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Abstract 

Patients with thalassemia, myelodysplastic syndromes, sickle cell disease and other acquired anemia 

require life sustaining and often repeated red blood cell transfusions. Since humans lack an iron excretion 

pathway, excess iron results in systemic iron overload either due to an underlying genetic component or 

acquired through disease pathogenesis or repeated transfusions. Toxicity arises from the generation of 

reactive oxygen species and elicits considerable damage. The resulting iron toxicity accounts for a majority 

of premature deaths, primarily from liver and heart dysfunction and failures. The current standard of care 

for the treatment of transfusion-dependent iron overload is iron chelation therapy, which effectively 

reduces the toxicity associated with labile iron by lowering the iron burden. However, the toxicity, shorter 

circulation time and non-specificity of the current iron FDA approved iron chelators proved challenging 

and patient compliance are poor for this life-long therapy.  

Recently, Dr. Kizhakkedathu’s team developed a macromolecular iron chelating system with decreased 

toxicity, increased half-life and iron excretion profiles compared to the current standard iron chelator, 

deferoxamine in mice. Further, since the discovery of the asialoglycoprotein receptor and its specificity 

for N-acetyl galactosamine, there has been significant research pertaining to liver targeting and delivery 

of various drugs. Thus, we hypothesize that a macromolecular iron chelating system conjugated with liver 

targeting groups would enhance the iron removal from liver thereby preventing complications due to iron 

overload. 

In this thesis, a novel class of liver targeted macromolecular iron chelators were developed for the 

treatment of iron overload. The macromolecular scaffold was optimized for hepatocyte uptake in vitro 

and HPG-GalNAc50 and HPG-TAG2 were selected for iron chelation. The tolerability, biodistribution, and 

excretion of liver targeted iron chelating systems, HPG-DFO-GalNAc and HPG-DFO-TAG, were investigated 

in vivo. Remarkably, HPG-DFO-GalNAc and HPG-DFO-TAG exhibited significant hepatocyte accumulation 

with immediate lysosomal localization and subsequent rapid excretion with over 70% eliminated within 

24 h. Liver targeted iron chelating systems with higher DFO units translated into superior systemic iron 

removal in a mice iron overload model. This thesis demonstrates the utility of liver targeted iron chelator 

for the removal of excess iron.  
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Lay Summary 

Blood disorders, such as thalassemia, are a major global health concern and patients require regular blood 

transfusions. Over time, these patients develop iron-overload. This complication arises because blood 

transfusions introduce excess iron and humans lack ways to excrete iron. Excess iron is dangerous and can 

result in organ failure, particularly liver and heart failures, and death. Currently, iron overload is treated 

with drugs, referred to as chelators, that selectively bind iron. Since these chelators are readily excreted, 

iron is removed with them. However, these chelators are limited by their ability to remove iron and are 

toxic because they interact with other organs non-specifically. As such, iron overload remains a major 

concern affecting major organs, including the liver. 

Currently, no liver targeted chelator exists. In this thesis, liver targeted chelators were developed by 

attaching chelators and liver specific sugars to a polymer. Liver targeted chelators removed iron better 

than current chelators.  
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Chapter 1: Introduction 

1.1. Iron in the body 

1.1.1. Role of Iron 

Iron is an essential mineral for all eukaryotes; it serves as a prosthetic group for a variety of proteins 

involved in central cellular processes. These include DNA synthesis (e.g., ribonucleotide reductases, DNA 

polymerases)1, respiration (e.g., cytochromes in the electron transport chain)2 and oxygen transport (e.g., 

hemoglobin and myoglobin)3. Iron’s unique ability to serve both as an electron donor and acceptor 

endows its versatility as a biological catalyst. However, this facile property that permits cyclic redox 

reactions has enormous damaging potential through the Haber-Weiss reaction4–6 (Figure 1); free redox 

active iron catalyzes the production of hydroxide anions and hydroxide radicals increasing cellular reactive 

oxygen species (ROS) resulting in non-specific oxidative damage.5–7 These radical species disrupt 

metabolic functions resulting in cell cycle arrest8 and apoptosis9 through peroxidation of cellular 

organelles and biological molecules, including proteins, lipids and DNA.10,11  

 

Figure 1. The Haber-Weiss reaction for the generation of hydroxyl radicals. The Fenton reaction (1) 

explains the decomposition of hydrogen peroxide by Fe(II). The sum of iron-mediated radical generation 

(3) is known as the Haber-Weiss reaction. 

1.1.2. Iron homeostasis in the human body 

Vertebrates have evolved highly specialized mechanisms to maintain cellular iron homeostasis via the 

coordinated regulation of iron uptake, storage, export, and recycling (Figure 2A). The adult human body 

maintains a total of 3 – 5 g of iron throughout their lifespan. Systemic iron homeostasis involves intestinal 

iron uptake, iron utilization in hemoglobin, iron recycling in the reticuloendothelial system and iron 

storage predominantly in the liver. 



2 

 

Figure 2. Iron acquisition, distribution and storage under (A) healthy and (B) iron overload conditions. 
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1.1.2.1. Iron acquisition 

Normally, iron is only acquired through dietary iron, classified as either non-heme or heme iron, and 

accounts for minor obligate losses including desquamation and sloughed mucosal cells.12–14 Since 

intestinal iron uptake is small, usually between 1 to 2 mg of iron per day, the regulation of iron uptake is 

critical because there is no known physiological pathway for iron excretion. 

Dietary non-heme iron is absorbed at the brush border of duodenal enterocytes through the concerted 

action of the membrane-associated ferrireductase duodenal cytochrome B, which reduces ferric (Fe3+) 

iron into ferrous (Fe2+) iron, and the divalent metal transporter 1 (DMT1), which then transfers Fe2+ into 

the enterocytes.15–17 Heme iron is taken up by a process that is not yet well characterized18; literature 

suggests that intestinal heme is possibly internalized via receptor mediated endocytosis19,20 or by a high-

affinity heme transporter, heme-responsive-gene-121,22.  

1.1.2.2. Iron transport and utilization 

Iron is then transported out of the enterocytes, through the only known iron exporter – ferroportin, and 

shuttled by transferrin (Tf) via the portal blood for downstream metabolism systemically. Ferroportin, 

encoded by the SLC40A1 gene, is responsible for cellular iron export in other cells including macrophages 

and hepatocytes.23–25 In enterocytes, the basolaterally located ferroportin works in conjunction with the 

membrane-bound hephaestin or soluble ceruloplasmin, ferroxidases that oxidize Fe2+ to Fe3+, to load 

extracellular iron into Tf.14,24,26,27 Transferrin (Tf), an abundant plasma transport protein that tightly binds 

ferric iron (Fe3+), is responsible for almost all of the distribution of iron within circulation.28 Holo-Tf 

maintains two Fe3+ ions in a redox-inert state whilst facilitating regulated iron transport and uptake.  

Almost all dietary iron is incorporated into heme. The majority of heme synthesis takes place in developing 

erythroid cells in the bone marrow, whereas the remaining occurs in the liver.29 The heme pathway is a 

series of sequential reactions that takes place in both the mitochondria and the cytosol.29–31 Heme is an 

essential co-factor involved in multiple biological processes including oxygen transport and storage, 

electron transport and as a catalyst for redox reactions.31 
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Analogous to heme, iron-sulfur clusters serves as prosthetic groups required for a wide variety of proteins 

involved in electron transport, forming substrate binding sites and promoting enzymatic process, and 

acting as metabolic sensors.3,32 This is another major metabolic pathway that consumes iron within the 

mitochondria 

1.1.2.3. Iron recycling and storage 

Macrophages in the reticuloendothelial systems, particularly the liver and the spleen, phagocytose and 

clear senescent or damaged red blood cells (RBCs) from circulation in order to recycle the iron.33 Engulfed 

RBCs are digested by hydrolytic enzymes in phagolysosomes releasing heme from hemoglobin, which is 

then degraded by heme oxygenase 1 to release iron, biliverdin and carbon monoxide.22 In doing so,  the 

recycled iron is either reincorporated in the bone marrow by erythrocyte precursors as heme or stored in 

hepatocytes.33  

Iron is safely stored with ferritin. Ferritin serves as an iron depot and its biological significance is two fold; 

first, the combination of heavy and light chains that fold in a helical bundle result in a large cavity that can 

accommodate up to 4500 iron atoms, and secondly, ferritin sequesters redox-active ferrous iron into a 

stable inert ferric iron coordinated with the ferrihydrite core of ferritin.3,34–36  

Under normal conditions, liver is the primary organ for iron storage since hepatocytes are the major site 

for ferritin synthesis.  As a result, the liver plays a critical role between iron storage and systemic iron 

homeostasis. 

1.1.2.4. Systemic iron regulation 

Systemic iron homeostasis is primarily regulated by hepcidin. Hepcidin is an iron regulatory peptide 

hormone predominantly produced by hepatocytes.37–42 While, hepcidin is also synthesized by 

macrophages and cells in other non-hepatic tissues, only hepatocyte-derived hepcidin regulates systemic 

iron homeostasis.27,42–45 To date, hepcidin is only known to be transcriptionally regulated; stimulatory 

pathways include iron loading and inflammation, while inhibitory pathways include iron deficiency, 

hypoxia and erythropoiesis.44,46 Hepcidin expression is regulated by both plasma iron and tissue iron 

stores, which may allow both iron status indices to regulate systemic iron.44 
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The hepcidin/ferroportin axis is the primary regulator for systemic iron homeostasis because hepcidin 

modulates the expression of ferroportin. At a molecular level, hepcidin binds to ferroportin and induces 

ubiquitination of lysine residues in the cytosolic loop of ferroportin within minutes.47 This induces 

endocytosis of ferroportin for subsequent proteolysis in the lysosomes.47–49 It is unclear whether 

internalization is mediated by clathrin or other alternate endocytic machinery.50 Therefore, under iron 

replete conditions, hepcidin expression is up regulated to decrease intestinal absorption of iron and the 

efflux of iron into circulation by decreasing ferroportin expression.33 While, under iron deplete conditions, 

dietary iron absorption is increased by down regulating hepcidin expression in order to increase 

ferroportin expression on enterocytes thereby increasing the efflux of iron in circulation.33 

1.1.3. Cellular iron  

1.1.3.1. Metabolically active iron 

In circulation, greater than 95% of iron is bound to transferrin.33 At a cellular level, transferrin-bound iron 

(TBI) is acquired via receptor-mediated endocytosis following the interaction between holo-Tf and its 

receptor, the ubiquitously expressed transferrin receptor 1 (TfR1).26,51 Acidification of the endosome 

induces a conformational change in the Tf:TfR1 complex, releasing Fe3+. The liberated iron is reduced by 

a ferrireductase, STEAP3, and transported across the endosomal membrane into the cytosol by DMT1.51,52 

The apo-Tf:TfR1 complex is shuttled back to the cell surface, where the apo-Tf is recycled back into the 

blood stream.  

Alternatively, under pathophysiological conditions of iron overload, excess iron circulates bound to a 

mixture of low-molecular weight molecules, collectively referred to as non-transferrin-bound iron 

(NTBI).53,54 NTBI is rapidly taken up by hepatocytes along the sinusoidal membrane; a reductase converts 

Fe3+ of NTBI to Fe2+, possibly by prion protein55,56, which then translocates via the ZIP14 transmembrane 

metal-ion transporter.57–59  

Newly acquired cellular iron enters a poorly-characterized, transient pool of redox-active iron complexes 

– the labile iron pool (LIP).60–62 The evidence for the existence of such a pool comes from studies that 

mobilize intracellular iron with chelators, which suggest that the LIP exists as a mixture of low molecular 

weight complexes.30,63 Recent investigations suggest the presence of iron chaperone proteins that 

maintain and distribute iron in a redox-stable state; monothiol glutaredoxins are involved in cytosolic iron 
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distribution and iron-sulfur cluster assembly, and mammalian poly(C)-binding proteins have been 

identified as chaperones involved in ferritin mineralization and by binding to DMT1 to regulate the influx 

of iron from Tf-TfR1 receptor mediated endocytosis.64–69 

The LIP plays a key role in cellular iron homeostasis as it serves as a cross-roads of metabolic pathways.62 

As such, the LIP was exclusively thought to exist in the cytosol, however emerging evidence indicates the 

presence of LIP in other subcellular compartments including the nucleus, mitochondria – the main site for 

iron metabolism involving heme and iron-sulfur cluster synthesis – and endosomes/lysosomes – involved 

in the degradation of iron-containing molecules and organelles.70–72 Figure 3 is a diagrammatic  

representation for the fate of cellular iron. 

 

Figure 3. Diagrammatic representation of the fate of cellular iron. Cells acquire iron either as transferrin-

bound iron (under normal conditions) or non-transferrin-bound iron (under pathological conditions of 

excess iron). Once internalized, this iron enters a labile iron pool. Depending on the cellular demands, this 

iron is either utilized, stored or exported back into circulation. 
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1.1.3.2. Cellular iron regulation 

Cellular iron homeostasis is distinct from systemic iron regulation in order to meet its individual iron 

requirement. Cellular iron uptake, storage and export is regulated post-transcriptionally by the mRNA 

binding proteins iron regulatory protein (IRP) and iron response elements (IRE) system.73,74 IRPs bind to 

the IREs in the untranslated regions (UTRs) of mRNA transcripts of key proteins in iron metabolism; IRP 

binding to IREs in the 5’ UTRs result in suppressing the translation of the mRNAs including ferritin and 

ferroportin, whereas IRP binding to IREs in the 3’ UTRs result in enhancing stability of mRNAs including 

transferrin receptor 1 (TfR1) and divalent metal transporter 1 (DMT1).26,73  

This IRP-IRE system enables rapid changes in key iron metabolism proteins in response to intracellular iron 

concentration.73,74 Under iron-replete state, IRPs have decreased IRE binding activity which results in 

increase translation of iron storage and export proteins, ferritin and ferroportin, and decreased 

translation of iron uptake proteins, TfR1 and DMT1.23,52 The opposite occurs under iron-deplete state; 

IRPs readily bind to IREs which result in decrease translation of ferritin and ferroportin, and increased 

translation of TfR1 and DMT1.  

1.2. Iron overload 

Humans lack a proper physiological pathway for the removal of iron. Consequently, iron homeostasis 

relies on a complex feedback mechanism between iron acquisition, utilization and storage. Iron overload 

disorders can develop and iron can accumulate in the liver due to a disturbance in iron homeostasis 

(Figure 2B), which results in a wide array of conditions and diseases; 1. Primary iron overload – a genetic 

predisposition that impacts key elements of iron homeostasis results in various types of hereditary 

hemochromatosis, 2. Secondary iron overload – hemosiderosis develops secondary to systemic diseases, 

typically due to ineffective erythropoiesis, and the subsequent regular transfusions needed to ameliorate 

it, and 3. Cirrhosis-related hemosiderosis due to chronic liver diseases and dietary iron overload.75–79 

1.2.1. Primary iron overload  

Iron overload in hereditary hemochromatosis (HH), also referred to primary iron overload, is due to a 

genetic predisposition that mis-regulates key elements involved in iron homeostasis – including the HFE 

protein, hepcidin production, transferrin receptor 2 and ferroportin, which result in an abnormal increase 
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in iron absorption.80 HH presents with increased iron biomarkers, such as serum iron and ferritin 

concentrations, total iron-bind capacity, serum transferrin saturation, and hepatic iron concentrations.81 

Moreover, iron deposits in parenchymal organs, notably the liver amongst others, and may result in 

cirrhosis, cardiomyopathy and diabetes.80 The risk of liver cancer also increases by 200 fold.80 

Most cases of HH are associated with a mutation in the HFE gene, clinically classified as Type 1 HH. The 

HFE protein complexes with transferrin receptor 2 control hepcidin regulation.82 Consequently, abnormal 

HFE protein results in excessive iron accumulation by decreasing hepcidin production and secretion from 

the liver,  as well as over stimulating iron absorption in duodenal enterocytes.83,84 The average prevalence 

for type 1 HH was 0.4% for homozygous mutations and 9.2% for heterozygous mutations.83,85 Despite the 

high prevalence, the penetrance was low due to the autosomal recessive inheritance as well as other 

genetic and environmental factors affecting the phenotypic presentation.83 

Non-HFE hemochromatosis are rarer forms of HH, with allele frequencies below 0.001%.83 In juvenile 

hemochromatosis, also classified as Type 2 HH, hepcidin production is decreased due to a mutation in the 

transcription regulator, hemojuvelin (Type 2A HH), or in the hepcidin peptide itself (Type 2B HH). This 

form of hemochromatosis presents before the age of 30 years.80 Further, mutations in the transferrin 

receptor 2 (TfR2) are classified as Type 3 HH. Although the function of TfR2 is presently unknown, current 

works propose a regulatory role for TfR2 involved in the activation of hepcidin.86 Lastly, mutations in 

ferroportin, classified as Type 4 HH, also result in iron overload though the phenotypic presentation can 

vary. Mutations in ferroportin can result in either a loss of sensitivity to hepcidin, which results in an iron 

overload similar to hepcidin deficiency, or in a loss of iron export function, which results in iron 

accumulating predominantly in macrophages.83,87 

1.2.2. Secondary iron overload 

In secondary iron overload, hemosiderosis occurs secondary to hematologic disorders associated with 

ineffective erythropoiesis. Main erythroid disorders that can lead to iron overload include the thalassemia 

syndromes, sideroblastic anemias, congenital dyserythropoietic anemias and acquired myelodysplastic 

syndromes.88 Inherited hemoglobin disorders are considered as the most pervasive monogenic diseases 

worldwide.89 Thalassemia syndromes arise from a genetic mutation from either defective -globin and -

globin synthesis. While mutations in -globin are typically asymptomatic, impaired -globin production 

results in the expansion of erythroblasts and leads to chronic anemia.28,90 It is estimated that 1% to 5% of 



9 

the global population are carriers for thalassemic mutations and this disease is highly prevalent the 

regions surrounding sub-Saharan Africa, the Mediterranean and the Middle East, and the Indian 

subcontinent.89 Alongside this, myelodysplastic syndromes (MDS), a heterogenous group of myeloid 

neoplasms, are associated with ineffective and irregular hematopoiesis that affects 4 individuals out of 

every 100,000 individuals in the United States with the incidences substantially rising with age.91 

Patients suffering from ineffective erythropoiesis undergo rapid iron turnover, over 10 times greater than 

individuals with normal erythropoiesis77, and experience increased intestinal resorption of iron.92 In 

addition to this, patients also require frequent and chronic red blood cell transfusions to address the 

ensuing anemia.75,76 A patient is deemed to be transfusion-dependent when they receive an average of 2 

RBC units per month.93 Despite strict monitoring of serum ferritin levels and liver iron concentrations, iron 

overload and hemosiderosis can still develop.93  

Each transfusion introduces approximately 250 mg of iron; transfused heme-bound iron gets turned over 

as they near the end of their life span and recycled for further use.94 Initially, this excess iron is safely 

bound to transferrin or stored in ferritin within reticuloendothelial macrophages.76 As the iron burden 

increases beyond the capacities of macrophages, excess iron is stored within hepatocytes.95 Under normal 

physiological conditions, liver iron content is usually less than 1 mg iron per gram of liver.96 However, in 

patients suffering from iron overload, the liver iron content can exceed 15 to 20 mg iron per gram of 

liver.97  Gradually, the accumulation of iron saturates transferrin and gives rise to non-transferrin-bound-

iron (NTBI) in the serum, which is rapidly taken up by various organs, including the liver, heart, brain, and 

pancreas, contributing to the redox-active intracellular labile iron pool.53,54,60,61 Hemosiderin deposits also 

accumulate within various tissues.98–100 The increase in bioactive iron induces oxidative stress and 

damage, resulting in the clinical manifestation of liver fibrosis, cirrhosis and hepatocellular carcinoma.94 

Liver dysfunction and failure, along with heart failure, account for over 75% of premature deaths in 

patients despite extensive treatment.101,102 

1.2.3. Cirrhosis-related iron accumulation  

Chronic liver disease (CLD) results in the progressive destruction of regenerative parenchyma leading to 

fibrosis and cirrhosis. Cirrhosis disrupts liver architecture, with fibrotic bands and vascular distortion, and 

leads to portal hypertension and liver failure. There are various etiologies for CLD that are either metabolic 

– non-alcoholic fatty liver disease, viral – hepatitis infections, toxin-induced – most commonly seen in 

alcoholic liver disease, or autoimmune diseases.103–106 CLD incidences have been reported to increase 
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annually, ranging from 1% to 2%.103,107 In 2017, 1.5 billion persons had CLD resulting from non-alcoholic 

fatty liver disease (60%), hepatitis infections (38%) and alcoholic liver disease (2%).108,109 CLD also 

accounted for 3.5% of deaths worldwide.110 

Non-alcoholic fatty liver disease (NAFLD) includes a spectrum of liver dysfunctions including hepatic 

steatosis, non-alcoholic steatohepatitis and cirrhosis.103,108 Characteristic findings pertaining to iron 

biomarkers in patients for NAFLD include hyperferritinemia, normal to mildly elevated transferrin 

saturation, and mild liver hemosiderosis.103 Although the mechanism for excess iron observed in NAFLD is 

still sought after, it is believed to be due to the combination of iron leakage, from necrosis and cell death, 

and leptin-induced hepcidin production which results in iron accumulation in Kupffer cells.103 

Hepatitis infections are often asymptomatic but can lead to liver damage. Hepatic iron accumulation and 

iron overload are mainly found in patients infected with hepatitis C virus – 30% to 40% of patients have 

elevated iron biomarkers including serum iron, ferritin and transferrin saturation.103 Recent findings 

suggest a hepatitis C virus-mediated suppression of hepcidin transcription which leads to iron 

accumulation.103 

Alcoholic liver disease (ALD), which includes hepatitis, steatosis, fibrosis and cirrhosis, is a major liver 

disease in developed countries and characterized by hepatic iron overload in half of its patients.103 ALD is 

associated with elevated serum ferritin concentration, transferrin saturation, liver iron content, and a 

decrease in hepcidin levels.103 Ethanol has been proposed to down-regulate hepcidin, which increase 

intestinal iron absorption and the efflux of iron into circulation.103 Excess hepatic iron and ethanol cause 

oxidative stress which exacerbates liver injury. 

While the underlying mechanisms leading to cirrhosis-related hemosiderosis is still under investigation, 

iron accumulation is often associated with disease progression and further complications leading to 

hepatocellular carcinoma.103,108  
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Figure 4. The structures of reported iron chelators - both FDA approved and potential candidates. 
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1.3. Iron chelation in the treatment of iron overload 

The current standard of care for the treatment of transfusion-dependent iron overload is iron chelation 

therapy utilizing small organic molecules (Figure 4); iron chelators bind specifically to iron (III) and these 

chelates are readily eliminated via the urine and/or feces, hence lowering the iron burden.76,77,94,111 As 

such, iron chelation treatment lowers the redox active iron concentrations and, subsequently, reduce 

oxidative damage and iron-induced toxicities.5,7,60,112–114 The design of these chelators require optimized 

circulation half-life, high specificity and affinity for iron, cell membranes permeability, toxicity, tolerability, 

and mode of administration to have maximal efficacy. 

Iron chelation is used to manage the iron burden in patients, who suffer from hemoglobinopathies or 

myelodysplastic syndromes, receiving upwards of 10 transfusions.94 In addition to transfusion dependent 

iron overload pathogenesis, iron chelators have been extensively investigated as a potential therapy in 

different diseases including cancer, neurodegenerative diseases, diabetes, and infections.115–127 Currently, 

there are only 3 FDA approved iron chelators (Figure 4); deferoxamine (DFO, Desferal, desferrioxamine 

mesylate), deferiprone (DFP, L1, Ferriprox), and deferasirox (DFX, Exjade, Jadenu). 

