations:138 

𝐸𝐸 (%) =
𝐹𝑖𝑛𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 (𝑚𝑜𝑙𝑒𝑠)

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 (𝑚𝑜𝑙𝑒𝑠)
 × 100% 

𝐷𝐿 (%) =  
(𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑟𝑢𝑔𝑠 𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 × 𝐷𝑟𝑢𝑔 𝑀𝑊)

((𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑟𝑢𝑔𝑠 𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 × 𝐷𝑟𝑢𝑔 𝑀𝑊) + 𝐴𝐹𝑡 𝑀𝑊)
 

× 100% 

 

Appendix 3.D: UV-vis spectra of the HSAFt-Cu(phen)-TMZ dialysis 

solutions of the release test at pH 7.4.  

The experiments were performed as three independent replicates. AFt-Cu(phen)-

TMZ samples with different AFt concentrations were used for each replicate, thus 

explaining the variability in the AUC observed between replicates tested for the two 

pH conditions.  
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Appendix 3.E: UV-vis spectra of the HSAFt-Cu(phen)-TMZ dialysis 

solutions of the release test at pH 5.5. 

The experiments were performed as three independent replicates. AFt-Cu(phen)-

TMZ samples with different AFt concentrations were used for each replicate, thus 

explaining the variability in the AUC observed between replicates tested for the two 

pH conditions.  

 

 

Appendix 3.F: HSAFt-Cu(phen)-TMZ stability test: curve fitting and peak 

integration analysis. 

 

To estimate the release of TMZ from the AFt-Cu(phen)-TMZ exposed to pH 7.4 and 

pH 5.5 at 37 ºC for up to 24 h the integrated absorbances at the maximum of 330 nm 

were calculated. The estimation method was based on the direct correlation between 
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concentration and absorbance expressed in the Beer-Lambert law. The method was 

developed to produce the closest curve-fit with the software GraphPad Prism and 

then use those best-fit values on Origin for peak integration. The percentage of TMZ 

release in the dialysis buffer was calculated from the integration results, using the 

absorbance at 330 nm of the initial AFt-Cu(phen)-TMZ sample equivalent to 100 % 

TMZ. The same method was employed to quantify the ratio of released TMZ 

converted over time into AIC, using the absorbaces at 265 nm for peak integration. 

Each step of this method is shown below using the UV-vis spectrum of the dialysis 

sample taken after 3 h of incubation at pH 7.4 (Appendix 3.D, red line) as example.  

The first step for the estimation of TMZ % release consisted in performing a non-linear 

regression analysis on the raw data (UV-vis spectrum collected at 3 h) using 

GraphPad Prism. The UV-vis measurements included to produce the model were 

between 250 to 400 nm and the absorbances at 265 nm and 330 nm were kept as 

fixed parameters. The GraphPad analysis produced a series of best-fit values which 

formed an ideal curve (Figure 1) which was used in the next step for peak integration 

in Origin. 

 

Figure 1. UV-vis spectrum (full red line) and curve-fit (red dashed line) of the absorbance 

measured on the dialysis buffer at 3 h of incubation of AFt-Cu(phen)-TMZ in PBS pH 7.4. 

The XY data generated by the curve-fitting in GraphPad were exported into Origin to 

perform the peak integration using the Peak Analyzer function. The integration was 

automatically executed by the software upon definition of the ‘Integrate Peaks’ as the 

goal of the analysis. The peak baseline was identified using the minimum Y value and 

the graph was rescaled accordingly. Once the baseline was defined, the peaks were 

identified using the ‘Local Maximum’ method, which compared the neighbouring Y 
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values to find the maximum. In this case the maxima were always identified as 265 

nm and 330 nm as expected. At this point the peak integration was performed by 

Origin using the set baseline and the peak width (which was determined 

automatically) with the drop perpendicular method to separate the areas of the two 

peaks (Figure 2).  

 

Figure 2. Peak integration on the curves produced by GraphPad using Origin.  