1.3.1. FDA approved chelators 

1.3.1.1. Deferoxamine 

Desferal is the first iron chelator to be FDA approved in 1968. This hexadentate fungal siderophore stably 

binds iron, at a 1:1 molar ratio with an iron binding affinity of 26.6 (p[Fe3+]), such that it is no longer redox 

active.4,128 The iron chelated is from DFO interacting with either NTBI present in plasma which is then 

renally cleared or hepatocellular iron, after being actively acquired, which undergoes biliary 

excretion.94,128–130 DFO chelation therapy has been shown to effectively reduce serum ferritin, hepatic and 

myocardial iron burden.131–133 The effectiveness of DFO is demonstrated by improved survival, with a 

significant drop in mortality by age 20, and decreased morbidity, with a reduction in the incidence of iron-

induced heart disease, diabetes and hypogonadism.128,134  

However, the main limitation is poor adherence due to the mode of administration as well as the adverse 

effects. DFO chelation requires either intravenous or subcutaneous administration over 8 to 24 hours a 

day, 5 to 7 days a week at a dose of 20-40 mg/kg/day. This is because it is not orally available, due to its 
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large hydrophilic structure, and has a very short half-life of 20 to 30 minutes.4 In addition, patients can 

also experience severe neurotoxicity, hypersensitivities and ophthalmological impairment at these 

doses.101,130,135–137 In the event of an infection, patients no longer receive DFO since it DFO is a siderophore 

and iron bound to DFO can be used by bacteria, viruses and fungi.  

1.3.1.2. Deferiprone 

Deferiprone underwent clinical trials in the 1980s and was licensed in several countries in the 1990s 

before being approved by the FDA in 2011. This small molecular weight synthetic bidentate chelator that 

binds iron with an iron binding affinity of 19.9 (p[Fe3+]) at 3:1 molar ratio of chelator to iron.128,138 This 

small lipophilic chelator is administered orally, in 3 divided doses, and has a half-life between 3-4 

hours.4,138  

In patients suffering from transfusional iron overload secondary to thalassemia, DFP chelation therapy 

significantly lowers serum ferritin, similar to DFO after 12 months.139 The effect was greater in patients 

with higher serum ferritin baselines, upwards of 2,500 g/L.140,141 Furthermore, DFP can also mobilize 

intracellular iron from the liver and the heart, although its efficacy is conflicted. An average decrease in 

liver iron concentrations was reported at 30 months of chelation, however, several other trials showed 

an initial decrease at 6 months followed by an increase at the 33rd month of chelation.111,142,143 Similarly, 

a reduction in myocardial iron burden was observed at higher DFP dose (92 mg/kg) with improved heart 

functions, but not at a lower dose of 75 mg/kg.139,142 

Oral administration of DFP offers an advantage with regards to patient compliance and there are several 

clinical trials underway investigating different oral formulations for improved pharmacokinetic and 

pharmacodynamic properties.144,145 However, efficacy with DFP therapy is greatly limited because it is 

readily metabolised by the liver, which diminishes the iron coordination.138,146 Due to the 3:1 

stoichiometry required to stably bind iron, incomplete iron chelation can still render them to be redox 

active and elicit subsequent oxidative damage.138,147,148 Moreover, patients can also experience severe 

side effects including gastrointestinal discomfort, agranulocytosis and neutropenia.138  
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1.3.1.3. Deferasirox 

Deferasirox is the most recent iron chelator to be approved by the FDA, in 2005, for the treatment of 

transfusion associated iron overload.128,149 This synthetic tridentate iron chelator binds to iron at a 

stoichiometric ratio of 2 chelator per iron, with an iron binding affinity of 22.6 (p[Fe3+]).128 DFX is also orally 

bioavailable, like DFP, and, due to its half-life of 12-16 hours, it allows for a once-daily administration.128,149 

This chelator has the longest circulation time of all the FDA approved iron chelators and is present in 

plasma for more than 24 hours with 90% in the free drug from.150  

Iron chelation therapy with DFX has shown a significant reduction in serum ferritin, liver and heart iron 

burden.131,133,151,152 A dose-dependent reduction in serum ferritin and liver iron content was observed over 

a 1 year period in thalassemia major patients; treatment with 20 mg/kg DFX daily stabilized serum ferritin 

and maintained liver iron content, whereas treatment with 30 mg/kg DFX daily significantly reduced both 

serum ferritin and liver iron content.131 When comparing DFX to DFO, DFX significantly reduced serum 

ferritin whilst having similar safety evaluations as DFO.131,153 In addition, similar to DFO, DFX significantly 

reduced cardiac iron.132 

DFX offers significant improvement in patient compliance, due to its daily oral dosing and long half-life, as 

well as being the first to be formally assessed in children as young as 2 years old.154 Despite this, several 

studies report severe side effects including renal toxicity, thrombocytopenia, gastrointestinal discomfort 

and hepatic dysfunction.128,155 

1.3.2. Advancements for iron chelators 

So far, only three chelators are approved by FDA for iron chelation therapy and numerous chelators have 

been in different stages of clinical trials. As such, there is value in designing and developing new Fe(III) 

specific chelators with ideal properties; chelators must have a high therapeutic index with minimal toxicity 

to allow for the mobilization and elimination of labile iron, from the plasma as well as intracellularly, such 

that it offers hepatic and cardiac protection from iron-induced toxicity. In addition, the mode of 

administration and dosage will impact patient compliance and the subsequent economic burden. 
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1.3.2.1. Small molecule iron chelators 

There is a huge demand in designing and developing new Fe (III) specific chelators with ideal properties 

including high iron binding, efficacy, and excretion with minimal toxicities. A number of chelators, 

including family of hydroxypyridinones, polyphenols, semicarbazones (PIH) desferrithiocin derivatives, 

clioquinols (PBT2), curcumin hybrids, and dopamine receptor agonist hybrids (D607)  have been 

intensively investigated in different preclinical as well as clinical studies.115,116,156–166 For example, in order 

to improve selectivity toward iron (III), N,N′-bis(2-hydroxybenzyl)- ethylenediamine-N,N′-diacetic acid 

(HBED) was developed, which binds with ferric iron very strongly (log K1 = 40).164 In addition, 

hydroxypyridinone and hydroxypyranone hexadentante ligands were synthesized with varying iron 

binding constants ranging from pFe3+ 27.6 to 23.5.165 

Moreover, a desferrithiocin derivative FBS0701, is currently studied in different clinical trials, particularly, 

for treating thalassemia and sickle cell anemia with transfusional siderosis.162,163 In a multicentre phase 2 

study, the safety and tolerability of FBS0701 at therapeutic doses compared favourable with other oral 

chelators. Further, this novel oral once-daily chelator also demonstrated iron chelation efficacy by 

decreasing liver iron content in at least 44% of the patients over a 24-week period.162,163 FBS0701 has also 

been investigated as an antimalarial agent and blocks transmission.166 

1.3.2.2. Macromolecular iron chelators 

Low molecular weight iron chelators are often associated with toxicities, due to non-specific distribution 

and off-site interactions, as well as relatively short circulation half-lives. Macromolecular approaches 

circumvent these shortcomings, principally by increasing their molecular mass, and have been well 

documented in enhancing iron chelator’s biological activity.167–171 Macromolecular approaches can be 

categorized intro three broad classes (Figure 5); polymeric iron chelators, polymer conjugates of small 

molecular chelators, and polymeric nanoparticle formulations.  
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Figure 5. A visual representation of macromolecular chelators - (A) polymeric chelators, (B) polymer 

conjugates of small molecular chelators, and (C) polymeric nanoparticle formulations.  
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Polymeric iron chelators 

Polymeric chelators are polymers that have inherent chelating moieties present as part of their backbone. 

Most often the monomer itself acts as an iron chelator and is incorporated into the polymer backbone to 

generate a macro-chelator (Figure 5A).172 This approach allows for higher binding affinities for iron 

because the flexibility in the backbone can enable better coordination bonds and sequester iron in the 

interior of the polymer.172–174 Further, surface modifications of polymeric iron chelators can also improve 

its cell targeting ability. Various polymeric chelators of the hexadentate monomeric chelator, 

hydroxypyridin-4-one, are well known for their enhanced solubility and high iron binding coefficients.  

For instance, polymeric chelator was developed via copolymerization of 3-hydroxypyridin-4-one and 2-

hydroxyethyl acrylate and showed a binding constant of 1033 for Fe(III), which is relatively high in 

comparison to other small molecule Fe (III) chelators such as DFO.172 Similarly, a multiple hydroxamic acid 

containing PEG-type tri block polymeric chelators exhibited a polymeric architecture-dependent iron 

binding constants ranging from log K1 of 11 to 28.3.175 Further, a novel co-polymer chelator, DIBI (poly[(N-

vinylpyrrolidone)-co-(3-hydroxy-1-[N-(methacrylamido)ethyl]-2-methylpyridin-4(1H)-one), exhibited in 

vivo anti-infective activity in 2 distinct methicillin-resistant Staphylococcus aureus mouse models, as well 

as anti-inflammatory and anti-bacterial effects in an experimental sepsis model.174,176–178 

These systems have demonstrated potential clinical utility in iron overload as well with enhanced 

elimination of iron after intraperitoneal administration, as well as significantly reduced intestinal iron 

absorption.179–181 

Polymer conjugates of small molecular chelators 

Macromolecular chelators are also generated by the conjugation of small molecular Fe(III) specific 

chelators to polymeric scaffolds (Figure 5B).182–184 In general, polymer selection depends on various 

physical and chemical characteristics including water solubility, simplicity of synthesis and 

functionalization, and biocompatibility.185 Several families of polymers, including polyglycerol182–184,186, 

poly-L-lysine187, dextran188, hyaluronic acid189, hydroxyethyl starch188,190, alginate191, polyallylamines173,181, 

polyrotaxanes192, and nanogels193,194 have been conjugated with chelators. Chelators often used for this 

approach are well characterized with defined iron binding parameters. Efforts have focused around the 
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modification of DFO because its hexadentate ligand coordination bypasses the geometric arrangement of 

chelators to stably bind iron. 

Earlier reports used natural polymers, such as dextran, cellulose, starch, and hydroxyethyl starch.190,195,196 

DFO conjugated to dextran or hydroxyethyl starch showed improved circulation times and toxicity profiles 

whilst maintaining iron chelation.190 Similar observations were found for the modification of cellulose with 

DFO with a significantly reduction in serum ferritin.195 Impressively, the first human trails was conducted 

with DFO conjugated to starch and showed clinically significant iron excretion after a single dose.196 In 

addition, a wide variety of synthetic polymers have also been investigated to this end. For example, the 

use of polyethylene glycol (PEG), a FDA approved polymer, was reported to enhance biocompatibility and 

improve its toxicity while pro-longing its circulation times.186 More recently, our group developed and 

extensively investigated a novel semi-dendritic hyperbranched polyglycerol (HPG) polymer which offers 

many advantages, including biocompatibility, easy one-pot synthesis, an abundance of easily modifiable 

hydroxyl groups, low toxicity, and high water solubility.185,197 Conjugation of DFO to HPG demonstrated a 

substantial increase in the circulation time which also translated to significantly improve iron excretion 

profiles.183,184,198 Most of these systems showed enhanced therapeutic efficiency when compared to their 

native unconjugated small molecular chelator counterparts due to their extended circulation half-life and 

reduced toxicity. Figure 6 shows the structure of HPG. 

 

 

Figure 6. The chemical structure of an HPG-based macromolecular chelator. The blue circles represents 

DFO being decorated on HPG. 
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Polymeric nanoparticle formulations 

Formation of polymeric micelle nanoparticles is another prominent approach to improving efficacy, 

solubility, and controlled release of small molecular drugs (Figure 5C).118,199–203 A formulation of DFO using 

an amphiphilic copolymer, monomethoxypoly(ethylene glycol)(mPEG)-poly(lactic-co-glycolic acid) (PLGA), 

improved the delivery of DFO.200 Further, this strategy also improves organ targetability – a brain targeted 

DFO delivery system was developed using a rabies virus glycoprotein on a mPEG-PLGA DFO formulation.199 

In addition, polymeric micelle formed by self-assembly of deferiprone conjugated PEG-polypeptide 

copolymers improved its chelation efficiency.204 

1.3.2.3. Limitations with current iron chelation strategies 

Strategies to safely increase circulation times for DFO has shown to improve its chelation efficacy in vivo. 

However, a major limitation for long circulating therapeutics is the non-specific organ accumulation, 

especially to treat chronic illnesses.181,183,184,205,206 The challenge lies in maintaining its pharmacokinetic 

properties whilst preventing bioaccumulation. Researchers have focused on renal excretion by using 

polymer scaffolds that are sufficiently small in size to meet the kidney clearance limit, or designed renal 

clearable nanoparticles using charged polymers.187,207 Alternatively, biodegradable approaches have been 

designed that are either enzymatically cleavable, reactive oxygen species triggered or pH 

sensitive.182,205,206,208,209 Both enzymatically cleavable and ROS triggered polymers have been observed to 

degrade into smaller fragments followed by increased elimination when compared to DFO alone.205,206 

Further, in vivo efficacy also suggests a reduction in both serum ferritin and iron-mediated toxicity. 205,206 

However, a detailed biodistribution analysis of these systems is yet to be performed. On the other hand, 

pH-sensitive biodegradable polymers, synthesized as copolymers of HPG using ketal containing 

monomers, have been better characterized.208,209 This design yielded increased circulation times with less 

than 10% accumulation in organs, and enhanced iron excretion when compared to DFO alone.182 In 

addition to the non-specific distribution for long circulating therapeutics, increasing the circulation times 

for DFO may pose another challenge in patients that develop infections – especially since iron bound to 

DFO can be used by other organisms, particularly Yersinia.128  

These works are at the forefront of designing novel systems that improve the efficacy of DFO whilst 

minimizing its toxicity with the end goal to treat iron overload disorders. Currently, there are no liver 

targeting strategies for the delivery of DFO. The design and development of liver targeted iron chelating 
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systems will offer two unique advantages; first, a critical organ involved in iron homeostasis can be 

protected from iron mediated toxicity, and second, these systems can be eliminated through the hepatic-

biliary route minimizing non-specific accumulation. 

1.4. Rationale for targeting the liver 

1.4.1. The liver 

The liver is a vital organ critical for numerous physiological processes including iron homeostasis, 

metabolism, detoxification and immunity amongst others. The functional units are hexagonal-shaped 

lobules with a central hepatic venule and portal triads, including the portal vein, the hepatic artery and 

the bile duct, at each corner.210 The liver is unique in that it receives approximately 1.5 L of blood per 

minute via the portal triads – of which 75% is from the portal vein and 25% is from the hepatic artery  – 

and flows through the hepatic sinusoids into the hepatic venule.211–213 

Hepatic lobules are composed primarily of parenchymal cells or hepatocytes, and non-parenchymal cells. 

Hepatocytes account up to 80% of liver cells and carry out key metabolic and detoxification 

functions.211,214 These cells have physiologically distinct luminal membranes; the basolateral membrane 

interacts with the blood from the sinusoids whereas the apical membrane forms the bile canaliculi and 

excrete metabolic by-products into the bile duct.211,212 Non-parenchymal cells play a supportive and 

regulatory role within the liver and include the following; stellate cells store fat and vitamin A as well as 

playing a role in hepatic regeneration, Kupffer cells are resident macrophages, accounting for 80% to 90% 

of the body’s macrophage population, and are involved in innate immunity, and sinusoid endothelial cells 

are fenestrated with pores ranging from 50 to 180 nm which help regulate intrahepatic blood 

flow.211,212,215 

1.4.2. Liver targeting 

1.4.2.1. The asialoglycoprotein receptor 

The asialoglycoprotein receptor (ASGPR) plays a major role in the homeostasis of serum glycoproteins by 

clearing desialylated glycoproteins, including pro-thrombotic components, serum immunoglobin-A and 

cellular fibronectin.216–219 The ASGPR is expressed almost exclusively by hepatocytes, at densities of 0.5 to 

2 million ASGPR per hepatocyte, which far exceeds the extra-hepatic expression in testes, intestinal and 
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renal epithelial cells, macrophages and thyroid glands.220–225 Taken together, the vast accessibility to the 

vascular compartment with minimal expression elsewhere renders ASGPR as a valuable candidate for liver 

targeting.  

The ASGPR (Figure 7 and Figure 8) is composed of two distinct polypeptides, H1 and H2 subunits with a 

molecular mass of 50 and 46 kDa respectively.223 H1 and H2 subunits form a non-covalent heteromeric 

complex via coiled-coiled interaction, at a ratio of 2-5:1 respectively, and is basolaterally confined.226–229 

Both subunits are a single-spanning C-type transmembrane protein with a calcium dependent 

carbohydrate recognition domain; the H1 subunits mediates carbohydrate recognition and H2 subunit 

accounts for the expression and functional activity of the ASGPR.226,229–231  

The crystal structure of the carbohydrate recognition domain identifies key functional groups interacting 

with its carbohydrate ligands; the sugars’ 3- and 4- hydroxyl groups coordinate with the calcium ion226,232, 

requiring equatorial and axial orientation233, and circular arrangement of the hexose forms a hydrophobic 

patch which interacts with tryptophan’s indole side change226,234. Any modification of the 3- and 4- 

hydroxyl group or the introducing steric hindrance results in decreased binding.235 The anomeric and 6- 

hydroxyl interact with the solvent rather than the carbohydrate recognition domain.226 

  



22 

 

Figure 7. A representation of the asialoglycoprotein receptor (ASGPR). H1 and H2 subunits are 

represented by orange and green colors, respectively. The carbohydrate recognition domain is 

demarcated by the dark spot on each subunit.  

 

 

 

 

 

 

Figure 8. A ribbon diagram of the carbohydrate recognition domain on the H1 subunit of ASGPR. The 

two a-helices are shown in magenta, the b-strands in blue, the calcium ions in green and the three 

disulphide bridges in yellow. Both the N and the C terminus are on the bottom of the image. The division 

of the structure into two subdomains can be seen. Note the sharp bend in b-strand 3. The sugar binds to 

calcium ion 2 in front of the glycine-rich loop in the upper part of the picture (marked by a blackarrow). 

This structure has been described by Meier et al236 and has been reused with the appropriate permission. 

(License number: 4932120386970, Content publisher: Elsevier)  
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Figure 9. The structures of ASGPR-specific sugars. The ASGPR exhibits high affinities for Galactose (Gal), 

N-acetylgalactosamine (GalNAc) and triantennary N-acetylgalactosamine (TAG). These sugars were 

modified with an azide group to allow for convenient click-chemistry. The structure of TAG is novel with 

deliberate geometric constraints. The PEG linker was added to have optimal spacer length between 

terminal GalNAc units and orthogonal conjugation chemistry. TAG was designed by Dr. Srinivas Abbina 

and developed in our laboratory.  
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1.4.2.2. The ASGPR and ligand interaction 

The ASGPR exhibits high affinities for non-reducing terminal galactose (Gal) and N-acetyl galactosamine 

(GalNAc), 10 to 50 fold higher than Gal.237–239 Beyond the specificity these sugars, binding affinities also 

depends on its valency; Gal as a monosaccharide exhibits a dissociation constant (Kd) of 10-4 M whereas 

bi-, tri- and tetra-antennary terminal exhibit dissociation constants of 10-6, 5x10-9 and 10-9 M.236,240 Figure 

9 shows the structures of these sugars. 

The spatial arrangements in branched terminal Gal of GalNAc sugars significantly enhance ASGPR binding 

affinity due to the cluster effect - the simultaneous interactions with the carbohydrate recognition 

domains of different ASGPRs.223,240–243 The desirable spatial geometry for at least 3 Gal or GalNAc sugar 

spacing are 25-30 Å apart.242,243 In in vitro competition assays with radiolabelled asialo-oromucosoid, 

galactosides with a sugar spacing of 20 Å revealed an inhibitory constant of 0.2 M whereas galactosides 

with a sugar spacing of 4 Å had an inhibitory constant of 390 M.242,243 Interestingly, sugars exceeding 30 

Å precluded the cluster effect.237 

Further, the interaction between the ASGPR and its ligand is influenced by the glycosidic linkages.223 In 

monosaccharides, the anomeric configuration showed minimal effect on binding. However, in multi-

antennary sugars and glycoproteins, -linkages (1-3 linkages) resulted in approximately a 200-fold 

decrease in ASGPR affinity when compared to -linkages (1-4 linkages), which resemble endogenous 

ligands.237,244,245 This is likely due to the altered spatial arrangement surrounding the C3-OH which 

prevents the cluster effect on ASGPR binding.246 

Once ASGPR binds to its ligand, this complex migrates along the plasma membrane to clathrin-coated 

pits.223,247 These pits are formed by the polymerization of clathrin-1, with adapter and assembly proteins, 

and facilitate budding.248–250 Dynamin facilitates the separation of ASGPR-ligand vesicles from the plasma 

membrane.217,223 These endosomes then connect with the actin cytoskeleton and the endocytic machinery 

to migrate towards the acidic endocytic recycling compartment.251–253 At pH of below 6, the binding 

affinity for calcium ions in the carbohydrate recognition domain decreases and subsequently, the ASGPR-

bound ligand dissociates.217,254 The ligand is sorted to late endosomes which mature into lysosomes for 

degradation.223,254 The sorting of internalized ligand is influenced by association and dissociation rate 

constants, valency of ligand and its density.225,255 The ASGPR returns back to the plasma membrane via 
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the recycling endosomes for further clearance of desialylated glycoproteins.254 The ASGPR has a 

degradation half-life of 15 – 20 hours and an internalization turn-over time of up to 20 minutes.225,256–258 

1.4.2.3. Applications of ASGPR-mediated liver targeting 

The principal advantage of using ASGPR as a means to target the liver enables high drug concentration 

within the cells whilst minimizing generalized systemic distribution and toxicities. This is due to the high 

specificity for its ligands, the predominant hepatic expression of ASGPR and its efficient internalization 

kinetics. In addition to ligand identity and densities, the design of ASGPR mediated systems require 

particular attention with regards to particle size241,259–261, charge262,263, and hydrophobicity264–266. 

ASGPR-mediated systems show contradictory biodistribution findings for the effect of particle size on liver 

targeting. For instance, a tri-antennary GalNAc terminated glycosides incorporated into liposomes ranging 

from 30 to 90 nm, showed liver specific uptake with 85% uptake within 30 minutes of injection for 30 nm 

sized particles whereas particles larger than 70 nm did not result in ASGPR processing.241 In support of 

this, PEGylated nano-particles with similar anion charge and surface Gal densities showed hepatocyte-

specific accumulation for particles sized 50 nm and Kupffer cell-specific accumulation for particles sized 

140 nm.259 In addition, high density lipoproteins and low density lipoproteins, sized 11.2 nm and 22.2nm, 

derivatized with tri-antennary Gal moieties showed 96% and 93% uptake by the hepatic parenchymal cells 

after 10 minutes of dose.260,261 While there seems to be an upper size limit for ASGPR ligand processing in 

vitro and in vivo, gold sols coated with ASGPR glycoproteins, either asialofetuin or lactosylated bovine 

serum albumin, revealed hepatocyte uptake for particles sized only up to 7.8 nm whereas particles of all 

sizes (2.2 to 11.7 nm) were found in Kupffer cells and sinusoidal endothelial cells.267 On the other hand, 

DNA polyplexes with galactosylated poly-L-lysine, with particle sizes as large as 180 nm, were successfully 

targeted to hepatocytes.268 Similarly, the genetic delivery of luciferase using asialofetuin-protamine 

lipoplexes, particle size ranging from 180 to 300 nm, were found to be 12 fold higher.269 In addition, 

liposomes with soybean-derived sterylglucoside also exhibited high liver accumulation, despite being 200 

to 227.4 nm in size.270,271 

In addition to particle size, hydrophobicity and charges of these systems also influence ASGPR-mediated 

liver targeting of these systems. Hydrophilic nanocarriers, such as PEG or HPG, exhibit long circulation 

times and can readily bypass clearance by reticuloendothelial systems. A 2% to 5% PEGylation of 

lipoplexes improved pDNA expression by 63% and 77% respectively in HepG2 cells when compared to 

non-PEGylated lipoplexes.265 Moreover, positively charged systems interact electrostatically with the 
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anionic functional groups in the ASGPR.223 Lipoplexes with a higher cationic ratio revealed higher 

hepatocyte uptake via ASGPR.272 Galactosylated poly-L-lysine showed higher liver accumulation when 

compared to unmodified poly-L-lysine, with 98% hepatocyte uptake.263 Interestingly, comparing poly-L-

lysine and poly-gutamic acid systems, the effect of galactosylation was more evident in poly-glutamic acid 

systems. Taken together, the design of ASGPR-targeted systems for liver specificity is heavily influenced 

by the selection of macromolecular carrier. 

ASGPR mediated strategies have been extensively investigated for its liver targeting capabilities for drug 

and gene delivery.223,232,273 Many approaches have taken advantage of endogenous desialylated 

glycoproteins as natural ligands to the ASGPR in achieving liver-targeted delivery of various drugs. 

Amongst the plethora of glycoproteins, asialofetuin (AF) and asialo-oromucosoid (ASOR) have been 

utilized in drug and gene delivery. AF-labelled liposomes demonstrated rapid clearance from systemic 

circulation with 90% accumulating in the liver after 60 min of injection, unlike fetuin-labelled liposomes 

in vivo.274,275 Hepatocyte specificity was confirmed with competitively inhibition by co-treatment with 

unlabeled and unbound asialofetuin.274–276 Further, enhanced liver targeting improved the protective 

effect of vitamin E in mice modelled for acute liver injury.277 In addition, successful in vivo gene transfer 

was observed for asialofetuin-appended cationic liposomes for antitumor activity into liver tumours.278,279 

Similarly, ASOR conjugated to poly-L-lysine (PLL) was observed to rapidly accumulate in the parenchymal 

cells of liver; 63% of the radioactive injected dose found after 10 mins of the injection and 

immunohistochemical analysis confirmed hepatocyte-predominant uptake.280 This system was used for 

gene delivery with markedly higher transfection rates observed in vitro.280 In vivo, this system was used 

to deliver apoptin specifically to hepatocarcinoma cells, which showed significant signs of regression.281 

Lactoferrin, a glycoprotein belonging to the transferrin family, can also bind with the ASGPR amongst 

other receptors.282,283 This protein is unique in its binding kinetics is independent of galactose inhibition, 

suggestive of binding to a different site on the ASGPR.282,283 Lactoferrin conjugated to PLL conferred 

hepatocyte-specific gene transfer.284 More recently, lactoferrin-PEGylated liposomes containing 

doxorubicin demonstrated significantly improved antitumor efficacy against hepatocellular carcinoma 

when compared to non-targeted controls in vivo.285,286 

In addition to employing desialylated glycoproteins, hepatic targeting of drugs or genetic materials has 

been mediated through the direct galactosylation of various macromolecular carriers; dextran287–289, 

polyethylene glycol (PEG)170,264,285,286,290–295, poly-L-lysine (PLL)268,296–301, poly-glutamic acid302–305, 
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polyethylenimine (PEI)306–312, chitosan313–320, dendrimers321–328, and their derivatives303,304,329–345 have been 

galactosylated and investigated as macromolecular carriers. 

Doxorubicin was targeted to hepatocytes via galactose sugars as a cancer therapeutic and resulted in in 

vitro HepG2 toxicity318 as well as superior anticancer activity in phase 1 clinical trials330,337,338. Doxorubicin 

has also been targeted to hepatocarcinoma cells using polymeric drug carriers conjugated with lactobionic 

acid with improved liver cancer cell targetability and enhanced drug potency.316,343,346–348 Primaquine, for 

the treatment of malaria, has been delivered to the liver through either GalNAc or pullulan systems with 

increased hepatocyte uptake.288,305 Vitamin K has also been delivered to the liver using Gal system which 

resulted in continuous anti-hemorrhagic activity in a hemorrhagic mouse model.304,340 On the other hand, 

the delivery of small interfering RNA conjugated to GalNAc greatly limited off-target hepatocyte 

toxicity.349 DNA was delivered at a higher transfection rates, almost 6 times higher, using galactose.294,350  

Advances in ASGPR-mediated based targeting offers major advantages to address hepatocellular 

carcinoma, hepatitis and malaria, amongst others. In fact, the recent FDA approvals, Onpattro and 

Givlaari, of ASGPR-mediated systems to target silencing RNA to the liver further validates the success of 

this approach. Onpattro is a lipid nanoparticle formulation that delivers small interfering RNA molecules 

to inhibit the synthesis of transthyretin protein specifically in the liver, using GalNAc as the ASGPR-

mediated ligand.351,352 This nucleic acid-based strategy is currently used for the treatment of hereditary 

transthyretin amyloidosis, after showing improved in clinical outcomes.353 Similarly, Givlaari is another 

small interfering RNA molecule, conjugated to GalNAc to enable hepatic delivery, that degrades the 

aminolevulinate synthase-1 enzyme for the treatment of acute hepatic porphyria.354 Currently undergoing 

phase 3 clinical trial (NCT03338816), Givlaari has demonstrated a 92% decrease in aminolevulinic acid 

when compared to placebo control group.355 

There is also emerging evidence for ASGPR-mediated strategies in the chelation of intracellular metals. A 

cyclodecapeptide conjugated to GalNAc was used to deliver a copper chelator to hepatocytes and reduced 

intracellular copper concentrations.344 This is of particular interest as it showcases the tremendous 

potential of ASGPR mediated strategies in the treatment of iron overload disorders by potentially 

mitigating the current limitation surround iron chelation therapy and offering the advantage of lowering 

the iron burden from the liver.  
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1.5. Thesis rationale, hypothesis and specific aims 

1.5.1. Thesis rationale 

Iron overload in patients with thalassemia, myelodysplastic syndromes, sickle cell disease and other 

acquired anemia is a serious complication that arises from the necessary and repeated red blood cell 

transfusions. Since humans lack a proper iron excretion pathway, excess iron results in systemic iron 

overload either due to an underlying genetic component or acquired as through disease pathogenesis or 

through repeated transfusions. The resulting iron toxicity accounts for a majority of premature deaths, 

primarily from liver and heart dysfunction and failure.101,102 

Iron chelation therapy is the only treatment, with only 3 FDA approved iron chelators, for patients 

suffering from systemic iron overload.94,101 Deferoxamine, DFO, is amongst the gold standard for iron 

chelation in patients with iron overload and reduces the iron burden from patients, which, subsequently, 

reduces the insulting redox-active iron. A combination of iron chelators are also used in more challenging 

clinical scenarios.128,356 However, the success of these chelators to protect patients from iron-mediated 

damage is subpar because they are beset by limitations including systemic toxicity, suboptimal iron 

excretion poor circulation and high costs.94,137 

Although there has been significant research in iron chelation over the past 40 years, there is still a need 

to find safe approaches whilst increasing iron chelation efficacy either through either the development of 

novel low molecular weight chelators or employing macromolecular strategies.357–359 Our expertise lies in 

developing biocompatible polymers for clinical uses and DFO conjugation to these polymers have yielded 

improved systemic iron removal and increased tolerability.182,183,198 However, there still remains an unmet 

need to effectively and specifically protect key organs, primarily the liver and the heart, affected by iron-

induced toxicity.  

Currently, no organ targeted chelation strategies are available. Since the liver is the primary storage organ 

and a key regulator in iron homeostasis, the selective removal of excess liver iron could be invaluable to 

protect the liver and to restore iron homeostasis. In addition, the removal of liver iron may elicit systemic 

iron redistribution to reduce the iron burden in other organs as well. Moreover, since the discovery of the 

asialoglycoprotein receptor (ASGPR) and its specificity for galactose and N-acetyl galactosamine, there 

has been a lot of research pertaining to liver targeting and delivery of various drugs.181,230,318–320  
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Taken together, our goal was to develop a novel class of liver targeted macromolecular iron chelator for 

the removal of hepatic iron. We approached this using our expertise in developing biocompatible and 

multi-functional polymers in combination with previous reports of both DFO and ASGPR ligands 

modification strategies. 

1.5.2. Global aim:  

The aim of this thesis is to develop a novel class of liver targeted, high molecular weight macromolecular 

iron chelators and to assess their liver specificity, tolerability and efficacy when compared to similar non-

liver targeted macromolecular iron chelator and to the small molecular weight iron chelator, DFO.   

1.5.3. Global thesis hypothesis: 

A high molecular weight, biocompatible macromolecule (hyperbranched polyglycerol – HPG) conjugated 

with iron chelators, DFO, and liver targeting groups would enhance the excretion of hepatic iron thereby 

preventing complications of the liver due to iron overload. Figure 10 shows a schematic representation of 

the liver targeting macromolecular iron chelating system. 

 

 

Figure 10. A schematic representation of the liver targeting macromolecular iron chelating system. HPG 

will be decorated with a liver targeting group (LTG) and an iron chelator, DFO. 
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1.5.4. Specific aims:  

1.5.4.1. Specific aim 1: 

The first aim of this thesis was to design and develop a library of liver targeting macromolecular iron 

chelators to maximize hepatocyte uptake using HPG polymer as the scaffold. The experimental hypothesis 

was that a macromolecular iron chelating system conjugated with sufficient liver targeting groups will 

demonstrate hepatocyte-specific uptake. 

HPG polymers represent a unique class of polymers conveniently and consistently synthesized in a one-

step reaction, yielding a highly biocompatible and multi-functional polymer with relatively narrow 

polydispersity. The selection of HPG stemmed from previous reports using HPG-DFO to generate non-

toxic macromolecular iron chelators with significantly improved tolerability and efficacy.183,184,198 

Furthermore, DFO was used as the iron chelator because it is clinically use and it binds to iron at a 1:1 

stoichiometric ratio, enabling stable coordination bonds once attached to the polymer.  

To achieve sufficient hepatocyte uptake, the density liver targeting ligands, which include either N-acetyl 

galactosamine (GalNAc) or triantennary-N-acetyl galactosamine (TAG), were first optimized using flow 

cytometry and confocal laser scanning microscopy. Then, DFO units were conjugated to these system to 

re-assess any changes in their liver targeting functionality . The results are described in Chapter 2.  

1.5.4.2. Specific aim 2: 

The second aim of this thesis was to investigate the trafficking, intracellular distribution and clearance of 

liver targeting macromolecular iron chelators. The experimental hypothesis was that the optimized liver 

targeting macromolecular iron chelating systems will undergo ASGPR dependent receptor-mediated 

endocytosis and traffic through the endocytic pathway to enter the lysosome followed by excretion 

through the biliary/fecal route. 

Earlier reports have demonstrated increased circulation times for DFO conjugated to HPG 

systems.183,184,198  To better understand liver targeted macromolecular iron chelating systems, the 

circulation, biodistribution and excretion profiles were investigated in healthy mice. In addition, the in 

vivo hepatic distribution were investigated to better understand the distribution of these systems 

between hepatocytes and Kupffer cells. To expand the current understanding of how these system traffic 
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within hepatocytes after internalization, the kinetics for intracellular distribution were performed in vitro 

using confocal laser scanning microscopy. The results are described in Chapter 3. 

1.5.4.3. Specific aim 3: 

The third aim of this thesis was to investigate the molecular and functional properties of liver targeted 

iron chelators which affect iron mobilization, excretion and tolerance in mouse models. The experimental 

hypothesis was that the optimized liver targeting macromolecular iron chelating systems will reduce the 

iron burden from mice, particularly from the liver when compared to either non-targeted macromolecular 

DFO or DFO alone. 

Intracellular hepatic delivery of DFO is novel and therefore directly affects its toxicity within living 

organisms. In order to best understand the utility of liver targeted macromolecular iron chelating systems, 

first the tolerability of these systems was assessed in normal mice. Following this, the performance of 

these systems was investigated through changes in iron excretion and iron burden in an in vivo iron 

overload model using iron-dextran. The results are described in Chapter 4. 

1.5.4.4. Specific aim 4: 

The fourth aim of this thesis was to investigate the chelation and mobilization of labile cellular iron and 

the subsequent cellular responses to liver-specific macromolecular iron chelators. The experimental 

hypothesis was that liver-targeting macromolecular iron chelating systems will mitigate the cellular 

responses to excess redox-active iron by chelating the labile cellular iron. 

Mechanistic insights into the mode of action for hepatic targeted delivery of DFO would be invaluable to 

better understand how these systems work and what factors may influence its chelation efficiency. To 

achieve this, an in vitro iron overload cell model was first developed. Then, the performance of these 

systems was investigated with regards to mitigating redox activity and subsequent changes to both total 

and labile iron. The results are described in Chapter 5. 

1.5.5. Significance and novel contributions: 

Nanomedicine has received significant attention in the recent years with a particular focus to yield 

improved clinical outcomes. Herein, we propose a novel strategy towards developing safe and effective 
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liver targeting macromolecular iron chelating systems for the treatment of iron overload and the 

protection of the liver from iron toxicity. This has tremendous potential to shift the treatment of iron 

overload as well as offering a blueprint to treat other liver diseases.  

There are three main significant contributions to the wider scientific community. First, the design and 

development of liver targeting systems using HPG, a biocompatible polymer, to deliver DFO to the liver is 

novel in itself. This application has been investigated under both in vitro and in vivo conditions, and the 

intracellular processing and distribution of these systems provide novel insights that can be correlated to 

excretion modalities of these molecules.  

Second, an in vitro iron overload cell model has been developed after an in-depth literature review. Within 

literature, establishing such models vary tremendously with regards to cell lines, iron source, iron 

treatment conditions and duration. Subsequently, this diversity results in significant differences in the 

measured outcomes, either cellular function or response to iron treatment. Therefore, the process to 

develop an adequate in vitro iron overload cell model – one with elevated reactive oxygen species, labile 

and total iron whilst maintaining normal cellular functions – has been documented in detail with the 

purpose of demonstrating the importance of key parameters and their impact on reproducibility. 

Third, a novel unified ferene (u-ferene) assay was developed to quantify both labile and total iron from 

the same preparation of biological samples – a 2-in-1 assay. This addresses a key limitation; current iron 

determination techniques, either total or labile iron, have minimal overlap in their quantification 

methodologies despite requiring extensive expertise and specialized instrumentation. This assay is in 

agreement with other techniques employed within the literature for the measurement of labile iron and 

offers the same sensitivity as the current gold standard, inductively coupled plasma mass spectrometry 

for total iron measurements. This assay offers an economic and accessible alternative for the wider 

scientific community. 
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Chapter 2: Design and development of liver specific macromolecular 

iron chelators. 

2.1. Overview 

To date, there are no strategies available for the targeted removal of iron from specific organs, particularly 

from the liver. Hepatic iron overload is a major cause of mortality and morbidity in a wide array of 

pathogenesis. Therefore, the design and development of a novel class of liver specific macromolecular 

iron chelators is an important next step within the field of chelation therapy.  

In this chapter, a library of liver targeting systems were first developed to optimize for hepatocyte binding 

and uptake with regards to the identity and density of asialoglycoprotein receptor (ASGPR) specific ligands 

– N-acetylgalactosamine (GalNAc) and tri-antennary N-acetylgalactosamine (TAG) units. Ideal candidates 

were carried forward for further modification with deferoxamine (DFO), due to its 1:1 stoichiometry, and 

the hepatocyte responses were re-assessed. The binding and uptake of all liver targeting systems, with or 

without DFO, were measured in HepG2 cells, as a model for hepatocytes, using flow cytometry for high-

throughput analysis. The internalization of these systems was further confirmed by confocal scanning 

laser microscopy. The cytotoxicity of liver targeting chelating systems was also analyzed and compared 

with both non-liver targeted macromolecular chelator and small molecule weight chelators. 

Hepatocyte binding and uptake was greatly influenced by both the identity and density of ASGPR specific 

ligands. First, HPG decorated with 50 GalNAc units (H-GalNAc50) outperformed all other liver targeting 

systems including 70 GalNAc units. Second, HPG decorated with 2 TAG units (H-TAG2) outperformed 20 

GalNAc units, likely due to a higher ASGPR affinity observed by multi-antennary ligands, which offers a 

synthetic advantage for additional chelator incorporation to the scaffold. Both H-GalNac50 and H-TAG2 

were carried forward for DFO conjugation to generate liver targeted iron chelating systems (HD-GalNAc 

and HD-TAG, respectively). These liver targeting chelating systems demonstrated hepatocyte binding and 

uptake, though lower than their non-DFO parent systems. Confocal laser scanning microscopy confirmed 

the intracellular distribution of these systems, often qualitatively co-localizing with the endocytic 

pathway. In addition, liver targeting chelating systems were well tolerated in vitro. Based on the data in 

this chapter, some of these systems have been selected as the focus of further investigations in the next 

chapters. 
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2.2. Background 

Humans have highly specialized mechanisms that regulate iron homeostasis and the liver plays a central 

role in coordinating iron homeostasis; all acquired iron enters the liver, 80% of which is comprised of 

hepatocytes, where it is either stored or utilized intracellularly, or mobilized for systemic demands.211,214 

A perturbance in iron homeostasis can result in hepatic iron overload, either through genetic or acquired 

disorders, and iron deposits in other the primary organs including heart, spleen, and kidney. An increased 

iron burden results in pathology mediated by the generation of reactive oxygen species (ROS) catalyzed 

by the Haber-Weiss reaction.5,6 

Under normal physiological conditions, liver iron content is usually less than 1 mg iron per gram (dry 

weight) of liver.96 However, in patients suffering from iron overload, the liver iron content can exceed 15 

to 20 mg iron per gram of liver.97 Hepatic iron overload and the consequent damage is one of the major 

causes of mortality and morbidity in different pathologies, including hereditary hemochromatosis, 

transfusion-related iron overload, hepatitis C infection, alcoholic fatty liver disease, chronic 

hepatopathies, hepatic fibrosis and inflammation, and cirrhosis.75–78 In addition, the increased bioactive 

iron stores can also trigger metabolic pathogenesis such as insulin resistance, metabolic syndrome, and 

non-alcoholic fatty liver disease.79 

Liver dysfunction and failure, along with heart failure, account for over 75% of premature deaths in iron 

overload patients despite intensive treatment. Iron chelation therapy uses small molecular chelators to 

mitigate redox activity associated with elevated labile iron and to reduce the iron burden in iron 

overloaded tissues. Small molecular chelators such as deferoxamine (DFO), deferiprone (DFP), and 

deferasirox (DFX), have shown some promise in reducing hepatic and myocardial iron burden in some 

patients, however, these are beset by limitations including unfavorable pharmacokinetics and 

pharmacodynamics, systemic toxicity, nonspecific tissue distribution and suboptimal iron excretion.94,137 

Since the liver is the primary storage organ and a key regulator in iron homeostasis, the selective removal 

of excess liver iron could be invaluable to protect the liver and to restore iron homeostasis. Currently, 

there are no active liver targeting strategies for the directed excretion of iron from liver. In this chapter, 

we investigate key parameters required to design liver specific iron chelating systems. We hypothesize 

that a macromolecular iron chelating system conjugated with sufficient liver targeting groups will 

demonstrate hepatocyte-specific uptake. We anticipate that this novel class of liver targeted 
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macromolecular chelators will offer two potential advantages over existing chelating therapies; (1) a vital 

organ involved in iron homeostasis can be protected from iron mediated toxicity, and (2) the removal of 

excess hepatic iron could decrease the iron burden from other organs more readily. 

In order to achieve liver targetability, the ASGPR was the focal point in the design of these new chelators 

because it has proven to be a valuable strategy for both drug and gene delivery.223,232,273 The ASGPR is 

basolaterally expressed almost exclusively by hepatocytes at densities of 0.5 to 2 million ASGPR per 

hepatocyte and it readily interacts with the vascular compartments.220–225 In addition, this receptor 

exhibits high affinity for non-reducing terminal sugars; in order of increasing affinity – galactose (Gal), N-

acetylgalactosamine (GalNAc), and tri-antennary N-acetylgalactosamine (TAG).  

Further, the design of these carriers is significantly influenced by particle size241,259–261, charge262,263, and 

hydrophobicity/hydrophilicity264–266. Typically, smaller particles with higher affinity sugars (GalNAc or TAG) 

are observed to accumulate in hepatocytes whereas larger particles with Gal are observed to accumulate 

in Kupffer cells because these non-parenchymal cells also have a galactose-binding receptor similar to the 

ASGPR.363–366 In addition, hydrophilic nanocarriers, such polyethylene glycol or hyperbranched 

polyglycerols (HPG), exhibit improved circulation times as they readily bypass the reticuloendothelial 

system.223,367 Previous work in our laboratory has extensively investigated HPGs and reported significantly 

improved circulation times, enhanced biocompatibility and convenient functional capacity for these 

systems.185 

Taken together, the design of liver targeting macromolecular chelators requires particular attention to 

the identity and density of ASGPR specific ligands decorated on a HPG polymeric scaffold. Therefore, a 

library of liver targeting systems was developed with either GalNAc or TAG sugars, and screened for 

hepatocyte binding and uptake. Ideal candidates were selected for chelator conjugation and their liver 

targetability were re-assessed. DFO was selected as the iron (III) chelator because it has been thoroughly 

investigated, FDA approved and stably binds iron at a 1:1 stoichiometric ratio. 
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2.3. Methods 

2.3.1. Materials 

Eagle’s Minimum Essential Media (EMEM), Dulbecco’s Minimum Essential Media (DMEM), and Dulbecco’s 

Phosphate Buffered Saline (PBS), N-acetyl galactosamine (GalNAc), 16% paraformaldehyde, and 8 well 

chamber slides were purchased from Thermo Fisher Scientific. Deferoxamine mesylate, fetal bovine 

serum, tissue culture treated 48-well cell culture plates, ethylenediaminetetraacetic acid (EDTA), copper 

sulfate pentahydrate, anhydrous dimethylformamide (DMF), propargyl bromide, methanol, acetone, 

dialysis bags (MWCO-5 and 8 kDa), dimethyl sulfoxide (DMSO), sodium chloride, and sodium L-ascorbate 

were obtained from Sigma-Aldrich. 7-AAD solution was acquired from BioLegends. Hoescht solution was 

acquired from Invitrogen. For cellular assay kits, the MTT assay kit was purchased from ATCC (20-1010K). 

2.3.2. Synthesis of liver targeting macromolecular iron chelators 

All macromolecules were designed by Dr. Srinivas Abbina and synthesized in the Kizhakkedathu 

laboratory. A general protocol has been outlined here. Figure 11 shows the synthetic scheme. 