When the Peak Analyzer function is employed in Origin, the output of the peak 

integration includes the area under the curve but also the full width at half maximum 

(FWHM) and the height (Table 1). 

 

Table 1. Output values generated by Origin for the peak integration analysis. 

The height of the integrated peak was then used as the absorbance value for the 

estimation of the % of TMZ released in solution. As mentioned in the paragraph 

above, the direct correlation between absorbance and concentration established by 

the Beer-Lambert law allowed for the direct comparison of the integrated peak height 

and the absorbance of the AFt-Cu(phen)-TMZ sample analysed (100 %). The 

calculation of the % release was performed using the peak at 330 nm (center= 329.7) 

for TMZ and that at 265 nm (center= 265.1) for AIC as illustrated in the formula below: 

% 𝐷𝑟𝑢𝑔 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 =
𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑝𝑒𝑎𝑘 ℎ𝑒𝑖𝑔ℎ𝑡

 𝐷𝑦𝑎𝑙𝑖𝑠𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒
× 100  
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Appendix 4.A: UV-vis spectra of the HuHAFt after encapsulation with 

Cu(phen) at pH 5.5 and of HSAFt-Cu(phen) from Chapter 2 at 1 µM.  
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Appendix 4.B: AFt_K68C His plasmid and sequence.  

 

 

 

Nucleotide sequence 
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ATGCATCATCATCACCACCATAGCAGCGGTGGCTCTGAAAATCTGTATTTTCAGTCTAC

CGGTAGCGGCGGTGGTGGTTCTGGCGGATCCATGACCACTGCTAGCACCAGCCAAGT

CCGCCAAAACTATCACCAGGACAGCGAGGCGGCAATCAACCGTCAAATCAACTTGGAG

CTGTACGCGAGCTATGTTTACCTGAGCATGTCTTACTATTTCGACCGCGACGATGTCGC

ACTGAAGAACTTTGCGAAGTATTTCCTGCACCAGTCCCATGAAGAACGCGAGCACGCC

GAGTGCCTGATGAAACTGCAGAACCAGCGTGGCGGTCGTATCTTTCTGCAAGACATTA

AGAAACCGGATCGCGATGATTGGGAGTCGGGCCTGAATGCCATGGAAGCTGCCCTGC

ACTTGGAGAAGAATGTGAACCAAAGCTTGCTGGAGCTGCACAAACTGGCGACGGACAA

GAATGACCCGCACCTGAGCGATTTCATTGAAACCCATTACCTGAATGAGCAGGTTAAAG

CGATCAAAGAACTGGGCGACCATGTTACGAACCTGCGTAAGATGGGTGCGCCGGAGT

CCGGTCTGGCTGAGTACTTGTTCGATAAACATACCCTGGGCGACAGCGATAATGAGAG

CTAA  

Peptide sequence 

MHHHHHHSSGGSENLYFQSTGSGGGGSGGSMTTASTSQVRQNYHQDSEAAINRQINLEL

YASYVYLSMSYYFDRDDVALKNFAKYFLHQSHEEREHAECLMKLQNQRGGRIFLQDIKKPD

RDDWESGLNAMEAALHLEKNVNQSLLELHKLATDKNDPHLSDFIETHYLNEQVKAIKELGD

HVTNLRKMGAPESGLAEYLFDKHTLGDSDNES  

His-tag  TEV protease cleavage site  Amino acid linker  Mutation site  

 

Appendix 4.C: SDS-PAGE of AFt_K68C His elution of the purified soluble 

fraction. 

 

L= protein marker, 1= soluble fraction, 2= insoluble fraction, 3= flow-through, 4= column wash, 

5-7= fractions eluted at 30 % imidazole, 8-16= fractions eluted at 60 % imidazole containing 
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24 kDa recombinant AFt_K68C His, 17-20= fractions eluted at 100 % imidazole (0.8 M) 

containing 24 kDa recombinant AFt_K68C His. 

Appendix 4.D: Purified AFt_WT His and AFt_K68C His SDS-PAGE 

showing high concentration of degradation products. 

 

L= protein marker, 1= AFt_WT His, 2= AFt_K68C His. 