2.3.2.1. Synthesis of alkyne functionalized HPG 

Hyperbranched polyglycerol (HPG) (93 to 110 kDa, polydispersity index of 1.2) was dried at 70 °C under 

vacuum for 12 h and dissolved in anhydrous DMF. To this solution, sodium hydride (2.5 equivalents with 

respect to the targeted 120 hydroxyl groups) was added in small portions under argon and stirred for 1.5 

h. To this cloudy solution, propargyl bromide (1.8 equivalents with respect to the targeted OH groups) 

was added and stirred for an additional 24 h. The reaction mixture was concentrated and dissolved in a 

minimal amount of methanol. The polymer was precipitated from acetone (3 times), dissolved in water 

(30 mL), and further purified by dialysis for 48 h (water replacements for every 5 h, MWCO-5 kDa). The 

polymer solution was lyophilized, and the number of alkyne groups on HPG was confirmed by NMR 

spectroscopy (1H-NMR). This is the first reaction in Figure 11. 
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Figure 11. A schematic representation of synthesis for the of generation of liver targeted 

macromolecular systems. This summarizes the synthetic scheme for (A) HPG decorated with fluorophores 

and sugars, (B) HPG decorated with chelators and sugars, and (C) HPG decorated with fluorophore, 

chelators and sugars. The structures of HPG (Figure 6) and the different sugars (Figure 9 and Figure 12) 

have been shown previously. All polymers were synthesized using a copper catalyzed click chemistry. A 

schematic representation illustrating the final molecules have been shown in Figure 13. 
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2.3.2.2. Synthesis of HPG decorated with sugars 

The obtained HPG-alkyne115 was dissolved in deoxygenated water (100 mL). To this solution, either N-

acetylgalactosamine (GalNAc) azide, tri-annetenary N-acetylgalactosamine (TAG) azide or glucose (Gluc) 

azide  (previously prepared by our laboratory, 1.2 equivalents with respect to the targeted alkyne groups) 

(Figure 12), copper sulfate pentahydrate (30 mol%), and sodium ascorbate (30 mol%) were added and 

stirred for 3 days at room temperature. Different numbers of alkyne groups were targeted for different 

sugar systems; HPG-GalNAc systems – 20, 40 and 60 alkyne groups were targeted, HPG-TAG system – 2 

alkyne groups were targeted, and for HPG-Gluc systems – 10, 20, 40 and 60 alkyne groups were targeted.  

 

 

Figure 12. The structure of glucose azide 

 

The solution was worked up, as described in section 2.3.2.5. The number of GalNAc, TAG and Gluc groups 

were determined by NMR spectroscopy. Figure 11A illustrates the synthesis of HPG decorated with 

sugars. A summary of all HPGs decorated with sugars have been summarized in Table 1. The acronyms 

listed under the “ID” column in Table 1 will be followed through the thesis. 

2.3.2.3. Synthesis of HPG decorated with DFO and sugars 

The obtained HPG-alkyne115 was dissolved in deoxygenated water (100 mL). To this solution, 

deferoxamine (DFO) azide (1.5 equivalents with respect to the targeted 15 alkyne groups, 20 mM solution 

in DMSO), copper sulfate pentahydrate and sodium ascorbate (2 equivalents with respect to the targeted 

alkyne groups) were added under argon and stirred at 70 °C for five days. This resultant solution (referred 
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to HPG-DFO solution for clarity) was then split in 4 equal parts in order to synthesize HPG-DFO (HD), HPG-

DFO-GalNAc (HD-GalNAc), HPG-DFO-TAG (HD-TAG) and HPG-DFO-Gluc (HD-Gluc). 

1. HD: The HPG-DFO solution was worked up, as described below. 

2. HD-GalNAc: To the HPG-DFO solution, GalNAc (1.5 equivalents with respect to the targeted 60 

alkyne groups), copper sulfate pentahydrate and sodium ascorbate (30 mol%) were added and 

stirred for an additional 3 days at RT.  

3. HD-TAG: To the HPG-DFO solution, TAG (1.5 equivalents with respect to the targeted 5 alkyne 

groups), copper sulfate pentahydrate and sodium ascorbate (30 mol%) were added and stirred 

for an additional 3 days at RT.  

4. HD-Gluc: To the HPG-DFO solution, Gluc (1.5 equivalents with respect to the targeted 60 alkyne 

groups), copper sulfate pentahydrate and sodium ascorbate (30 mol%) were added and stirred 

for an additional 3 days at RT.  

The resultant solutions of HPG-DFO, HPG-DFO-GalNAc, HPG-DFO-TAG and HPG-DFO-Gluc were worked 

up, as described in section 2.3.2.5. The number of DFO units on the polymer was determined by UV-Vis 

spectroscopy.224 The number of sugar units on the polymer were determined by NMR spectroscopy. 

Figure 11B and Figure 11C illustrates the synthesis of HPG decorated with DFO and sugars. A summary of 

all HPGs decorated with DFO and sugars have been summarized in Table 2. The acronyms listed under the 

“ID” column in Table 2 will be followed through the thesis. 

2.3.2.4. Fluorescent labelling of liver targeting systems with and without DFO 

In order to ensure similar fluorescent spectrum of all molecules (Appendix Figure 1), carboxyrhodamine-

110 azide (Broadpharm) were conjugated to the obtained HPG-alkyne115 prior to further modifications 

with sugars (as described in section 2.3.2.2.) (Figure 11A) or with DFO and sugars (as described in section 

2.3.2.3.) (Figure 11C). Carboxyrhodamine 110 azide has an extinction coefficient of 74,000 M-1cm-1, an 

excitation maximum at 501 nm and an emission maximum at 523 nm as per the manufacturer. Appendix 

Figure 2 shows the chemical structure for this dye.  

The obtained HPG-alkyne115 was dissolved in deoxygenated water and deoxygenated DMSO. To this 

solution, carboxyrhodamine-110 azide (1.5 equivalents with respect to HPG-alkyne115) solution in DMSO 

(1 mg/mL), copper sulfate pentahydrate and sodium ascorbate (15 mol%) were added under argon and 
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stirred at 70°C for five days. This resultant solution was carried forward (without any work up) for all 

further modification; conjugations of sugars (described in section 2.3.2.2.) or conjugation of DFO and 

sugars (described in 2.3.2.3.).  

2.3.2.5. Purification of HPG-based liver targeting systems and liver targeting chelating systems. 

The reaction solution was quenched with EDTA (10 equivalents to copper sulfate) and dialyzed against 

water and 0.1% NaCl solution. Dialysates were replaced for every 8 h for 2 days (MWCO-8 kDa). The 

polymer solution was again washed with EDTA solution (1 M) and NaCl solution (1 M) through Amicon® 

Ultra Centrifugal filters (10 kDa, Thermofischer) and concentrated as needed. 

2.3.3. Cell culture 

A hepatocellular carcinoma cell line, HepG2 cell line (ATCC HB-8065), was used as a model for hepatocytes. 

HepG2 cells were cultured and maintained in accordance with manufacturer’s protocol. Cells were 

maintained in EMEM with media being replaced every 2 to 3 days. For all experiments, HepG2 cells with 

passage numbers between 3 – 9 were used. 

A cervix carcinoma cell line, HeLa cell line (ATCC CCL-2), has been reported as an ASGPR negative cell line 

and was used as negative control.368 HeLa cells were cultured and maintained in accordance with 

manufacturer’s protocol. Cells were maintained in DMEM with media being replaced every 1 to 2 days. 

Passage numbers for these cells were undetermined.  

2.3.4. In vitro binding and uptake of liver targeting systems 

The binding and uptake of liver targeting systems were investigated using flow cytometry. HepG2 cells 

were seeded in 48 well plates at a seeding density of 50,000 cells per well and allowed to adhere for 2 

days before replacing the media. Cells were then maintained for 4 days with media being replaced every 

2 days. The binding and uptake of fluorescently labelled liver targeting systems by HepG2 cells were 

investigated by first screening for an ideal liver targeting system over a range of concentrations and time, 

and then monitoring changes in these liver targeting systems when modified with DFO.  
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2.3.4.1. Investigation of binding and uptake of liver targeting systems  

A range of concentrations from 5 x 10-12 M to 1 x 10-5 M were prepared for liver targeting systems (H-

TAG2, H-GalNAc20, H-GalNAc50 and H-GalNAc70) and its non-liver targeting controls (H-Gluc10, H-Gluc20, H-

Gluc40 and H-Gluc60) in EMEM. Cells were then incubated with liver targeting systems and their controls 

(0.2 mL for each concentration) at 37C for 2 h. As a negative control, cells were treated with media only. 

The binding and uptake of these systems were analyzed by flow cytometry. 

2.3.4.2. Time dependent binding and uptake of liver targeting systems 

Liver targeting systems (H-GalNAc20, H-GalNAc50 and H-GalNAc70) were incubated over 24 h (0.5, 1, 2, 3, 

4, 6, 11 and 24 h) at 37C. H-GalNAc20 at 4.0 M, H-GalNAc50 at 0.4 M, and H-GalNAc70 at 0.3 M were 

prepared in EMEM. These concentrations were determined by their half maximal activity over the 

concentration range of 5 x 10-12 M to 1 x 10-5 M, as described above. The binding and uptake of these 

systems (0.2 mL for each concentration) were analyzed by flow cytometry. 

2.3.4.3. Investigation of binding and uptake of selected liver targeting chelating systems 

Similar to the previous concentration profiles, liver targeting chelating systems (HD-GalNAc and HD-TAG), 

liver targeting systems (H-GalNAc50 and H-TAG2) and non-liver targeting controls (H-Alk, HD, HD-Gluc) 

were incubated at a range of concentrations (0.2 mL for each concentration) from 5 x 10-12 M to 1 x 10-5 

M prepared in EMEM for 2 h at 37C. As a negative control, cells were treated with media only. The binding 

and uptake of these systems were analyzed by flow cytometry. 

2.3.4.4. Determination of half inhibitory (IC50) concentrations of selected liver targeting chelating systems 

To compare the binding and uptake activity of liver targeting systems (H-GalNAc50 and H-TAG2) and their 

respective chelating systems (HD-GalNAc and HD-TAG), competitive inhibition assays were performed 

using free unlabelled GalNAc. Fluorescently labelled macromolecules (400 nM) were prepared with 

increasing concentrations of GalNAc (ranging from 1 x 10-9 M to 1 x 10-1 M) in EMEM. Cells were treated 

(0.5 mL) for 2 h at 37C. The binding and uptake were analyzed by flow cytometry. Data was reported in 

percentages of maximum activity – i.e. median fluorescence intensities for all cells were normalized to 

cell treated with liver targeting systems in the absence of GalNAc. The half inhibitory (IC50) concentrations 

were determined using a four parameter model in Graphpad Prism.   
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2.3.5. Investigation of non-ASPGR mediated binding and uptake of liver targeting systems 

The binding and uptake of optimized liver targeting systems were also investigated for non-ASGPR 

mediated processes using flow cytometry. In 48 well plates, HepG2 cells were seeded at a density of 

50,000 cells per well and HeLa cells were seeded at a seeding density of 30,000 cells per well. Cells were 

allowed to adhere for 2 days before replacing the media. Cells were then maintained for 4 days with media 

being replaced every 2 days. The binding and uptake of fluorescently labelled liver targeting systems were 

investigated in two different experimental conditions, outlined below.  

2.3.5.1. Influence of concentration of liver targeting chelating systems on binding and uptake in HeLa cells 

A range of concentrations, from 5 x 10-12 M to 1 x 10-5 M, for liver targeting chelating systems (HD-GalNAc 

and HD-TAG), liver targeting systems (H-GalNAc50 and H-TAG2) and non-liver targeting controls (H-Alk, HD, 

HD-Gluc) were prepared in DMEM. HeLa cells were incubated (0.2 mL) for 2 h at 37C. Cells were also 

treated with media only, as a negative control. The binding and uptake of these systems were analyzed 

by flow cytometry. 

2.3.5.2. Influence of concentration of liver targeting chelating systems on binding and uptake in HepG2 

cells at 4C 

Similarly, a range of concentrations, from 5 x 10-12 M to 1 x 10-5 M, for liver targeting chelating systems 

(HD-GalNAc and HD-TAG), liver targeting systems (H-GalNAc50 and H-TAG2) and non-liver targeting 

controls (H-Alky, HD, HD-Gluc) were prepared in EMEM and stored at 4C. Cells were also treated with 

media only, as a negative control. HepG2 cells were incubated (0.2 mL) for 2 h on ice to prevent active 

endocytic event.369 Ice was replaced every h. The binding and uptake of these systems were analyzed by 

flow cytometry. 

2.3.6. Flow cytometry 

All cells were washed three times with PBS (0.5 mL), trypsinized and pelleted at 500 G for 5 mins. Cells 

were resuspended in PBS (1 mL) with 7-AAD (5 L) for 15 mins at room temperature. Then, at least 10,000 

cells were analyzed by flow cytometry. Apoptotic cells were gated using the APC emission filter (660/10 

nm) and the binding or uptake of fluorescently tagged systems were gated using the FITC emission filter 

(530/20 nm). Median fluorescence intensities were reported in live cells only – i.e. 7-AAD negative cells.  
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2.3.7. Confirmation of intracellular presence of liver targeting systems 

HepG2 cells were seeded in 8 well chamber slides (Falcon) at a density of 25,000 cells per well. Cells were 

allowed 2 days to adhere before replacing media. In order to identify intracellular compartments, 

transferrin-647 (Thermofischer, transferrin conjugated to Alexa 647) was used to label the recycling 

endocytic compartments and Lysotracker (Invitrogen) was used to stain the lysosomes. Either transferrin-

647 (10 g/mL) or Lysotracker (100 nM) were co-incubated with liver targeting systems. Cells were treated 

(0.25 mL) with either H-TAG2 (3.5 M), H-GalNAc20 (6.5 M), H-GalNAc50 (400 nM), H-GalNAc70 (300 nM) 

or H-Gluc60 (6.5 M) prepared in EMEM for 2 h at 37C.  

After 2 h, cells were washed with PBS twice (0.5 mL) and fixed in 4% paraformaldehyde (0.3 mL) for 20 

mins at room temperature. Cells were washed again twice with PBS (0.5 mL) and the nuclei were stained 

with 4 M Hoescht in PBS (0.3 mL) for 10 mins at 37C. At least 100 nuclei were imaged immediately using 

a Leica SP5 inverted laser scanning confocal microscope at a 63X oil-immersion objective. The acquisition 

settings for laser lines, power and respective emission filers have been outlined in the Appendix Table 1. 

2.3.8. In vitro cytotoxicity for liver targeting chelating systems 

Changes in metabolic activity were monitored to assess changes in cellular function when HepG2 cells 

were treated with either macromolecular chelators (HD, HD-GalNAc and HD-TAG) or small molecular 

weight chelators (DFO, DFX and DFP) over a range of concentrations. The MTT (3-(4,5-dimethylthiazolyl-

2)-2,5-diphenyltetrazolium bromide) assay (ATCC 20-1010K) was used, according to the manufacturer’s 

protocol. 

HepG2 cells were seeded at a density of 20,000 cells per well in a 96 well plate. Media (200 L) was 

replaced on the 3rd day, allowing cells to adhere for 2 days. Cells were treated with either macromolecular 

chelating systems (200 L) or small molecular weight chelators (200 L) at varying concentrations ranging 

from 50 M to 1 nM for 24 h at 37C. MTT gets reduced into insoluble formazan salts by metabolically 

active cells. In brief, cells were treated with a 10% MTT solution prepared in EMEM (100 L) for 2 h at 

37C. Then, cells were lysed to solubilize the formazan precipitates using a detergent-induced reagent 

(ready made with the kit) (200 L) overnight at room temperature. Absorbance was measured at 570 nm 

on SpectraMax 190 Microplate Reader from Molecular Devices. Metabolic activity was reported as 

follows; (mean570 nm treated cells / mean570 nm untreated cells) x 100% 
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In order to determine the most appropriate protocol, preliminary studies were performed to assess the 

effect of seeding density and HepG2 cell replication on the changes of metabolic activity. HepG2 cells 

doubled every 48 h, consistent with manufacturer’s characterization. Additionally, confluency was also 

compared to seeding density and subsequent changes in metabolic activity. Interestingly, confluency did 

not change as a function of seeding density or time of growth, however total cell count and metabolic 

activity increased linearly.  

2.3.9. Statistical analyses 

All experiments were performed in at least independent triplicates and presented with error bars that 

correspond to standard deviations. Technical replicates were also performed, but only independent 

triplicates were used for statistical analysis. All statistical analyses were performed using GraphPad Prism 

7 (Grahpad Software, San Diego, USA). The statistical tests and appropriate multiple comparison tests 

were outlined in the figure legends.  
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2.4. Results 

2.4.1. Physical properties of the library of liver targeting systems and the selected liver targeting 

chelating systems. 

Hyperbranched polyglycerol (HPG, 100 KDa) was chosen as the polymeric scaffold since it has been 

extensively investigated by our laboratory. This polymer offered superior in vitro cytocompatibility and 

blood compatibility as well as in vivo tolerance when compared to PEG at similar molecular weights.185,370 

In addition, the pharmacokinetic properties for 100 kDa HPG were favourable in mice with long circulation 

half-life of  40 h and minimal non-specific accumulation.185,370–372 Lastly, HPG offers convenient multi-

functionalization compared to other relevant polymeric systems.  

The ASGPR is expressed almost exclusively by hepatocytes, at densities of 0.5 to 2 million ASGPR per 

hepatocyte , which far exceeds the extra-hepatic expression in testes, intestinal and renal epithelial cells, 

macrophages and the thyroid gland.220–225 The ASGPR has been the focus of many liver targeting drug and 

gene delivery approaches.223,232,273 Based on this, we chose an ASGPR-based targeting approach to design 

liver targeted macromolecular iron chelating systems. The design of the macromolecular iron (III) specific 

chelators involves click-chemistry mediated conjugation of ASGPR specific ligands either a 

monoantennary carbohydrate, GalNAc, or a triantennary carbohydrate, TAG, and Fe(III) specific small 

molecular chelator, DFO (Figure 13). The synthetic scheme is illustrated in Figure 11. The chemical 

structural analysis of these systems was performed using NMR spectroscopy to characterize the number 

of chelators or sugars attached to the polymer (Appendix Figure 3 to Appendix Figure 6). To confirm the 

number of conjugated DFO units, UV-Vis spectroscopy was also performed (Appendix Figure 7). The 

molecular weight and hydrodynamic size were measured using gel permeation chromatography coupled 

multi-angle light scattering detector and quasi-elastic light scattering detector respectively.  

Henceforth, all macromolecular systems will be referred to by their abbreviations as summarized by table 

1 and table 2, under the ID column. This nomenclature begins with the polymer (H for HPG) followed by 

the chelator (D for DFO) and then either ASGPR specific sugars (GalNAc or TAG) or control sugars (Gluc). 

For macromolecular systems without chelators, the numerical subscript that follows the sugar represents 

the number of sugars present. For macromolecular systems with chelators, numerical subscript only 

follows the chelator when there are 40 DFO units attached.  
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Figure 13. A schematic representation of HPG-based macromolecular liver targeting system with a Fe 

(III) specific chelator. 

First, a library of liver targeting systems (without DFO) was developed to screen for optimal hepatocyte 

binding and uptake. Different densities of GalNAc and TAG groups were conjugated on to the polymer 

scaffold; GalNAc densities varied from 20 to 70 (H-GalNAc20, H-GalNAc50, and H-GalNAc70), while only 2 

TAG units (H-TAG2) were used since multi-antennary terminal carbohydrates exhibit higher binding affinity 

towards ASGPR. A set of negative controls were also prepared, following a similar synthetic protocol, using 

glucose because it resembles the structure of GalNAc whilst exhibiting lower affinity for the ASGPR. A set 

of glucose conjugated HPGs were prepared with varying number of glucose units (H-Gluc10, H-Gluc20, H-

Gluc40, and H-Gluc60) to resemble their ASGPR-specific counterparts. The characteristics of liver targeting 

systems and their controls have been summarized in Table 1. 

After screening ASGPR-specific ligand densities for the most efficient hepatocyte binding and uptake 

under in vitro conditions (described in section 2.4.2.), the best candidates were carried forward for 

chelator modification. While HPG has been modified with varying units of DFO (ranging from 10 to 

120)183,184,198, best liver targeting systems were modified with 15 DFO units as a proof of concept for liver 

targeted iron chelation. The conjugation of either ASGPR specific ligand or DFO was achieved using a click-

chemistry approach. The characteristics of liver targeting chelating systems have been summarized in 

Table 2. While most of the thesis investigated 15 DFO systems, a 40 DFO system was also prepared for 

functional comparison in Chapter 4. This step-wise approach will better guide future investigations in the 

development of these novel liver targeted macromolecular iron chelators. 
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Table 1. The characteristics of liver targeting systems (without chelator) and their controls. 

Name ID 
MW 

(kDa) 
PDI 

Hydrodynamic 

size (nm) 

ASGPR-specific ligand 
Number of 

Glucose 

Number of 

DFO 
Number of 

GalNAc 

Number of 

TAG 

Liver targeting systems 

HPG-GalNAc20 H-GalNAc20 123 1.2 9.4 ± 0.3 20 - - - 

HPG-GalNAc50 H-GalNAc50 150 1.3 7.5 ± 0.4 50 - - - 

HPG-GalNAc70 H-GalNAc70 167 1.3 11.9 ± 0.4 70 - - - 

HPG-TAG2 H-TAG2 123 1.2 10.7 ± 0.3 - 2 - - 

Non-liver targeting systems 

HPG-Glucose20 H-Gluc20 121 1.2 9.4 ± 0.4 - - 20 - 

HPG-Glucose40 H-Gluc40 132 1.2 9.8 ± 0.4 - - 40 - 

HPG-Glucose60 H-Gluc60 150 1.2 10.1 ± 0.3 - - 60 - 

HPG-Glucose10 H-Gluc10 118 1.2 9.3 ± 0.3 - - 10 - 
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Table 2. The characteristics for liver targeting chelating systems and their controls. 

Name ID 
MW 

(kDa) 
PDI 

Hydrodynamic 

size (nm) 

ASGPR-specific ligand 
Number of 

Glucose 

Number of 

DFO 
Number of 

GalNAc 

Number of 

TAG 

Liver targeting systems 

HPG-DFO15-GalNAc50 HD-GalNAc 202 1.5 17.6 ± 0.5 50 - - 15 

HPG-DFO15-TAG2 HD-TAG 155 1.3 11.9 ± 0.4 - 2 - 15 

HPG-DFO40-GalNAc50
* HD40-GalNAc 205 1.6 21.0 ± 0.1 50 - - 40 

Non-liver targeting systems 

HPG-DFO15-Glucose50 HD-Gluc 253 3.5 43.6 ± 0.8 - - 50 15 

HPG-DFO15 HD 132 1.4 13.6 ± 0.4 - - - 15 

HPG-Alkyne115 H-Alk 131 1.9 18.4 ± 0.5 - - - - 

  

*HD40-GalNAc was investigated for its in vivo chelation efficacy only. This provided a functional comparison for DFO density, comparing liver 

targeting chelating systems with either 15 or 40 DFO units, as a proof concept - this would be invaluable to demonstrate the importance of DFO 

density and pursue this as part future investigation mentioned in Chapter 6. 
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2.4.2. The selection of an optimal liver targeting system from the library. 

The library of liver targeting systems (Table 1) was screened for hepatocyte binding and uptake with 

respect to ASGPR specific ligand identity and density. HepG2 cells, a hepatocellular carcinoma cell line, 

was used as a model for hepatocytes. Glucose systems served as negative controls for ASGPR mediated 

binding and uptake.  

First, the binding and uptake of liver targeting systems were investigated over a wide range of 

concentrations (with respect to polymers) incubated at 2 h (Figure 14A and Figure 15). H-GalNAc50 and H-

GalNAc70 show significantly more binding and uptake at 50 nM followed by H-TAG2 at 500 nM and then 

H-GalNAc20 at 5 µM when compared to H-Gluc60 (p < 0.0001, p < 0.001, p = 0.0405 and p = 0.0010, 

respectively). This comparison was made to H-Gluc60 because it has been conjugated with the most 

glucose sugars. Moreover, at concentrations of 1 µM and above, H-GalNAc50 had significantly more 

binding and uptake when compared to H-GalNAc70 (#p = 0.0156 (1 µM), ###p = 0.0010 (5 µM),  and ###p = 

0.0030 (10 µM)). H-GalNAc20 and H-TAG2 were not significantly different in their binding and uptake in 

HepG2 cells. When comparing liver targeting systems to their non-liver targeting glucose controls (Figure 

15 and Appendix Figure 8), H-GalNAc50, H-GalNAc70 and H-TAG2 showed significantly more binding and 

uptake at concentrations of 50 nM (p < 0.0001 for these three comparisons) and above. In contrast, H-

GalNAc20 show significantly more binding and uptake at concentrations of 1 µM and above (p < 0.0001). 

The density and type of ASGPR targeted ligands significantly influence binding and uptake of these 

systems; enhanced hepatocyte binding and uptake was shown with increasing GalNAc densities, and TAG 

units outperformed GalNAc units (H-TAG2 vs H-GalNAc20) (Figure 14). 

Given the observed differences in cellular binding and uptake with GalNAc densities over a wide range of 

concentrations at 2 h, cellular responses to these systems were investigated over a period of 24 h (Figure 

14B). HepG2 cells were treated with half-maximum binding and uptake concentrations determined from 

their concentration profiles to ensure signal detection – 4.0 M of H-GalNAc20, 0.4 M of H-GalNAc50, and 

0.3 M H-GalNAc70. H-GalNAc50 had significantly higher uptake after 1 h (p = 0.0305) and H-GalNAc70 had 

significantly higher uptake after 2 h of treatment (p = 0.0030) when compared to H-GalNAc20. After 6 h of 

treatment, H-GalNAc50 had significantly higher median fluorescence intensity when compared to H-

GalNAc70 (p = 0.0041). 
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Cellular uptake analysis by flow cytometry does not discern between cell-surface bound and internalized 

liver targeted system. Therefore, to confirm the hepatocyte uptake of these liver targeting polymers, 

internalization studies were performed using confocal scanning laser microscopy (Figure 16 and Figure 

17). HepG2 cells were incubated with all liver targeting systems and H-Gluc60 (control) for 2 h. Intracellular 

compartments were traced by co-incubating cells with either transferrin-647 (Figure 16) to trace early 

and recycling endosomes, or Lysotracker (Figure 17) to trace late endosomes and lysosomes. All liver 

targeting systems had a punctate-like intracellular distribution, often qualitatively co-localizing with either 

transferrin-647 or Lysotracker, whereas H-Gluc60 showed minimal signal. This provides confirmatory 

evidence for the intracellular presence of these liver targeting systems. 

Taken together, H-GalNAc50 and H-TAG2 were selected as optimal candidates to be carried forward for 

chelator modification. This is because H-GalNAc50 outperformed all other liver targeting systems from the 

library with regards to their concentration and time profiles. Similarly, H-TAG2 was superior than H-

GalNAc20’s concentration profile and offered the advantage for additional polymer modification; 2 TAG 

unit compared to 20 GalNAc conjugated to HPG.  
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Figure 14. The binding and uptake of liver targeting systems. The binding and uptake of sugar HPG 

systems were analyzed in at 10,000 cells (A) over a range of concentrations incubated at 2 h and (B) over 

a period of 24 h at fixed concentrations. To compare the increase in median fluorescence intensities over 

a range of concentrations, a 2-way ANOVA with either Dunnett’s or Sidak’s multiple comparisons test 

were performed. Similarly, to compare the increase in median fluorescence intensities over a period of 

24 h, 2-way ANOVA with Tukey’s multiple comparisons test was performed. Error bars show standard 

deviations for a sample size of 3 independent replicates. All statistical analysis were performed on 

Graphpad Prism where **** or #### represents p < 0.0001, *** or ### represents p < 0.0010, ** or ## 

represents p < 0.0100 and * or # represents p < 0.0500. 



52 

 

Figure 15. The binding and uptake of liver targeting systems and their non-targeting controls in HepG2 

cells. Cells were treated with carboxyrhodamine-tagged polymers at a range of concentrations for 2 h at 

37C. At least 10,000 cells were analyzed using the 488 nm laser and the FITC emission filter (530/20 nm). 

(A) H-GalNAc20 and H-Gluc20. (B) H-GalNAc50 and H-Gluc40. (C) H-GalNAc70 and H-Gluc60. (D) H-TAG2 and H-

Gluc10. Error bars show standard deviations for a sample size of 3 independent replicates. A 2-way ANOVA 

with Sidak’s multiple comparisons test was performed to compare liver targeting polymers with their 

respective controls. All statistical analyses were performed in Graphpad Prism where **** represents p < 

0.0001. 
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Figure 16. Tracing liver targeting systems with early and recycling endosomes in HepG2 cells. 

Fluorescently labelled H-TAG2 (3.5 M), H-GalNAc20 (6.5 M), H-GalNAc50 (0.4 M), H-GalNAc70 (0.3 M) 

and H-Gluc60 (6.5 M) were incubated for 2 h. Cells were washed in PBS and fixed in 4% PFA for 20 min at 

RT. Nuclei were stained using Hoechst. The recycling endosomes have been traced using transferrin-647 

(10 g/mL). All cells were imaged at 4.0 zoom using a 63X objective. At least 100 cells were imaged using 

Leica SP5 inverted confocal scanning laser microscope. Representative images are shown. Scale bar 

represents 1 m. 
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Figure 17. Tracing liver targeting systems with lysosomes in HepG2 cells. Fluorescently labelled H-TAG2 

(3.5 M), H-GalNAc20 (6.5 M), H-GalNAc50 (0.4 M), H-GalNAc70 (0.3 M) and H-Gluc60 (6.5 M) were 

incubated for 2 h. Cells were washed in PBS and fixed in 4% PFA for 20 min at RT. Nuclei were stained 

using Hoechst. The lysosomes were identified using Lysotracker (100 nM). All cells were imaged at 4.0 

zoom using a 63X objective. At least 100 cells were imaged using Leica SP5 inverted confocal scanning 

laser microscope. Representative images are shown. Scale bar represents 1 m. 
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2.4.3. In vitro binding and uptake for liver targeting chelating systems 

H-GalNAc50 and H-TAG2 were selected from the library of liver targeting systems based on binding and 

uptake. These systems were conjugated with iron (III) specific chelator, DFO, to generate liver targeting 

chelating systems to sequester and excrete excess iron. Due to the synthetic challenge, HPG scaffolds 

were first conjugated to 15 DFO followed by 50 GalNAc (HPG-DFO15-GalNAc50 and referred to as HD-

GalNAc) or 2 TAGs (HPG-DFO15-TAG2 or referred to as HD-TAG) using click chemistry. To account for any 

ASGPR-independent binding and uptake due to the inherent property of polymeric systems, several 

controls were used; (1) HPG modified with sufficient number of alkynes groups (HPG-Alkyne115 or referred 

to as H-Alk), (2) HPG conjugated to 15 DFO units (HPG-DFO15 or referred to as HD), and (3) HPG conjugated 

to 15 DFO units and 50 glucose units (HPG-DFO15-Glucose50 or referred to as HD-Gluc). The characteristics 

of all liver targeting chelating systems and their controls is summarized in Table 2. 

The binding and uptake of liver targeting chelating systems and their controls were investigated in HepG2 

cells over a range of concentrations for 2 h and assessed by flow cytometry (Figure 18A). The binding and 

uptake of both liver targeting chelating systems (HD-GalNAc and HD-TAG) showed enhanced HepG2 

cellular response when compared to the non-liver targeting controls (HD-Gluc, HD, H-Alk). Particularly, 

HD-GalNAc exhibited a significantly higher binding and uptake response when compared to HD-Gluc 

starting at 10 nM (p = 0.0025). Similarly, HD-TAG exhibited a significantly higher binding and uptake 

response when compared to HD-Gluc starting at 5 M (p < 0.0001). Further, HD-GalNAc had superior 

binding and uptake when compared to HD-TAG starting at 10 nM (p = 0.0254) and above. Despite the 

enhanced uptake of liver targeting chelating systems relative to their controls, it is important to note that 

the cellular response to HD-GalNAc and HD-TAG were significantly lower than their non-chelator 

counterparts, H-GalNAc50 and H-TAG2, at concentrations of 1 M (##p = 0.0013 and ##p = 0.0096) and 

above.  
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Figure 18. The binding and uptake of liver targeting chelating systems. (A) The concentration profiles for 

liver targeting chelating systems and their controls were measured in at least 10,000 cells. A 2-way ANOVA 

with Dunnett’s multiple comparisons test were performed to compare cellular responses with HD-Gluc. 

Additionally, a 2-way ANOVA with Sidak’s multiple comparisons test were performed to compare cellular 

responses amongst liver targeting systems (with and without DFO). (B) The IC50 values were determined 

by increasing the concentration of unlabelled GalNAc as a competitive inhibitor for ASGP-R. The median 

fluorescence intensities were normalized to the median fluorescence intensity in cells treated without 

GalNAc and presented as a percentage. Error bars show standard deviations for a sample size of 3 

independent replicates. Graphpad Prism was used for the determination of IC50 concentrations and all 

statistical analyses. **** represents p < 0.0001 and ** or ## represents p < 0.0100. 
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Since decreased cellular binding and uptake was observed for liver targeting systems conjugated with DFO 

compared to those without DFO, all ASGPR specific polymeric systems were quantitatively compared with 

respect to the half-maximal inhibitory concentrations (IC50 values or concentrations) (Figure 18B). HepG2 

cells were co-treated with fluorescently labelled polymers (H-GalNAc50, HD-GalNAc, H-TAG2, and HD-TAG) 

at 400 nM and with unlabelled GalNAc at varying concentrations ranging from 1 nM to 0.1 M. GalNAc is a 

natural ligand for ASGPR and therefore serves as a competitor. The IC50 value for H-GalNAc50 was 373 M 

with 95% confidence intervals [317, 437], which is significantly lower than the IC50 value of HD-GalNAc, 

662 M with 95% confidence intervals [572, 766]. In other words, HD-GalNAc has a higher IC50 

concentration which suggests a stronger ASGPR interaction and/or quicker internalization and ASGPR 

recycling kinetics compared to H-GalNAc50.225 In addition, the IC50 concentration of H-TAG2 was 1173 M 

with 95% confidence intervals [809, 2102]. Since a decrease in signal was not observed for HD-TAG, the 

IC50 concentration was not determined. 

In order to assess the influence of the polymeric backbone on non-specific or ASGPR-independent uptake, 

concentration dependent experiments were repeated in two different conditions (Figure 19); first, HeLa 

cells were treated with polymers for 2 h at 37C because these cells have been reported as a ASGPR-

negative cell line368, and second, HepG2 cells treated with polymers for 2 h on ice because a reduction in 

temperature (below 10C) has been reported to prevent endocytosis369. No appreciable binding or uptake 

was observed in HeLa cells, with the exception of H-TAG2 and HD-TAG (Figure 19A); H-TAG2 showed 

significantly higher cellular response at concentrations of 1 M (p < 0.0001) and above, and HD-TAG 

exhibited significantly higher cellular response at concentrations of 5 M (p < 0.0001) and above. 

Moreover, no appreciable binding or uptake was observed in HepG2 cells maintained at 4C across all 

polymeric systems (Figure 19B). These observations suggest that there is minimal non-specific uptake 

occurring due to the polymeric backbone. Interestingly, only TAG decorated systems show binding and 

uptake in HeLa cells.  
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Figure 19. The non-specific or ASGPR-independent binding and uptake of all liver targeting chelating 

systems and their controls. The response of all carboxyrhodamine-tagged polymers was measured over 

a range of concentrations. At least 10,000 cells were analyzed using the 488 nm laser and the FITC 

emission filter (530/20 nm). (A) HeLa cells have been used as an ASGPR negative cell line. (B) HepG2 cells 

incubated with polymers at 4C minimizes receptor mediated endocytosis. Error bars show standard 

deviations for a sample size of 3 independent replicates. A 2-way ANOVA with Dunnett’s multiple 

comparison tests were performed to compare the uptake of all systems against HD-Gluc using Graphpad 

Prism. 
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Lastly, the internalization of liver targeting chelating systems was confirmed by using confocal scanning 

laser microscopy (Figure 20). HepG2 cells were co-incubated with either H-GalNAc50, HD-GalNAc, and HD-

Gluc for 2 h and transferrin-647 to trace early and recycling endosomes. A punctate-like intracellular 

distribution was observed, consistent with the observations made previously in Figure 16 and Figure 17. 

Similarly, some qualitative co-localization with transferrin-647 was observed. This provides additional 

evidence for the intracellular uptake of liver targeting systems conjugated with 15 DFO units.  

 

 

Figure 20. The confirmation of intracellular presence of liver targeting macromolecules in HepG2 cells. 

Fluorescently labelled H-GalNAc50, HD-Gluc and HD-GalNAc were incubated for 2 h at a polymer 

concentration of 1 M. Cells were washed in PBS and fixed in 4% PFA for 20 min at RT. Nuclei were stained 

using Hoechst. Early and recycling endosomes were traced using transferrin-647 (10 g/mL). All cells were 

imaged at 4.0 zoom using a 63X objective. At least 100 cells were imaged using Leica SP5 inverted confocal 

scanning laser microscope. Representative images are shown. Scale bar represents 1 m.  
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2.4.4. Cytotoxicity of liver targeting chelating systems 

Cytocompatibility of liver targeting iron chelating systems (HD-GalNAc and HD-TAG) were investigated in 

HepG2 cells over a range of chelator-equivalent concentrations. The effect of conjugation chemistry, the 

liver targetability and subsequent binding and uptake of these systems were observed by measuring 

changes in cellular metabolic activity. These were compared with a non-liver targeting chelating system 

(HD) and with FDA approved small molecular weight chelators (DFO, DFP and DFX). All chelating systems, 

either liver targeting chelators, non-liver targeting chelator and small molecular chelators, were well 

tolerated (metabolic activity of 75% and above when normalized to untreated cells) over a range of 

concentrations, from 1 nM to 50 M. 

 

Figure 21. The cytotoxicity of liver targeting chelating systems and their controls in HepG2 cells. The 

metabolic activity was measured by the MTT assay in response to chelator treatments (A) macromolecular 

iron chelators – HD, HD-GalNAc and HD-TAG, and (B) small molecular weight iron chelators – DFO, DFP 

and DFX. A wide range of chelator-equivalent concentrations (from 1 nM to 50 M) were assessed. Error 

bars show standard deviations for a sample size of 3 independent replicates. 
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2.5. Discussion 

Hepatic iron burden, along with cardiac iron overload, is a major clinical concern for patients suffering 

from primary and secondary iron overload as well as other iron induced pathogenesis. The resulting iron 

toxicity accounts for a majority of premature deaths in these conditions.101,102 Although iron chelation 

therapy using Fe(III) specific small molecular chelators showed reduction in hepatic iron accumulation in 

patients over long-term and intense treatment, these chelators are beset by limitations including 

toxicities, short circulation times and poor patient compliance principally due its non-specific distribution 

and off-site interactions. Macromolecular approaches circumvent these shortcomings by using polymers 

to increase solubility and circulation times, thereby enhancing iron chelators’ biological availability and 

reducing its toxicity. These systems have been reported to remove hepatic iron attributed to the clearance 

by reticuloendothelial systems, although with fairly low efficiencies.192 To date, liver targeted delivery of 

iron chelators remain at large. The liver is a primary iron storage organ and key regulator in iron 

homeostasis. We anticipate that the selective and rapid removal of excess bioactive liver iron could be of 

great significance to protect liver from oxidative damage and reduce iron burden. 

Liver targeted therapeutic approaches take advantage of the C-type lectin receptor on hepatocytes, the 

ASGPR; it is almost exclusively present within hepatocyte, it is basolaterally expressed where it readily 

interacts with the vascular compartment, it has well known high affinity ligands including galactose, N-

acetylgalactosamine and tri-antennary N-acetylgalactosamine, and it has efficient internalization and 

recycling kinetics.217,223,254 These strategies have been extensively investigated for the delivery of drug and 

genetic material.223,232,273 This pursuit has been recently validated with FDA approvals for Onpattro and 

Gilvaari, from Alnylam Pharmaceuticals, which deliver silencing RNA directly to the hepatocytes.352,354,373 

An important caveat that needs to be addressed in the design of liver targeted therapeutic approaches 

lies in bypassing the reticuloendothelial system, in particular the Kupffer cells. Kupffer cells are resident 

macrophages part of the reticuloendothelial system and are heavily involved in the clearance of foreign 

substance through phagocytosis.211,212,215 These cells clear negatively charged molecules via scavenger 

receptors.374–376 Further, they also possess a C-type lectin receptor, with a high preference to mannose 

and fucose sugars, as well as galactose sugars.220,226,232,366,377 

As such, it is imperative that particular attention is given to both the ASGPR-specific ligand and the physical 

properties of carrier systems because these can influence its accumulation either into hepatocytes or non-
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parenchymal Kupffer cells. For instance, PEGylated nano-particles decorated with galactose showed 

hepatocyte-specific accumulation for particles sized 50 nm and Kupffer cell-specific accumulation for 

particles sized 140 nm.259 Similarly, lactosylceramide decorated liposomes resulted in a 48% accumulation 

in hepatocytes and 27% in non-parenchymal cells.378  

Therefore, in the design of liver targeting chelating systems, GalNAc and TAG units were selected because 

they exhibit significantly higher ASGPR affinity when compared to Gal sugars.237–239 The sugar densities 

were optimized on the polymer scaffold. HPG was selected as the polymeric scaffold for three reasons; 

first, hydrophilic polymers bypass the reticuloendothelial systems and hence Kupffer cells as it evades 

opsonization226,367, second, HPG systems are highly biocompatibility with long circulating times and offers 

multi-functional modification185,370–372, and third, HPG systems have been reported to increase chelation 

efficiency whilst minimizing toxicities associated with DFO in mice models183,184,198.  

A library of liver targeting systems was developed to screen for the most efficient hepatocyte binding and 

uptake (Table 1) because density of galactosylation has been reported to influence cellular response.379–

382 For instance, the uptake of galactosylated liposomes with a 5.0% Gal yielded the highest uptake ratio 

between parenchymal and non-parenchymal cells when compared to liposomes with 3.5% and 7.5% 

liposomes.379 Similarly, a correlation was observed between the parenchymal uptake of galactosylated 

poly-L-glutamic acid and number of galactose residues.380 The binding and uptake of HPG-based 

fluorescently labelled liver targeting systems were investigated in HepG2 cells using flow cytometry. 

HepG2 cells were used as in vitro model for hepatocytes, despite having lower levels of ASGPR – 80,000 

ASGPR per HepG2 cell compared to 0.5 to 2 million ASGPR per hepatocyte.220–225,383 In order to ensure 

similar fluorescent intensities for all systems, the HPG scaffold was first modified with a fluorescent tracer 

molecule, carboxyrhodamine 110 before being attached with chelator or sugar molecules (Appendix 

Figure 1). 

H-GalNAc50 had superior binding and uptake in both 2 h and 24 h incubation studies when compared to 

H-GalNAc20 and H-GalNAc70. These observations suggest that the density of GalNAc on the HPG scaffold 

influence its binding and uptake response likely due to the balance between available ASGPR and those 

occupied, either undergoing internalization or recycling, rendering it inaccessible.225 Since the 

multivalency of galactose has been directly correlated with increased uptake381,382, this was observed 

when comparing H-GalNAc20 and H-GalNAc50. When compared to H-GalNAc70, it is possible that H-
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GalNAc50 exhibits faster internalization and recycling of ASGPR, allowing for more ASGPR-mediated events 

to occur. 

Further, H-TAG2 was selected because it offers the advantage for further polymer modification since HPG 

decorated with 2 TAG units outperformed HPG with 20 GalNAc units in its binding and uptake over a 2 h 

period. Tri-antennary GalNAc ligands exhibit ASGPR affinities in the nanomolar range whereas 

monoantennary GalNAc ligands exhibit affinities in the micromolar range.236–240 Ligands with higher 

binding affinities take longer to dissociate from the internalized receptor, and therefore can influence the 

recycling kinetics.257,258 Consistent with this, HPG scaffold decorated with 2 TAG undergo more ASGPR-

mediated endocytic events than HPG scaffold decorated with 20 GalNAcs.  

Thus, H-GalNAc50 and H-TAG2 systems were carried forward for the development of liver targeting 

chelating systems. DFO was selected as the iron (III) chelator of choice primarily due to its hexadentate 

coordination of iron. This FDA approved chelator also exhibits high iron binding constant (log  = 31) and 

has been extensively investigated.384 In addition, previous work from our laboratory highlights the success 

of using HPG to increase its chelation efficiency by conjugating 10 to 129 units of DFO per polymer.183,184,198 

For this reason, 15 DFO units were deemed sufficient to impart chelating functionality. However, as 

illustrated in Chapter 4, the chelation efficiency of these liver targeting systems can be increased by 

increasing the number of DFO units. Additional work will be required to optimize liver targeting systems 

with respect to the number of DFO unit and the subsequent pharmacokinetic properties (as part of future 

directions).  

Despite showing significantly improved cellular responses when compared to non-liver targeting control 

systems, HD-GalNAc and HD-TAG exhibited lower binding and uptake when compared to their non-

chelator counterparts, H-GalNAc50 and H-TAG2. It is essential to highlight that HPG systems were first 

modified with DFO followed by the ASGPR specific ligands in order to ensure sufficient GalNAc or TAG 

attachment. This synthetic hurdle likely influences the surface distribution of ASGPR specific ligands, 

which has important implications in the binding and uptake of liver targeting chelating systems. It is also 

possible for DFO to perturb ASGPR-mediated endocytosis through the chelation of calcium. The 

carbohydrate recognition domain in the subunits of ASGPR is calcium dependent as it coordinates with 

the ligands hydroxyl groups.226,232 Often, removing calcium serves to significantly decrease ASGPR-

mediated endocytosis.385 This should be investigated in future investigations. 
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To quantitatively compare the differences between liver targeting chelating systems and their non-

chelator counterparts, IC50 values were determined using unlabelled GalNAc as the antagonist. The same 

polymer concentration was used in this assay to allow for a direct quantitative comparison. The IC50 value 

for H-TAG2 was statistically the highest whereas the IC50 value for HD-TAG was not determined. This may 

be due to insufficient binding or uptake, despite using higher polymer concentrations (up to 5 M) and 

higher fluorescent labelling. Alternatively, it is also possible that HD-TAG may require higher GalNAc 

concentrations to inhibit its cellular response since no reduction in median fluorescence intensity was 

observed, unlike all other systems (Appendix Figure 9). Notably, HD-GalNAc had a significantly higher IC50 

value compared to H-GalNAc50. In other words, a higher concentration of antagonist was required to 

reduce the binding and uptake of HD-GalNAc by 50% which suggests a stronger ASGPR interaction and 

internalization. This is likely due to the surface distribution of GalNAc sugars being more favourable in HD-

GalNAc compared to H-GalNAc50. This also suggests that DFO is unlikely to chelate calcium to negatively 

influence the interaction with the carbohydrate recognition domain on the ASGPR. Additional work should 

be performed to quantify ASGPR binding affinities for these systems using surface plasmon resonance or 

isothermal titration calorimetry. 