Appendix 4.E: TEV elution of the purified soluble fraction and separation 

from the cleaved MBP. 

 

L= protein marker, 1= insoluble fraction, 2= soluble fraction, 3= flow-through, 1-14= fractions 

eluted by gradient to 100 % imidazole (250 mM) containing the MBP fusion protein (49 kDa) 

and/or TEV (28 kDa). 
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Appendix 4.F: AFt_K68C purification by affinity chromatography after 

reaction with the TEV protease. 

 

L= protein marker, 1= reaction at T0 showing TEV (28 kDa), AFt_K68C His (24 kDa) and 

AFt_K68C (22 kDa), 2= reaction at T3h showing TEV and AFt_K68C, 3= precipitate from 

reaction containing TEV and AFt_K68C, 4= flow-through containing AFt_K68C, 5= column 

wash containing AFt_K68C, 6-10= fractions eluted at 100 % imidazole (0.8 M) containing 

AFt_K68C His and AFt_K68C.  

Appendix 4.G: Ellmann’s assay to test the reactivity of reducing agents 

with DTNB. 
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Appendix 4.H: UV-vis spectra of stock solutions 2-bromo-N-(1,10-

phenanthrolin-5-yl)acetamide in 20 mM Tris pH 8.5.  

 

Appendix 4.I. MALDI-TOF spectra of HuHAFt species with Myoglobin 

calibrant. 

 

Peak 1= 16952.3 Da, Myoglobin standard 1 mg/mL; Peak 2= 24189.3 Da, AFt_WT His sample 

at 1.7 mg/mL; Peak 3= 24286.6 Da, AFt_K68C His sample at 1 mg/mL; Peak 4= 24206 Da, 

AFt_K68C His-Phen sample at 1 mg/mL.  
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Appendix 4.L. Calculation of the extinction coefficient of 2-bromo-N-

(1,10-phenanthrolin-5-yl)acetamide and estimation of its concentration 

in solution 

The estimation of the extinction coefficient of 2-bromo-N-(1,10-phenanthrolin-5-

yl)acetamide was based on the absorbance at 266 nm measured on stock solutions 

at increasing concentrations of the compound (n= 3, media= milliQ-H2O).  
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The mean on the intensity at each concentration was used to plot a curve to correlate 

intensity with concentration in a simple linear regression using the function from 

GraphPad Prism (Figure 1). 
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The linear regression confirmed the linear relationship between the intensity at 266 

nm and the concentration of the ligand. To estimate the extinction coefficient the 

following equation was used on the intensity replicates: 

Ɛligand = 
(Abs2−Abs1)

(Conc.2−Conc.1)
 

Where:  Abs2 = intensity at higher concentration, Abs1 = intensity at lower 

concentration, Conc.1 = higher concentration, Conc.2 = lower concentration. 

The calculation of the extinction coefficient allowed for the estimation of the 

phenanthroline ligand concentration in the AFt_K68C-Phen bioconjugation reaction. 

The UV intensity recorded for the AFt_K68C-Phen sample at 266 nm was subtracted 

with the intensity produced by the AFt_K68C spectrum at the same concentration 

(assessed by Bradford) and used in the Beer Lambert law as follows: 

𝑐 = 𝐴/𝜀𝑙 

Where c = phenanthroline ligand molar concentration, A= AbsAFt_K68C-Phen– AbsAFt_K68C, 

Ɛ = extinction coefficient of phenanthroline ligand, l= cuvette path length. 

 

Appendix 7.A: ESI spectrum of copper-1,10-phenanthroline  
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Appendix 7.B: UV-vis spectrum of copper-1,10-phenanthroline 

 

 

Appendix 7.C: ESI and 1HNMR spectra of 2-bromo-N-(1,10-

phenanthrolin-5-yl)acetamide 
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Appendix 7.D: ESI and 1HNMR spectra of N-methyl-N-

phenylpicolinamide 
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Appendix 7.E: 1HNMR spectra of ethyl-N-phenylcarbamate 
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