Next, non-specific binding and uptake were assessed in a ASGPR negative cell line – HeLa cells368, as well 

as in HepG2 cells maintained on ice to prevent endocytic processes369. With the exception of TAG 

decorated systems, there were no significant differences observed in the cellular responses in HeLa cells 

when comparing liver targeting chelating systems and their controls. It is possible that TAG decorated 

systems show non-specific binding and uptake mediated by the flexible PEG linker, however simply TAG 

units (before modification for HPG conjugation) did not show HeLa binding and uptake (Appendix Figure 

10). While it is also possible that HeLa cells possess a receptor for galactose moieties according older 

reports386,387, this is unlikely because several reports also use HeLa cells as a ASGPR negative cell line when 

investigating ASGPR-mediated delivery382,388,389. Alternatively, additional cell lines should be explored, 

particular Kupffer cells, to assess non-specific binding and uptake.  

Lastly, in vitro cytotoxicity was assessed by measuring changes in metabolic activity of HepG2 cells treated 

with a wide range of chelator-equivalent concentrations. Both macromolecular chelators and small 

molecule chelators were well tolerated.  
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Taken together, these investigations support the conclusion that HD-GalNAc and HD-TAG maintained a 

significantly higher binding and uptake in in vitro conditions when compared to their non-liver targeted 

controls. GalNAc decorated systems displayed minimal non-specific uptake and HD-GalNAc exhibited a 

stronger ASGPR interaction and subsequent internalization as compared to H-GalNAc50.  In contrast, non-

specific cellular response was observed for TAG decorated systems and H-TAG2 exhibited significant 

higher IC50 values whereas the IC50 value for HD-TAG was undetermined. Nonetheless, both liver targeting 

systems were characterized for the pharmacokinetic properties in mice (Chapter 3). These will provide 

valuable insights into the design of liver targeting chelating systems achieving hepatocyte-specific vs non-

parenchymal-specific uptake. 
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2.6. Conclusions 

Herein, the design and development of liver specific macromolecular chelators have been documented. 

HPG was used as a macromolecular carrier to target the ASGPR by using high affinity ligands, either GalNAc 

or TAG. Both the identity and density of these sugars greatly influence their cellular binding and uptake. 

After screening the library of liver targeting systems, the optimized targeting systems – H-GalNAc50 and 

H-TAG2, were further modified with DFO. 

HD-GalNAc and HD-TAG systems exhibited significantly higher binding and uptake compared to their 

controls, however these were lower than their parent systems, H-GalNAc50 and H-TAG2. Interestingly, HD-

GalNAc had a higher observed IC50 value than H-GalNAc50 which suggests a stronger ASGPR interaction 

and subsequent internalization. Further, confocal investigations confirmed the intracellular presence of 

liver targeting systems, exhibiting a punctate-like distribution that often qualitatively co-localizes with the 

endocytic pathway. The data from this chapter justify the selection of HD-GalNAc and HD-TAG for further 

investigations in subsequent chapters to better characterize this novel class of liver specific iron 

macromolecular chelators.  
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Chapter 3: Investigation of pharmacokinetic properties, excretion and 

trafficking of liver targeted macromolecular iron chelators. 

3.1. Overview 

The previous chapter described the design of liver targeted macromolecular iron (III) chelators (HD-

GalNAc and HD-TAG) by optimizing for ASGPR ligands and densities in vitro. In this chapter, the 

pharmacokinetic properties and biodistribution were investigated with a particular focus on liver 

targetability and excretion modalities. Within the liver, the cellular accumulation was also examined to 

delineate between ASGPR-mediated uptake by parenchymal hepatocytes and non-ASGPR-mediated 

clearance by non-parenchymal Kupffer cells. Additional intracellular processing and trafficking were 

investigated to shed mechanistic insights on excretion performance of these systems. 

The ASGPR-specific ligands incorporated on HPG resulted in significant liver specificity when compared to 

the non-targeted control, HD. The liver targeted systems showed minimal non-specific accumulation in 

other vital organs. Remarkably, the selection of the ligands influenced the pharmacokinetic profiles of the 

liver targeting chelating systems with respect to vascular residency, non-specific distribution and route of 

excretion. HD-GalNAc demonstrated significantly higher liver uptake and minimal vascular residency 

when compared to HD-TAG. Further, both HD-GalNAc and HD-TAG were rapidly excreted within 24 h. 

However, HD-GalNAc was eliminated equally between the hepatobiliary and renal routes whereas HD-

TAG was excreted predominantly through the hepatobiliary route. The intracellular fate for liver targeting 

polymers revealed rapid lysosomal accumulation, which may explain the rapid excretion observed. 

Additionally, differences in intracellular trafficking were attributed to the ASGPR-specific ligand as well as 

DFO conjugation. Taken together, the selection of the ASGPR-specific ligands demonstrated significant 

total excretion whilst achieving liver targeting. These studies provide sufficient evidence to investigate 

HD-GalNAc and HD-TAG for their iron chelation efficacy. 
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3.2. Background 

A diverse repertoire of nanomaterials has been developed for a wide range of clinical and biomedical 

application, however, very few have made it past clinical trials. The limited success has been attributed to 

the insufficiencies in overcoming biological barriers, including the opsonization and phagocytosis by the 

reticuloendothelial system and the subsequent endosomal compartmentalization390, resulting in the non-

specific accumulation of nanomaterials. The subsequent toxicities have been reported to be one of the 

main caveats in clinical translation.373,391 

A vast amount of research has investigated strategies that navigate these barriers by carefully designing 

materials with respect to particle size, charge, shape, deformability and degradability. For example, 

nanoparticles with diameters less than 5 nm rapidly undergo renal clearance392,393 whereas particles up to 

200 nm accumulated within the liver394 and splenic filtration accounts for the retention of materials up to 

500 nm395. The prolonged accumulation of materials by the reticuloendothelial organs, especially the liver, 

can influence its physiology.396 Passive hepatobiliary excretion is mediated by both parenchymal and non-

parenchymal cells, including Kupffer cells, stellate cells and sinusoidal endothelial cells, and has been 

reported to take between days to month to completely eliminate.396–401 Additionally, rigid particles have 

been demonstrated to be readily cleared402 whereas ‘softer’ particles maintained longer circulation times, 

attributed to its flexibility through fenestrated capillaries403. 

Of particular interest, active targeting moieties have been employed to enhance cell specific uptake which 

avoid non-specific distribution and subsequent toxicities. The delivery of therapeutic cargo to the liver has 

been the subject of many investigations since the discovery of ASGPR and its high affinity ligands – Gal, 

GalNAc and their multi-antennary forms.219,223,273 For instance, the recently FDA approved patisiran 

(Onpattro) and givosiran (Givlaari) demonstrated desired liver targetability and enhanced therapeutic 

outcomes for hereditary transthyretin-mediated amyloidosis and acute intermittent porphyria, 

respectively.352,354 

Despite the years of investigations, there is great variability in efficient ASGPR-mediated liver targeting. 

This is due to a combination of both the physical properties of carriers as well as the ASGPR-specific ligands 

and their densities, which influences the uptake and accumulation of cargo by either parenchymal cells or 

non-parenchymal resident macrophages, Kupffer cells.223 Kupffer cells also possess a similar receptor that 

recognizes Gal and GalNAc, however with lower affinities.260,267,330,366 In addition to this, there is very 
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limited information on the intracellular processing and excretion of liver targeted synthetic materials that 

are greater than kidney clearance limit (between 5 and 15 nm).393,404 

Chapter 2 reported the screening and selection of HPGs decorated with either GalNAc or TAG, and the 

subsequent changes in cellular response after DFO conjugation. Here, we investigate the 

pharmacokinetic, biodistribution and excretion properties for HD-GalNAc and HD-TAG and the underlying 

intracellular fate. We hypothesized that the liver targeted macromolecular chelating system will undergo 

ASGPR-mediated endocytosis by hepatocytes, trafficked to the lysosomes for processing and excreted in 

the feces via the hepatobiliary route.  

In order to challenge this hypothesis, HD-GalNAc and its control were first assessed in a pilot investigation 

to explore experimental parameters required in a detailed pharmacokinetic analysis. This accounted for 

the influence of radiolabelling chemistry, the selection of an appropriate control and the time points of 

interest. Then, detailed pharmacokinetic and biodistribution analyses were performed to understand how 

HD-GalNAc and HD-TAG behave with respect to vascular retention, liver targetability, non-specific 

distribution and excretion in C57Bl/6 mice. Liver targetability was further examined to discern whether 

these systems accumulate within parenchymal cells or non-parenchymal cells through fluorescently 

labeled molecules in vivo. The different excretion modalities uncovered prompted the additional 

investigations into the kinetics of intracellular trafficking in order to correlate physiological responses on 

a cellular level.  

Taken together, earlier in vitro analyses optimized for the identity and densities of ASGPR-specific ligand. 

Herein, the translation of these liver targeting chelating systems were further investigated in vivo to 

provide an understanding into the role of ASGPR-specific ligands on the physiological responses and 

processing organ-targeted synthetic materials. The aim of this work is to add valuable insights into the 

design of polymeric drug carriers to the wider scientific community.  
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3.3. Methods 

3.3.1. Materials 

Eagle’s Minimum Essential Media (EMEM), Dulbecco’s Phosphate Buffered Saline (PBS), 0.25% trypsin-

EDTA, Trypan blue, Hoechst, goat anti-rabbit Alexa-568 and goat anti-mouse Alexa-568 was purchased 

from Thermo Fisher Scientific. Fetal bovine serum, normal goat serum, saponin, hydrochloric acid, 

hydrogen peroxide, ethylenediaminetetraacetic acid (EDTA), sodium bicarbonate, ammonium chloride, 

acetic acid, collagen type 1, collagenase IV, dimethyl sulfoxide (DMSO), 16% paraformaldehyde, 

asialofetuin (AF), scintillation cocktail, Hanks’ balanced salt solution, 25G and 28G needles, 4 Å molecular 

sieves, sodium hydride, MWCO 1kDa dialysis tube, and 0.2 m syringe filter were obtained from Sigma-

Aldrich. IBIDI -slides were purchased from IBIDI. Solvable was acquired from Perkin Elmer. Tritiated 

methyl iodide was acquired from American Radiolabeled Chemicals. Mouse anti-human EEA1, mouse anti-

human Rab7, mouse anti-human LAMP1 and rabbit anti-human TfR1 antibodies were purchased from 

Abcam. Alexa-647 anti-ASGPR antibodies were obtained from Santa Cruz Biotechnologies. FITC anti-

mouse CD68 antibodies were obtained from Biolegends. 

3.3.2. Synthesis of liver targeting macromolecular iron chelators 

The synthesis protocols have been described in Chapter 2 and all liver targeting macromolecular 

systems have been summarized in Table 1 and Table 2. Here, additional details for radiolabelling and 

fluorescently labeling of these systems have been outlined. 

3.3.2.1. Tritium labelling of macromolecular chelating systems 

Tritium labelling of both liver targeting chelating systems (HD-GalNAc and HD-TAG) and their non-liver 

targeting controls (HD-Gluc and HD) were performed as per our previous protocol, targeting 1% of the 

hydroxyl groups.182 All polymers were previously stored in water (4°C). These were dialyzed against 

anhydrous DMSO for 2 days and dialysates were replaced twice. The resultant solution underwent three 

repeated freeze-thaw cycles to remove dissolved oxygen. The concentration of the solution was 

confirmed by thermogravimetry and stored over pre-dried 4 Å molecular sieves.  

The polymeric systems were transferred into a pre-dried Schlenk flask for tritium labelling. Sodium hydride 

(3 equivalents with respect to the targeted hydroxyl groups) was added slowly in small portions under 
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argon and the solution was stirred at room temperature (20C to 24C) for 2 h. Tritiated methyl iodide (1 

equivalent with respect to the targeted hydroxyl groups) was added slowly and the solution was stirred 

for 20 h. The reaction mixture was quenched with dropwise addition of water to quench the unreacted 

sodium hydride. The reaction mixture was dialyzed against water (MWCO-1 kDa) until the radioactivity of 

the dialysate was less than 100 DPM for 48 h. Tritium labeled polymers were filtered through 0.2 m 

syringe filter.  

The activity of all tritium labelled polymers were measured by scintillation counting. The concentrations 

(mg/mL) of the macrochelators were adjusted by concentrating the solutions under vacuum. Osmolarity 

of the chelator solutions were adjusted by adding the appropriate amount of sodium chloride. These were 

prepared before animal experiments. 

3.3.2.2. Fluorescent labelling of macromolecular chelating systems 

Fluorescent labelling of all liver targeting molecules with carboxyrhodamine 110 azide was described in 

Chapter 2. Carboxyrhodamine labelled macromolecules were used for all in vitro investigations. For in 

vivo investigations, cyanine 5.5 azide (Lumiprobe) was used because of its near-infrared emission 

(excitation maximum at 684 nm and emission maximum at 710 nm). The synthetic protocol cyanine 5.5 

azide is similar to that of carboxyrhodamine, and therefore it will not be outlined here. 

3.3.3. Cell culture 

A hepatocellular carcinoma cell line, HepG2 cell line (ATCC HB-8065), were cultured and maintained in 

accordance with manufacturer’s protocol. Cells were maintained in EMEM with media being replaced 

every 2 to 3 days. For all experiments, HepG2 cells with passage numbers between 3 – 9 were used.  

3.3.4. In vitro binding and uptake of tritiated liver targeting chelating systems 

HepG2 cells were seeded at a density of 60,000 cells per well in a 48 well plates and allowed 48 h to 

attached and proliferate. On day 3, cells were treated with 1 M of tritiated HD-GalNAc and HD-Gluc for 

2 h at 37C. Cells were rinsed thrice with PBS (0.5 mL), detached using 0.25% trypsin-EDTA (0.5 mL) for 10 

min at 37C and pelleted at 500 g for 5 min. The cell pellet was resuspended and transferred into 

scintillation cocktail (5 mL). Radioactivity was measured by performing scintillation counts. 
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3.3.5. Intracellular distribution and trafficking investigations 

IBIDI chamber -slides were coated with rat collagen type 1 for 4 h following manufacturer’s 

recommendation; 4 well chamber slides were coated with 30 g/mL collagen (700 L) in 2% acetic acid, 

and 8 well chamber slides were coated with 35 g/mL collagen (300 L) in 2% acetic acid. All slides were 

thoroughly rinsed with PBS just before seeding. Following collagen coating, HepG2 cells were seeded at 

60,000 cells per well in 4 well chamber slides (1 mL) or 30,000 cells per well in 8 well chamber slides (0.5 

mL). Cells were allowed to attach for 2 days. To ensure proper attachment, cells were maintained for 3 

additional days before any treatment with media changes occurring every 1-2 days.  

Three different treatments were performed to understand the intracellular distribution and kinetics for 

these macromolecules; 3.3.5.1. Intracellular distribution of macromolecules after continuous incubation 

for either 2 or 24 h, 3.3.5.2. Pulse-chase kinetic investigations of intracellular trafficking, and 3.3.5.3. 

Bafilomycin-induced inhibition of endosomal maturation. All imaging experiments were fixed and stained 

for various organelles, outlined in section 3.3.5.4. All quantitative analyses performed were in section 

3.3.5.5. 

3.3.5.1. Intracellular distribution of liver targeting systems after incubation for either 2 or 24 h 

To screen for differences in cellular responses to liver targeting systems, HepG2 cells were grown in an 8-

well chamber slides as described previously. Cell were incubated with 1 M of H-GalNAc50 and HD-GalNAc 

prepared in EMEM (200 L) for the full duration of either 2 h or 24 h at 37C. After incubation period, cells 

were washed twice with PBS (0.5 mL) and then fixed, as described in section 3.3.5.4. The endocytic 

pathway was traced using antibodies to identify early endosomes, early and recycling endosomes, late 

endosomes, and lysosomes. 

3.3.5.2. Pulse-chase kinetic investigations of intracellular trafficking for liver targeting systems 

Intracellular distribution and kinetics of liver targeting polymers (H-GalNAc50, H-TAG2, HD-GalNAc and HD-

TAG) and an endogenous ASGPR-specific protein, asialofetuin, (AF) were investigated by a series of pulse-

chase experiments conducted in 4-well chamber slides. First, cells were pulsed with either 4 M of 

polymers or 1 g/mL of AF for 30 min (200 L). Then, cells were treated with fresh media (500 L) for either 

0, 1, 2, 16, 24 h to chase the internalized macromolecules. After the chase periods, cells were washed 
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twice with PBS (0.5 mL) and then fixed, as outlined in section 3.3.5.4. After accounting for the differences 

in cellular responses to the continuous incubation of macromolecules, the endocytic pathway was traced 

using antibodies to label early endosomes, late endosomes, and lysosomes. The ASGPR was stained using 

ASGPR antibodies. The pulse chase kinetic investigations of liver targeted systems were compared to 

asialofetuin (AF) with respect to early endosomes and lysosomes. 

3.3.5.3. Bafilomycin-induced inhibition of endosomal maturation  

The uptake and intracellular distribution of polymer systems (H-GalNAc50, H-TAG2, HD-GalNAc and HD-

TAG) were disturbed using bafilomycin-A1, a vacuolar ATPase inhibitor that prevents the acidification of 

endosomes.405 All experiments were performed in 4-well chamber slides. First, HepG2 cells were pre-

treated with 50 nM of bafilomycin (200 L) for 1 h. Then, cells were pulsed with 4 M of polymers (200 

L) for 30 minutes followed by a chase of 1 h with fresh media. Cells were washed with PBS (0.5 mL) twice 

and then fixed, as mentioned in section 3.3.5.4 Early endosomes and lysosomes were stained. 

3.3.5.4. Fixation and compartment-specific immunostaining 

After polymer treatments outlined in section 3.3.5.1, 3.3.5.2., and 3.3.5.3., cells were washed twice with 

PBS (0.5 mL). HepG2 cells were fixed in 4% paraformaldehyde (200 L) prepared in EMEM without phenol 

red for 30 minutes, followed by a single wash with PBS (0.5 mL). Then, cellular compartments were stained 

following either a single antibody staining or a double antibody staining protocol, outlined below. After 

this, cells were washed twice and maintained in PBS (0.5 mL) until confocal laser scanning microscopy. A 

work-flow has been provided in the Appendix for further clarity (Appendix Figure 11). 

Intracellular compartments were immunostained using either a single antibody staining to visualize 

ASGPR or a double antibody staining to visualize early endosomes, recycling endosomes, late endosomes, 

and lysosomes. The primary and secondary antibodies used have been summarized in Appendix Table 2. 

In all experiments, the nucleus was counterstained using Hoechst. The protocols for a single antibody and 

a double antibody approach vary – both are detailed below. 

Single antibody staining:  

ASGPRs were identified using an Alexa-640 conjugated anti-ASGPR antibody at dilution of 1:200. After 

fixation, cells were treated with staining buffer (0.005% saponin in PBS with anti-ASGPR antibody and 
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Hoechst at a dilution of 1:5000) (200 L) for 45 minutes at room temperature. Cells were washed twice 

and maintained in PBS (0.5 mL) until confocal laser scanning microscopy. 

Double antibody staining:  

Early endosomes, recycling endosomes, late endosomes, and lysosomes were stained using unlabelled 

primary antibodies against EEA1, TfR1, Rab7, and LAMP1 respectively. After fixation, cells were pre-

treated with blocking buffer (10% normal goat serum and 0.005% saponin in PBS) (200 L) for 45 minutes 

at room temperature. Then, cells were treated with unlabelled primary antibodies, at a dilution of 1:200, 

in blocking buffer (200 L) for an additional 60 minutes at room temperature. Cells were washed twice 

with PBS (0.5 mL) to remove any unbound antibodies. 

Following this, cells were then treated with secondary staining buffer (0.005% saponin in PBS with Alexa-

568 secondary antibodies against the unlabelled primary antibodies (anti rabbit or anti mouse) and 

Hoechst at a dilution of 1:5000) (200 L) for 45 minutes at room temperature. Cells were washed twice 

and maintained in PBS (0.5 mL) until confocal laser scanning microscopy. 

3.3.5.5. Confocal scanning laser microscopy 

At least 100 cells were captured per treatment from multiple fields of view. All images were acquired on 

a Leica SP5 inverted laser scanning confocal microscope equipped with a 405, 488 and 633 laser, an HCX 

PL APO lambda blue 63.0x 1.40 oil objective and 3 photomultiplier tubes (PMT) detectors. Sequential 

scanning was performed starting with the longest laser wavelength to the shortest. Scanner settings have 

been summarized in Appendix Table 3. Images were exported in 16-bit as TIFF. 

3.3.5.6. Image analyses 

Fluorescence intensities from immunostaining were quantified using a custom MATLAB code for image 

thresholding, as described in detail elsewhere.406,407 This script creates a binary mask for fluorescent spots 

of different sizes defined by sigma, a variable that represents the radius in pixels. In short, Laplacian of 

Gaussian filters were applied at varying widths to identify regions of fluorescent intensities in acquired 

images. Then, a binary mask was created with pixel intensities above a threshold set as 1 and anything 

below set as 0. This threshold is defined as a number of standard deviations above the mean background 

noise. Sigma and threshold values used visually agreed with fluorescent signals and no spurious 
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background detections were observed. These values have been summarized in Appendix Table 4. All 

MATLAB scripts are available upon request. 

Subsequently, Mander’s co-localization coefficients (MCC) were quantified on the resultant binary masks 

using the JACoP plugin (Just Another Co-localization Plugin) in ImageJ.407–410 MCCs measures co-

occurrence and provides fractions of overlap attributed to a particular probe – i.e. MCCs measures the 

overlap of the liver targeted systems’ signal with the cellular compartment antibody signal, and vice versa. 

For the purpose of these investigations, data was presented as MCCs percentage of liver targeted 

polymers’ signal overlapping in antibody signal, ranging from 0% to 100%. A sample step-wise processing 

of raw images acquired into binary masks for Mander’s co-localization analyses has been showed in 

Appendix Figure 12. 

3.3.6. In vivo pharmacokinetic and biodistribution investigation of liver targeting chelating 

systems 

All the animal studies were carried out at the Experimental Therapeutics laboratory, B.C. Cancer Research 

Centre, Vancouver, BC, Canada. All the protocols were approved by the Institutional Animal Care 

Committee (IACC), UBC. For all studies, female C57Bl/6 mice between 6 to 9 weeks were used.  

3.3.6.1. A pilot biodistribution assessment of a liver targeting chelating system and its control  

Tail vein injections were administered at a dose of 10 mg/kg with injection volumes of 200 µL/20 g mice.  

At 2 and 24 h post-injection, mice were terminated by CO2 inhalation. Each treatment group had a total 

of 3 mice. Blood and organs (liver, spleen, kidneys, heart and lungs) were collected, as described below in 

section 3.3.6.3 and 3.3.6.4. respectively. The radioactivity of tritiated HD-GalNAc and HD-Gluc were 

measured in plasma and digested organs, and reported as an average percentage of the injected dose 

(ID).  

3.3.6.2. A detailed investigation of selected liver targeting chelating systems 

The plasma circulation times, organ biodistribution and excretion profiles of tritiated HD-GalNAc and HD-

TAG were investigated over the course of 144 h. Tritiated HD was also investigated, as a non-liver targeting 

control, for the first 24 h. HD-Gluc were not investigated, as concluded from the pilot study (section 

3.3.5.1). Mice were individually weighed and injected at a dose of 10 mg/kg with injection volumes of 200 
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µL/20 g mice) intravenously through the tail vein. Body weights of the mice were monitored. Mice treated 

with either HD-GalNAc or HD-TAG were terminated after 1, 4, 8, 24, 72, and 144 h of injection, whereas 

those treated with HD were terminated after 8 and 24 h of injection. Each treatment group had a total of 

3 mice. All mice were terminated by CO2 inhalation at the desired time points. Blood, organs and 

excrement collection and processing were performed as outlined below (section 3.3.6.3., 3.3.6.4., and 

3.3.6.5., respectively) Radioactivity measurements were reported as an average percentage of the ID. 

3.3.6.3. Collection and processing of blood 

Blood was collected at the desired time point via cardiac puncture with a 25G needle and placed into a 

corresponding microtainer tube. Then, plasma was separated by centrifuging samples at 2500 rpm for 15 

min and transferred to a separate tube. Radioactivity was measured in an aliquot (50 L) with scintillation 

cocktail (5 mL). 

3.3.6.4. Collection and processing of organs 

Upon termination of the mice, whole liver, spleen, lung, heart and kidneys were harvested, rinsed in PBS, 

weighed and processed for radioactivity measurements. All organs were homogenized prior to 

scintillation counts. Whole livers were prepared into a 30% homogenate in a known amount of water 

using a Polytron tissue homogeniser. and small aliquots of homogenate (200 μL) in triplicates were 

transferred to scintillation vials. All other organs were homogenized and digested using Solvable® (500 

μL). Vials were incubated at 50C overnight or until samples were completely dissolved, then cooled on 

ice prior to the addition of 200 mM EDTA (50 L), 10 M HCl (25 L) and 30% H2O2 (200 L). This mixture 

was incubated at room temperature for several h before the addition of scintillation cocktail (5 mL). The 

radioactivity was measured through scintillation counts for all samples in triplicates. Triplicate aliquots 

(10 L) of stock tritiated compound were analysed for specific activity determination.  

3.3.6.5. Collection and processing of excrement 

For urine and feces collection, mice were housed in metabolic cages during the entire course of the study 

(144 h group). All the urine and feces were collected from the metabolic cages and transferred into pre-

weighed tubes. For feces collection, a homogenate solution of 10% (or 5% if there was limited feces 

collected) feces in water was made using the Polytron tissue homogeniser and processed similar to organs 
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as mentioned above. Urine (100 µL) and feces (200 µL) samples were read in triplicates by the liquid 

scintillation counter.  

3.3.7. In vivo liver cellular distribution of liver targeted chelating systems 

The in vivo hepatic distribution of cyanine 5.5 labelled HD, HD-GalNAc and HD-TAG were investigated as 

reported elsewhere.411 A saline control group was also used. At least 3 mice were used for each polymer 

at each time point. Each mouse was injected with fluorescently-tagged liver targeted molecules via the 

tail vein at a dose of 10 mg/kg with injection volumes of 200 µL/20 g mouse using a 28G needle.  

Mice were briefly restrained during tail vein injections and, if needed, a heat lamp was used to dilate the 

vein. After 0.5, 2 or 8 h of injection, mice were sacrificed with isoflurane and liver perfusions were 

performed immediately. Using an injection pump; pre-warmed 0.5 mM EDTA in HBSS (15 to 20 mL) was 

perfused via the portal vein until the liver blanched followed by the perfusion of warm digestion media 

consisting of DMEM with 100 U / mL collagenase IV (15 mL) for 5 to 7 minutes. The liver was excised and 

placed in additionally digestion medium for another 10 to 15 minutes. After this, liver cells were 

mechanically separated with tweezers and passed through a 120 µm sterile filter. All cells were washed 

with red blood cell lysis buffer (ammonium chloride 0.15 M, sodium bicarbonate 0.01 M, and EDTA 1.2 

mM)412 thrice followed by PBS wash once (10 mL).  Kupffer cells were identified using anti-CD68 

antibodies. Hepatocytes were identified as CD68 negative cells. The gating is shown in Appendix Figure 

13. At least 10,000 cells were analyzed in the BD FACS Calibur equipped with 2 lasers, 488 and 635 nm. 

Percentage of cells positive for liver targeted polymers were determined by gating for cells using 

unlabelled controls.  

3.3.8. Statistical analysis 

All experiments were performed in at least independent triplicates and presented with error bars that 

correspond to standard deviations. Technical replicates were also performed, but only independent 

triplicates were used for statistical analysis. All statistical analyses were performed using GraphPad Prism 

7 (Grahpad Software, San Diego, USA). The statistical tests and appropriate multiple comparison tests 

were outlined in the figure legends. 
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3.4. Results 

3.4.1 A pilot biodistribution assessment of liver targeting macromolecules 

Liver targeting chelating systems, HD-GalNAc and HD-TAG, selected in Chapter 2 from earlier in vitro 

investigations were next evaluated for their in vivo pharmacokinetic behavior. First, the liver targeting 

chelating systems and their controls, HD and HD-Gluc, were tritiated by converting hydroxyl groups into 

[3H1] methyl ethers. In order to ensure that these liver targeting chelating systems still retained their 

binding and uptake profiles observed earlier, an in vitro binding and uptake assay (Figure 22) was 

performed in HepG2 cells. The scintillation counts (DPM) for HD-GalNAc were significantly higher than 

HD-Gluc when treated at 1 M (p = 0.0002) – there was 4 fold difference observed. This confirms that 

chemical modifications required to radiolabel liver targeting systems did not significantly impact their in 

vitro responses. 

 

 

Figure 22. The binding and uptake of tritiated liver targeting chelating system and its non-liver targeting 

control. Scintillation counts were measured in HepG2 cells treated with 1 M of either HD-GalNAc or HD-

Gluc for 2 h at 37C. Error bars show standard deviations for a sample size of 3 replicates. A t-test was 

performed to compare the uptake of HD-GalNAc with HD-Gluc using Graphpad Prism. 
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Next, a preliminary study was performed using HD-GalNAc and HD-Gluc to assess the hypothesized liver 

targetability in C57Bl/6 mice (Figure 23). Tritiated macromolecules were injected intravenously and the 

concentration (reported as an average percentage of ID) of tritiated HD-GalNAc and HD-Gluc were 

measured in the plasma, liver, kidneys, heart, spleen and lungs at 2 h and 24 h post injections. At 2 h post 

injection, HD-GalNAc was rapidly cleared from circulation when compared to HD-Gluc, with 1.2% vs 33.5% 

of the injected dose (ID) remaining in plasma (p < 0.0001), respectively. Similarly, preferential hepatic 

accumulation was observed for HD-GalNAc when compared to HD-Gluc, with 35.9% vs 11.2% of the ID 

present in the liver (p<0.0001), respectively. 

Similarly, at 24 h, the hepatic accumulation of both HD-GalNAc and HD-Gluc were maintained at 31.3% 

and 15.4% of the ID, respectively (p < 0.0001). The pilot assessment of biodistribution in vivo confirmed 

the hypothesis that decorating HPG-based chelating systems with ASGPR-specific ligands, as seen with 

GalNAc, exhibited high liver specificity when compared to its control. Based on these observations, 

detailed pharmacokinetic, biodistribution and excretions investigations were performed on HD-GalNAc 

and HD-TAG. 
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Figure 23. A pilot in vivo biodistribution investigation for tritium labelled liver targeting chelating 

system and its non-liver targeting counterpart. 10 mg/kg of [3H] labelled polymers were intravenously 

injected in C57BL/6 mice and radioactivity was measured in plasma and various organs at either (A) 2 h or 

(B) 24 h post injection. Error bars show standard deviations for a sample size of 3 independent mice. A 2-

way ANOVA with Sidak’s multiple comparison test were performed using GraphPad Prism. 
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3.4.2. Evaluation of the biodistribution and pharmacokinetic profiles for liver targeting chelating 

systems 

Detailed pharmacokinetic investigations of HD-GalNAc and HD-TAG were performed to assess circulation 

half-life, biodistribution and excretion profiles over 144 h after injecting C57Bl/6 mice with tritiated 

macromolecules (Figure 24 to Figure 27). The biodistribution and excretion of these liver targeting 

chelating systems were compared to non-liver targeted HD at 8 and 24 h after injection. HD was used as 

a control because previous works from our laboratory focused on HD systems and their in vivo iron 

chelation efficacy.183,198,371 Additionally, HD-Gluc was omitted in these studies because the pilot in vivo 

biodistribution investigation provided sufficient evidence for poor liver specificity of this control.  

The circulation half-lives of the liver targeting chelating systems were calculated using a two compartment 

model.187 The distribution half-life for HD-GalNAc and HD-TAG were 1.7 h and 2.0 h respectively. The 

elimination half-life for HD-GalNAc and HD-TAG were 98.0 h and 27.0 h. Remarkably, the non-linear 

regression analysis for HD-GalNAc and HD-TAG were significantly different (p < 0.0001) (Figure 24A).  

Next, the biodistribution of liver targeting chelating systems were evaluated and compared to the non-

liver targeting control, HD. Both HD-GalNAc and HD-TAG exhibited preferential accumulation in the liver 

almost immediately after injection (Figure 24B). HD-GalNAc demonstrated 31% ± 3% and 33% ± 1% of the 

ID accumulating in the liver after 1 and 4 h, respectively. Similarly, HD-TAG demonstrated 20% ± 2% and 

17% ± 4% of the ID accumulating in the liver after 1 and 4 h, respectively. Over the duration of the study, 

both liver targeting chelating systems decreased with 20% ± 2% of the ID remaining for HD-GalNAc and 

15% ± 1% of the ID remaining for HD-TAG by 144 h. When comparing between the liver targeting chelating 

systems, HD-GalNAc revealed significantly higher hepatic accumulation over the first 72 h when compared 

to HD-TAG (p < 0.0001 for all comparisons). In addition, there was minimal non-specific distribution 

observed in other organs including kidneys, heart, spleen and lungs. HD-GalNAc had a sub-3% 

accumulation in the other organs over the course of the 144 h (Figure 24C). On the other hand, HD-TAG 

had approximately a 5-8% accumulation in the other organs initially which then decreased below 5% for 

the kidneys, heart and lungs (Fig. 3D). Notably, the splenic accumulation of HD-TAG also decreased during 

the first 72 h but then exhibited an increase at the 144 h time point (Figure 24D).  When compared to the 

non-targeted control – HD (Figure 25), the biodistribution profiles confirmed the high liver specificity for 

both HD-GalNAc and HD-TAG at 8 h (p < 0.0001 and p = 0.0124, respectively) and 24 h (p < 0.0001 and p 

= 0.0015, respectively). HD also exhibited minimal non-specific distribution. 
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Figure 24. Pharmacokinetic and biodistribution of tritium labeled liver targeting macromolecular 

chelating systems in C57BL/6 mice. Tritium labelled systems were injected at 10 mg/kg dose 

intravenously into mice. Radioactivity was measured through scintillation counts in (A) plasma and (B) 

liver. Nonspecific biodistribution of (C) HD-GalNAc and (D) HD-TAG were also measured in other organs 

including kidneys, heart, spleen and lungs. Error bars show standard deviations for a sample size of 3 mice. 

Circulation times were determined using a two-phase decay non-linear regression analysis in Graphpad 

Prism. Extra-sums-of-squares F Test was performed to compare the two non-linear regression analyses 

for circulation half-lives. 2-way ANOVA with Sidak’s multiple comparison test were performed to compare 

the accumulation of these liver targeting systems in the liver. **** represents a p < 0.0001. 

  



83 

 

Figure 25. Biodistribution properties of tritium labeled non-liver targeting macromolecular chelating 

control in C57BL/6 mice. Tritium labelled HD were injected at 10 mg/kg dose into mice. Radioactivity was 

measured through scintillation counts in plasma and the excretory organs (liver and kidneys) at (A) 8 h 

and (B) 24 h after injection. (C) Non-specific biodistribution of HD were also measured in other organs 

including heart, spleen and lungs. Error bars show standard deviations for a sample size of 3 mice. 2-way 

ANOVA with Tukey’s multiple comparison test were performed to compare the accumulation of these 

liver targeting systems in the plasma, liver and kidneys. Similarly, the differences in hepatic accumulation 

was also compared. **** represents a p < 0.0001, *** represents a p < 0.0010, ** represents a p < 0.0100, 

and * represents a p < 0.0500. 
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Lastly, the excretion of these macromolecular chelators were examined in two separate comparisons; 

first, the excretion of HD-GalNAc and HD-TAG were compared to HD in the first 24 h because liver targeted 

chelating systems exhibited rapid elimination (Figure 26), and second, the excretion of HD-GalNAc and 

HD-TAG were compared over the full duration of 144 h (Figure 27). 

Notable differences were observed for the excretion at 8 h and 24 h post injection via feces, the 

hepatobiliary route, and via urine, the renal route (Figure 26). At 8 h post injection of tritiated polymers, 

48% of the ID of HD-TAG (p < 0.0001, HD-TAG vs HD) and 26% of the ID of HD-GalNAc (p < 0.0001, HD-

GalNAc vs HD) were excreted through the hepato-biliary pathway, whereas HD showed less than 5% of 

the ID excreted (Figure 26A). Significantly higher fecal excretion was observed for HD-TAG compared to 

HD-GalNAc (p < 0.0001). On the other hand, HD-GalNAc showed 32% of the ID in urine at 8 h, whereas 

HD-TAG and HD showed no excretion in the collected urine samples (Figure 26B). 

At 24 h post injection of polymers, HD-GalNAc and HD-TAG did not show considerable increase in fecal 

excretion (Figure 26C); the excretion of HD-GalNAc and HD-TAG decreased dramatically after 8 h with 

only an additional 6% and 10% of the ID over 24 h respectively. In contrast, an additional 15% of the ID of 

HD was measured in the feces – 4 times more than that excreted at 8 h. Similarly, HD-GalNAc only 

exhibited an addition of 5% of the ID in the urine, whereas HD-TAG and HD showed 19% and 32% of the 

ID, respectively (Figure 26D).  

Notably, when comparing the route of excretion (Figure 26E and Figure 27), HD-GalNAc was equally 

excreted through both the hepatobiliary and renal route of excretion, despite having less than 3% of the 

ID in the kidneys at all times. In contrast, HD-TAG exhibited a hepatobiliary dominate route of excretion 

with 75% of the polymer excreted in the feces (p < 0.0001 when comparing 24 h fecal excretion to urinal 

excretion) despite exhibiting significantly lower liver accumulation compared to HD-GalNAc. 
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Figure 26. The excretion of liver targeting chelation systems over the first 24 h. (A) The hepatobiliary and 

(B) the renal elimination of these radiolabelled rapid excretion systems from mice were also investigated 

at 8 h post injection. 1-way ANOVA with Tukey’s multiple comparison tests were performed. At 24 h post 

injection, the cumulative excretion via (C) the hepatobiliary and (D) the renal pathways were measured 

from the same study. (E) The proportion of excretion via the feces and the urine for all macromolecular 

chelators were determined after 24 h post injection. The average percentage of the total ID were 

calculated from 3 mice per treatment. Error bars show standard deviations. All statistical analyses were 

performed using GraphPad Prism where **** represents p < 0.0001 and * represents p < 0.05.   
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Remarkably, the total liver targeted chelating systems excreted after 24 h post injection was greater than 

70% of the ID, with no appreciable differences observed between HD-GalNAc and HD-TAG despite the 

significantly different excretion route (Figure 27); HD-GalNAc exhibited 73% ± 5% and HD-TAG exhibited 

73% ± 3% of the ID. The excretion of these systems was significantly higher compared to HD, which 

revealed a total excretion of 51% ± 4% of the ID (p = 0.0011, HD-GalNAc vs HD, and p = 0.0014, HD-TAG 

vs HD) (Figure 26E).  

After 144 h, a significant increase in total excretion of HD-TAG was observed from 73% ± 3% of the ID after 

24 h to 85% ± 3% of the ID after 144 h (p = 0.0066). Despite this, the total excretion of HD-GalNAc and HD-

TAG were still not significantly different (Figure 27). Only a slight increase in the total excretion of HD-

GalNAc was observed at 144 h post injection. 
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Figure 27. The excretion of liver targeting chelation systems over 144 h. The total excretion of HD-GalNAc 

at (A) 24 h and (C) 144 h and the total excretion of HD-TAG at (B) 24 h and (D) 144 h were measured using 

tritiated polymers at the end the 144 h period. The average percentage was determined from 3 mice per 

treatment. For each polymer at each time point, an unpaired t-test was performed to compare mode of 

excretion using Graphpad Prism.  
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3.4.3. In vivo hepatic distribution of liver targeting chelating systems 

In order to shed light on the possible mechanism of rapid excretion shown by liver targeted chelating 

systems, the liver distribution of fluorescently labeled HD-GalNAc, HD-TAG and HD were examined in 

C57Bl/6 mice using flow cytometry. Liver cells were separated using collagenase perfusion and, using anti-

CD68 antibodies, Kupffer cells were identified as CD 68 positive population whereas hepatocytes were 

identified as CD68 negative population. The percentage of cells positive for fluorescently labeled 

macromolecules were determined by gating for cells using unlabelled control. A representative gating dot 

plot has been shown in Appendix Figure 13. 

Over the course of the 8 h time point (Figure 28), mice treated with HD-GalNAc exhibited 0.4% to 1.2% 

positively stained hepatocytes and mice treated with HD-TAG exhibited 0.2% to 5.7% positively stained 

hepatocytes. Only after 8 h of injection, signal was detected in Kupffer cells, with less than 0.05% of 

Kupffer cells positively stained. Both HD-GalNAc and HD-TAG accumulated almost exclusively in the 

hepatocytes despite the percentages of these cells being low.   

On the other hand, non-targeted HD exhibited increasing accumulation in both hepatocytes and Kupffer 

cells over 8 h. At 0.5 h, 2.1% of the hepatocytes stained positive compared to 0.2% of the Kupffer cells 

that stained positive (****p < 0.0001, positively stained hepatocyte vs positively stained Kupffer cells). At 

2 h, there were no appreciable differences between hepatocytes and Kupffer cells (6.7% and 5.6%, 

respectively). By 8 h, significantly more Kupffer cells stained positive for HD macromolecules when 

compared to hepatocytes (*p = 0.0119, 32.2% of Kupffer cells vs 21.6% hepatocytes). 

These observations seem to be consistent with the rapid excretion observed by HD-GalNAc and HD-TAG 

from the detailed pharmacokinetic and biodistribution investigations described earlier. To further 

evaluate the intracellular processing of these macromolecules under in vitro conditions, their cellular 

distribution in HepG2 cells was assessed and analyzed by confocal microscopy (Figure 29). HepG2 cells 

were incubated with carboxyrhodamine labelled polymers for 30 mins and then media was replaced with 

fresh media for an additional 1 h. Cellular distribution of liver targeted macromolecules were traced with 

respect to lysosomes (LAMP1). Both HD-TAG and HD-GalNAc qualitatively co-localized with LAMP1, 

suggesting lysosomal accumulation consistent with observations made in Chapter 2. Minimal to no HD 

uptake was observed, which is also consistent with the 0.5 h in vivo liver distribution for this non-targeted 

control. 
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Figure 28. In vivo hepatic distribution of fluorescently labelled liver targeting chelating systems and its 

control at (A) 0.5 h, (B) 2 h and (C) 8 h post injection. The liver was harvested, processed and separated. 

Hepatocytes and Kupffer cells were labeled using anti-CD68 antibodies and the uptake of molecules were 

analyzed in at least 20,000 cells using flow cytometry. Data was presented as an average percentage of 

cells staining positive for fluorescently labelled HD, HD-GalNAc and HDTAG, from 3 mice per treatment 

per time point. A 2-way ANOVA with Sidak’s multiple comparison test was performed to compare 

differences in cellular accumulation. All statistical analysis were performed using GraphPad Prism.  
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Figure 29. Intracellular distribution of fluorescently-labelled liver targeting systems and its control in 

HepG2 cells. Cells were pulsed with fluorescent macromolecules for 30 min and then chased with fresh 

media for 1 h. Images were acquired using confocal laser scanning microscopy with immunostaining to 

identify lysosomes (LAMP1). Nucleus was stained using Hoechst, represented as blue. Lysosomes were 

stained using mouse anti-human LAMP1 antibodies, represented as red. HD, HD-GalNAc and HD-TAG were 

fluorescently labelled with carboxyrhodamine, represented as green. At least 100 cells were imaged. 

Representative confocal micrographs are shown here.  



91 

3.4.4. Kinetic investigations into the intracellular trafficking of liver targeting chelating systems 

HD-GalNAc and HD-TAG exhibited hepatocyte specific uptake within the liver which may shed light on the 

liver-mediated rapid excretion from previous in vivo investigations. To further assess the hypothesis that 

hepatocyte uptake mediated rapid excretion of HD-GalNAc and HD-TAG, the intracellular trafficking of 

these liver targeting chelating systems were investigated with respect to the rate of intracellular 

movement. This is because ASGPR-mediated cellular uptake is dependent on the ligand lectin interaction 

and the availability of receptors to readily interact with the ligand.225 To evaluate the role of ASGPR 

kinetics on the observed excretion profiles, HepG2 cells were treated with fluorescently labelled HD-

GalNAc and HD-TAG to compare differences in the endocytic pathway using confocal laser scanning 

microscopy. Mander’s co-localization coefficients (MCCs) shows the percentage of HD-GalNAc and HD-

TAG signal overlapping with the compartment-specific antibody signal. For the sake of clarity, MCCs and 

percentage of HD-GalNAc and HD-TAG signal overlapping with antibody signal were used interchangeably. 

Initial studies compared the intracellular distribution in cells treated with H-GalNAc50 and HD-GalNAc for 

either 2 h or 24 h (Figure 30 and Appendix Figure 14 to Appendix Figure 17) to observe for any differences 

between these liver targeting systems. The endocytic pathway was traced using endocytic markers to 

identify early endosomes (EEA1), recycling endosomes (TfR1), late endosomes (Rab7), and lysosomes 

(LAMP1). H-GalNAc50 treated cells showed increasing trends in MCCs for EEA1, Rab7 and LAMP1 from 2 

to 24 h. In fact, MCC for EEA1 was significantly higher when comparing 2 h to 24 h incubations – an 

increase from 12% to 31% of the H-GalNAc50 signal overlapping with EEA1 signal was observed (p = 

0.0313). A decreasing trend in the MCC was observed for TfR1 (Figure 30A). Similarly, on the other hand, 

HD-GalNAc treated cells also showed increasing trends in MCC for Rab7 and LAMP1 from 2 h to 24 h 

(Figure 30B). Unlike H-GalNAc50 however, there was a significant decrease in the MCC when comparing 2 

to 24 h incubations for both EEA1 and TfR1 (p = 0.0064 and p = 0.0028, respectively). At 2 h, 66% of the 

HD-GalNAc signal overlapped with EEA1 signal and 71% of the HD-GalNAc signal overlapped with TfR1 

signal. Whereas at 24 h, 27% of the HD-GalNAc signal overlapped with EEA1 signal and 31% of the HD-

GalNAc signal overlapped with TfR1 signal.  

At 24 h, cells treated with either H-GalNAc50 or HD-GalNAc exhibited greater than 50% of the polymer 

signal overlapping with LAMP1 signal, which suggests lysosomes as the final destination. While the 

conjugation of DFO doesn’t change its intracellular distribution, the rate of progression through the 

endocytic pathway is affected (Figure 30).  



92 

 

Figure 30. The intracellular distribution of (A) H-GalNAc50 at 1 M and (B) HD-GalNAc at 1 M incubated 

for either 2 or 24 h in HepG2 cells. HepG2 cells were incubated with H-GalNAc50 or HD-GalNAc for either 

the full duration of 2 or 24 h at 37C. Polymers were present throughout the entire duration of the 

experiment. The endocytic pathway was traced using fluorescent immunostaining to identify early 

endosomes (EEA1), recycling endosomes (TfR1), late endosomes (Rab7) and lysosomes (LAMP1). At least 

a 100 cells were acquired and analyzed. Mander’s Co-localization Coefficients (MCCs) were reported as a 

percentage of polymer signal overlapping with immunostaining signal for the different antibodies. MCCs 

were calculated from at least 5 different regions of interest and the error bars show standard deviations. 

2-way ANOVA with Sidak’s correction was performed to compare differences in MCCs at a particular 

endocytic compartment at either 2 or 24 h. All statistical analyses were performed using GraphPad Prism.  
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Based on these observations, the kinetic differences in the endocytosis of liver targeted polymers towards 

the lysosomes were then investigated in detail using pulse-chase investigations. HepG2 cells were ‘pulsed’ 

with fluorescent polymers for 30 min and then ‘chased’ by replacing the media with fresh media (i.e. no 

fluorescent polymer) for an additional 0, 1, 2, 16 and 24 h (Figure 31 and Appendix Figure 18 to Appendix 

Figure 35). Similar to the previous experiment, the endocytic pathway was traced using endocytic markers 

to identify early endosomes (EEA1), late endosomes (Rab7), and lysosomes (LAMP1). The ASGPR was also 

traced (ASGPR). Co-localization of liver targeted systems – H-GalNAc50 (Figure 31A), HD-GalNAc (Figure 

31B), H-TAG2 (Figure 31C) and HD-TAG (Figure 31D) with different endocytic compartments were 

measured and quantitatively compared using MCCs.  

Cells treated with all polymers exhibited rapid lysosomal co-localization, which increased further with 

chase time. Immediately after pulsing the cells with polymers (0 h chase), the MCCs for LAMP1 were 

significantly higher when compared to the MCCs for the endocytic markers; H-GalNAc50 showed 52% 

overlap with LAMP1 compared to the 23% overlap with EEA1 and 0% overlap with both Rab7 and ASGPR 

(p < 0.0001 for all comparisons), HD-GalNAc showed 56% overlap with LAMP1 compared to the 23% 

overlap with EEA1 and 0% overlap with both Rab7 and ASGPR (p < 0.0001 for all comparisons), H-TAG2 

showed 37% overlap with LAMP1 compared to the 26% overlap with EEA1 (p = 0.0009), 20% overlap with 

Rab7 (p < 0.0001) and 0% overlap with ASGPR (p < 0.0001), and HD-TAG showed 57% overlap with LAMP1 

compared to the 26% overlap with EEA1, 21% overlap with Rab7 and 1% overlap with ASGPR (p < 0.0001 

for all comparisons). Further, the percentage of polymer signal overlapping with LAMP1 signal significantly 

increased when comparing the MCCs determined from a chase of 0 h to 24 h; H-GalNAc50 increased from 

52% to 62% (p < 0.0001), HD-GalNAc increased from 56% to 69% (p < 0.0001), H-TAG2 increased from 37% 

to 75% (p < 0.0001) and HD-TAG increased from 57% to 74% (p < 0.0001). Notably, the MCCs for polymer 

signal overlapping with ASGPR were between 0% to 2% for all polymers at all chase times.  
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Figure 31. The kinetic investigation into the intracellular distribution of fluorescently labelled liver 

targeting systems and their chelator counterparts. Mander’s Co-localization Coefficients (MCCs) were 

reported as a percentage of (A) H-GalNAc50, (B) HD-GalNAc, (C) H-TAG2, and (D) HD-TAG overlapping with 

immunostaining signal for the different antibodies used to trace the endocytic pathway. The endocytic 

pathway was traced using fluorescent immunostaining to asialoglycoprotein-receptors (ASGPR), early 

endosomes (EEA1), late endosomes (Rab7) and lysosomes (LAMP1). At least 100 cells were acquired using 

Leica SP5 confocal scanning laser microscopy. MCCs was calculated from 5 to 18 independent regions of 

interest. The error bars show standard deviations. A 2-way ANOVA with Tukey’s multiple comparisons test 

was performed to compare the differences in signal overlap with endocytic markers within the same 

polymer treatments. A 2-way ANOVA with Dunnett’s multiple comparisons test was performed to 

compare differences in signal overlap with endocytic markers between polymer treatments.  All statistical 

analyses were performed using GraphPad Prism.  
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Next, distinct differences were observed between GalNAc decorated systems and TAG decorated systems 

when assessing the impact of DFO conjugation.  

GalNAc decorated systems showed no statistical differences between the overlap of non-chelator H-

GalNAc50 and HD-GalNAc with any of the endocytic markers at all chase times, suggesting that DFO 

conjugation does not significantly influence the kinetics for its intracellular trafficking. GalNAc decorated 

systems showed overlap with either EEA1 or LAMP1; for EEA1 overlap, H-GalNAc50 and HD-GalNAc 

showed 23% signal overlap at 0 h which decreased to 17% and 18% by 24 h respectively, and for LAMP1 

overlap, H-GalNAc50 and HD-GalNAc showed 52% and 56% overlap with LAMP1 at 0 h which increased to 

62% and 69% at 24 h respectively. Minimal overlap was observed with Rab7 and ASGPR – only 0% and 3% 

signal overlap was measured at all chase times, respectively. 

In contrast, TAG decorated systems showed statistical differences between the overlap of non-chelator 

H-TAG2 and HD-TAG with Rab7 and LAMP1 antibodies within the first 2 h of chase. Unlike GalNAc 

decorated systems, DFO conjugation in TAG decorated systems influences the kinetics such that it speeds 

up its intracellular trafficking. For Rab7 overlap after 1 h chase, H-TAG2 and HD-TAG showed 34% and 59% 

signal overlap after 1 h chase (p < 0.0001), and after 2 h chase, H-TAG2 and HD-TAG showed 21% and 43% 

signal overlap (p = 0.0008). Similarly, for LAMP1 overlap after 0 h chase, H-TAG2 and HD-TAG showed 37% 

and 57% signal overlap (p < 0.0001), and after 1 h chase, H-TAG2 and HD-TAG showed 63% and 70% signal 

overlap (p = 0.0462). Similar to the GalNAc decorated systems, no significant differences were observed 

when comparing the overlap of H-TAG2 and HD-TAG with EEA1 and ASGPR; for EEA1 overlap, H-TAG2 and 

HD-TAG exhibited 26% signal overlap at 0 h which decreased to 6% by 24, and for ASGPR overlap, 0% to 

2% of signal overlap was measured at all chase times. Notably, similar to GalNAc decorated systems, TAG 

decorated systems showed overlap with EEA1 and LAMP1, however only TAG decorated systems showed 

overlap with Rab7.  
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Figure 32. A comparative kinetic investigation into the intracellular distribution of fluorescently labelled 

liver targeting systems and their chelator counterparts against the endogenous ASGPR-specific protein, 

AF. Mander’s Co-localization Coefficients (MCCs) were reported as a percentage of (A and C) H-GalNAc50 

and H-TAG2 and (B and D) HD-GalNAc and HD-TAG polymer signal overlapping with immunostaining signal 

for (A and B) early endosomes (EEA1) and (C and D) lysosomes (LAMP1). At least 100 cells were acquired 

using Leica SP5 confocal scanning laser microscopy. MCCs was calculated from 5 to 18 independent 

regions of interest. The error bars show standard deviations. A 2-way ANOVA with Dunnett’s multiple 

comparisons test was performed to compare the MCCs for all liver targeting polymers to AF. All statistical 

analyses were performed using GraphPad Prism. **** represents p < 0.0001, *** represents p < 0.0010, 

and ** represents p < 0.0100. Representative confocal micrographs were shown in Appendix Figure 18 to 

Appendix Figure 35. 
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It is evident that both the ASGPR-specific ligand identity and DFO conjugation influenced the observed  

intracellular trafficking kinetics. To better contextualize these differences, similar pulse chase experiments 

were performed. The intracellular kinetics of liver targeting polymers were compared with asialofetuin 

(AF) with respect to EEA1 (Figure 32A and B) and LAMP1 (Figure 32C and D). AF is a natural ligand which 

exhibits high affinity for the ASGPR and is targeted to the lysosome for degradation.223,413,414 

AF revealed significantly more EEA1 overlap from 0 h to 1 h (1% vs 14%; p = 0.0092). This increasing trend 

was observed over the first 2 h followed by a slight decrease after 24 h. When compared to all liver 

targeting polymers, AF exhibited a slower increase in the MCCs for EEA1 overlap. Immediately after a 30 

min pulse, all liver targeting polymers showed significantly higher signal overlap when compared to AF 

(****p < 0.0001 for all comparisons). AF showed a 1% signal overlap whereas H-GalNAc50, HD-GalNAc, H-

TAG2 and HD-TAG showed 23%, 23%, 26% and 26% signal overlap respectively. At 1 h of chase, only HD-

TAG showed significantly lower signal overlap when compared to AF (5% HD-TAG vs 14% AF, **p = 

0.0079). By 2 h of chase, all liver targeting polymers exhibited significantly lower signal overlap with EEA1 

when compared to AF indicating the faster progression of these polymers through the early endosomes; 

21% of AF signal vs 11% of H-GalNAc50 (**p = 0.0074), 11% of HD-GalNAc ( **p = 0.0065), 5% of H-TAG2 

(****p < 0.0001), and 3% of HD-TAG (****p < 0.0001). No significant differences were observed after 24 

h chase. 

AF revealed an increased trend in LAMP1 signal overlap which plateaued by 24 h. A significant increase in 

AF overlap was observed between 1 h and 2 h of chase (37% vs 56%; p = 0.0032). Similar patterns were 

observed for LAMP1 overlap. With the exception of H-TAG2, H-GalNAc50, HD-GalNAc and HD-TAG showed 

significantly higher MCCs for LAMP1 overlap when compared to AF (***p = 0.0003, ****p < 0.0001 and 

****p < 0.0001, respectively). AF showed a 33% signal overlap and H-TAG2 showed a 37% overlap whereas 

H-GalNAc50, HD-GalNAc and HD-TAG exhibited 52%, 56% and 57% signal overlap. After 1 h chase, all liver 

targeting polymers had significantly higher signal overlap with LAMP1 (p < 0.0001 for all comparisons); 

37% of AF signal vs 67% of H-GalNAc50, 58% of HD-GalNAc, 63% of H-TAG2, and 70% of HD-TAG. At 2 h of 

chase, H-GalNAc50, HD-GalNAc and HD-TAG were not significantly different than AF when comparing their 

MCCs suggesting that these molecules have reached their final destination. Since the signal overlap of AF 

with LAMP1 was not significantly different between 2 h and 24 h (56% and 53% respectively), it is likely 

that the significant differences observed for H-TAG2 at 2 h of chase and H-TAG2, HD-GalNAc and HD-TAG 

at 24 h chase (**p = 0.0092, ***p = 0.0001, **p = 0.0037 and ***p = 0.0001, respectively) may be a 

constraint of this experiment.  
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Figure 33. The influence of acidification of the intracellular distribution of liver targeting systems and 

their chelator counterparts. The intracellular translocation was perturbed with a 1 h pre-treatment of 10 

nM bafilomycin, a proton pump inhibitor. HepG2 cells were then pulsed with fluorescently labelled 

polymers for 30 min and chased with fresh media for 1 h. Mander’s Co-localization Coefficients (MCCs) 

were reported as a percentage of polymer signal overlapping with immunostaining signal for (A) early 

endosomes (EEA1) and (B) lysosomes (LAMP1). At least 100 cells were acquired using Leica SP5 confocal 

scanning laser microscopy. MCCs was calculated from 5 to 18 independent regions of interest. The error 

bars show standard deviations. A 2-way ANOVA with Dunnett’s multiple comparisons test was performed 

to compare the MCCs for all liver targeting polymers with and without bafilomycin pre-treatment. All 

statistical analyses were performed using GraphPad Prism. **** represents p < 0.0001, *** represents p 

< 0.0010, and ** represents p < 0.0100.  
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All liver targeting systems accumulated in the lysosomes faster than the endogenous ligand, AF (Figure 

32). To further explore why these systems exhibited rapid lysosomal accumulation, a similar pulse chase 

experiment was performed with 2 differences; (1) the endocytic pathway was perturbed by a pre-

treatment with bafilomycin, a proton-pump inhibitor which prevents the maturation of the endosomes 

and the subsequent fusion with lysosomes405,415, and (2) given the observations made previously, co-

localization with EEA1 and LAMP1 was analyzed after only a chase of 1 h. 

The observed MCCs for polymer signal overlapping with EEA1 signal were all significantly higher in cell 

pretreated with bafilomycin compared to cells without bafilomycin pre-treatment (Figure 32A); 13% vs 

5% for H-GalNAc50 (****p < 0.0001), 10% vs 7% for HD-GalNAc (*p = 0.0239), 13% vs 6% for H-TAG2 (****p 

< 0.0001) and 12% vs 4% for HD-TAG (****p < 0.0001). Conversely, the observed MCCs for polymer signal 

overlapping with LAMP1 signal were all significantly lower in cells pretreated with bafilomycin compared 

to cells without bafilomycin pre-treatment (Figure 32B); 60% vs 72% for H-GalNAc50 (**p = 0.0013), 56% 

vs 67% for HD-GalNAc (**p = 0.0037), 55% vs 63% for H-TAG2 (*p = 0.0492) and 57% vs 70% for HD-TAG 

(***p < 0.0006). 
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3.5. Discussion 

Nanomaterials, including polymer therapeutics, have been the subject of research for past several 

decades with enormous potential in diverse medical applications due to their unique properties and easily 

tunable surface chemistry.373,390,416,417 In pursuit of developing materials with ideal properties that bypass 

biological barriers, extensive investigations revealed the importance of these systems’ physical properties 

and their subsequent interaction with the reticuloendothelial systems. For instance, nanomaterials with 

minimal non-specific interaction with blood proteins and smaller than 5 nm are exclusively cleared 

through the kidneys because it is within the kidney clearance limit.390,392 Whereas, nanomaterials above 

this size range are readily cleared by the reticuloendothelial system, which hampers the delivery of 

therapeutic cargo to intended target sites, and retained for extended periods within the body.397,418,419  

Bypassing the resident macrophages and other non-parenchymal cells involved in the clearance and 

phagocytosis of these materials is imperative for the enhanced therapeutic index and the delivery of 

therapeutic cargo to its intended location. These strategies have been extensively sought after include 

surface modification of materials,207 selective depletion of macrophages,420 and alteration of particle size 

and shape, deformability390,392,397. The development of biodegradable nanomaterials has also been sought 

after, however, it degradation characteristics require particular attention since generated fragments may 

impart toxicity.421 In addition, biodegradability is principally constrained to a limited subset of materials. 

Yet, these have resulted in poor translation.419  

A major hurdle in the translation of nanomaterials beyond clinical trails is due to their poor excretion, 

prolonged unwanted retention and subsequent toxicities.391,422 Thus, designing carrier systems with 

desired vascular residency to increase its therapeutic index whilst being cleared from systemic circulation 

without accumulating in organs still remains of great interest. Galactosylated macromolecules, including 

proteins, polymers, metal nanoparticles, and liposomes have attracted much attention as liver-specific 

drug delivery systems.223,397,423 It is well known that various galactosylated proteins are internalized via 

ASGPR-mediated endocytosis, translocate to lysosomes for degradation in hepatocytes and the extent of 

galactosylation influences their excretion mechanisms.424 The movement of proteins towards the apical 

membrane through microtubule-dependent movement result in hepato-biliary excretion.425  

As such, ASGPR targeted HPG systems for the delivery of DFO were investigated because it offers the 

unique advantage of both delivering therapeutic cargo to liver whilst enabling its processing and 

elimination via the hepatobiliary tract. Herein, pharmacokinetic profiles of HD-GalNAc and HD-TAG were 
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investigated with particular attention to their excretion modalities and the underlying cellular processes 

involved. To the best of our knowledge, very limited data is available regarding the physical properties of 

ASGPR-targeted synthetic materials and how they correlate with cellular processing. The selection of the 

HD-GalNAc and HD-TAG has been detailed in Chapter 2. 

A preliminary study was performed to assess the differences in biodistribution of HD-GalNAc and HD-Gluc 

after 2 h and 24 h of injection. Three key observations were made. First, this pilot investigation provided 

a proof-of-concept evidence for the in vivo translation of the previously discussed in vitro observations. 

HD-GalNAc was selected since it exhibited superior performance. When compared to its control, HD-

GalNAc demonstrated significant differences as early as 2 h which were maintained after 24 h post 

injection (Figure 23). Second, given these differences, a detailed pharmacokinetic and biodistribution 

investigation to examine circulation times, liver accumulation, non-specific biodistribution and excretion 

were conducted accordingly with respect to the selection of an appropriate control and the time points 

of interest. HD-Gluc was designed as a control because glucose resembles the structure of GalNAc and it 

is readily taken up by hepatocytes via the glucose transporter but also interacts with ASGPR, albeit as a 

low affinity ligand.223,426 Using the same synthetic approach, we anticipated that this control would 

provide similar surface properties. Given the significant differences observed between HD-GalNAc and 

HD-Gluc, HD-Gluc was replaced with HD as the non-targeted macromolecular chelator control. Since the 

global aim of this thesis was to design a novel class of liver targeted macromolecular iron chelators using 

HPG, HD served as a more appropriate control for both pharmacokinetic investigations in this chapter and 

iron chelation efficiency in the following chapters. This is because HPG-DFO systems have been heavily 

investigated previously.182–184,198 Further, given the rapid liver accumulation, detail investigations focused 

on the profiles of HD-GalNAc and HD-TAG at earlier time point intervals. The behaviour of liver targeting 

chelating systems were compared to HD at 8 h and 24 h with respect to its biodistribution and excretion. 

Third, preliminary in vitro (Figure 22) and in vivo (Figure 23) studies confirm that radiolabelling of 

polymers, which required the methylation of hydroxyl groups via tritiated methyl iodide, did not perturb 

the ASGPR specificity observed through in vitro investigations. This is because the carbohydrate 

recognition domain on ASGPR exhibits high affinities for Gal and GalNAc based on the spatial arrangement 

between the ligand and lectin.217,223 
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Given this, detailed pharmacokinetic and biodistributions investigations (Figure 24) were performed over 

144 h on liver targeting chelating systems with different ASGPR-specific ligands and densities – HD-GalNAc 

and HD-TAG. This work demonstrated that differences in vascular retention, liver targetability, excretion 

modalities and non-specific distribution were principally influenced by the targeting moieties.  

The vascular retention of these systems was vastly different. After only 1 h of injection, HD-GalNAc 

showed 1.9% of the ID in plasma compared to HD-TAG which exhibited 49.8% of the ID (p < 0.0001). By 8 

h post injection, 0.8% of HD-GalNAc was measured in circulation compared to 29.0% of HD-TAG (p < 

0.0001). A two-compartment model analysis was performed to compare the distribution and elimination 

half-lives of these systems – in similar fashion to a recent publication that reported the development of 

renal clearable DFO nanoparticles187. The two-compartment model analyses were also significantly 

different (p < 0.0001). 

Moreover, liver targeting chelating systems demonstrated significant liver accumulation when compared 

to the other excretory organ, the kidneys, as well as other vital organs including the heart, spleens and 

lungs (Figure 24). HD-GalNAc exhibited less than 3% of the ID present in other organs at 1h post injection, 

which decreased with time. On the other hand, HD-TAG exhibited less than 10% of the ID in other organs. 

Interestingly, splenic accumulation increased between 72 h and 144 h which may be due to redistribution 

or the involvement of the reticuloendothelial systems. Additional work will be needed to investigate this 

further. Remarkably, HD-GalNAc yielded significantly higher liver accumulation over the first 72 h when 

compared to HD-TAG. These observations were consistent with the vascular retention of these molecules. 

The selection of GalNAc or TAG as liver-targeting moieties resulted in significantly higher liver targetability, 

consistent with literature.223,232,273,382,427  

When compared to the non-targeted control, HD, both HD-GalNAc and HD-TAG exhibited significantly 

higher liver targetability after 8 h (HD-GalNAc: 28.6% of ID, p < 0.0001. HD-TAG: 13.6% of ID, p = 0.0124) 

and 24 h (HD-GalNAc: 23.6% of ID, p < 0.0001. HD-TAG: 12.2% of ID, p = 0.0015) of injection (Figure 25). 

Despite HD exhibiting significantly more accumulation in the liver when compared to the kidneys, unlike 

HD-GalNAc and HD-TAG, HD uptake was less than 10%. This non-specific accumulation may be due to both 

the first pass elimination as well as systemic clearance mediated by the reticuloendothelial system. In 

order to assess the distribution of these molecules within the liver, further analysis was performed to 

assess the accumulation of fluorescently labelled polymers in either parenchymal hepatocytes or non-

parenchymal Kupffer cells (Figure 28). HD-GalNAc and HD-TAG were almost exclusively observed in 

hepatocytes, although only a low percentage of hepatocytes stained positive; HD-GalNAc and HD-TAG 
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revealed between 0.4 to 1.2% and 0.2% to 5.7% whereas HD exhibited 2.1% to 21.6% in hepatocytes. No 

Kupffer cells stained positive for either HD-GalNAc or HD-TAG. This is likely due to the affinities associated 

with GalNAc and TAG sugars for the ASGPR and the galactose particle receptor found on Kupffer cells. The 

Gal particle receptor has a high affinity for Gal exposing particles but considerable low affinity for GalNAc 

moieties.223,260,267,330,428 In contrast, HD exhibited increasing accumulation in the Kupffer cells by 8 h post 

injection (32.2% in Kupffer cells compared to 21.6% in hepatocytes, p = 0.0119), which suggests the 

involvement of the reticuloendothelial system in its clearance420. 

The differences between the high liver accumulation using tritiated macromolecules (Figure 25) and 

distribution of fluorescent macromolecules within the liver (Figure 28) maybe due to two reasons. First, 

it is possible that low percentages of hepatocytes stained positive for liver targeted polymers because 

these systems were transient and exocytosed by hepatocytes resulting rapid excretion in vivo (Figure 26). 

Second, there were technical differences between the detection of tritium-labelled and fluorescently-

labelled polymers. The use of radioactive macromolecular systems allows for quantitative measurements 

of polymer in various compartments (organs, blood, excrement). The accumulation of radioactive 

polymers in the liver were determined by processing the entire liver and measuring scintillation counts. 

On the other hand, fluorescent macromolecular systems allows for the identification of cells containing 

signal. In other words, the presence of polymer was measured rather than the quantitative determination 

of intracellular polymer concentration. Additionally, at least 20,000 hepatocytes were analyzed to 

determine the percentage of cells staining positive for the fluorescent polymers – this is in direct contrast 

to the radioactivity measured from the entire organ. 

In addition to the hepatocyte-specific accumulation of liver targeting chelating systems, these systems 

also demonstrated rapid excretion when compared to HD. Both HD-GalNAc and HD-TAG demonstrated a 

total excretion of 73.4% and 72.5% of the ID, respectively, compared to 51.1% observed for HD by 24 h 

(Figure 27). While the total excretion of both HD-GalNAc and HD-TAG were similar, the excretion 

modalities were significantly different. HD-GalNAc exhibited quicker and higher hepatocyte uptake yet 

excreted equally between the hepatobiliary and renal route. This was all the more interesting since HD-

GalNAc has a higher particle size with respect to the kidney clearance limit. On the other hand, HD-TAG 

exhibited slower hepatocyte uptake yet excreted predominantly through the hepatobiliary route. These 

differences further support that hypothesis that the decorated sugars on HPG influence the 

pharmacokinetic behaviours and the excretion modalities in particular. The extent of galactosylation on a 

protein has been observed to govern its hepatobiliary excretion kinetics via altering the interactions 
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between ASGPR and their galactose ligands.424 Notably, after 144 h, HD-GalNAc and HD-TAG exhibited a 

total excretion of 78.4% and 84.8% of the ID, respectively – an additional 5% of HD-GalNAc and 12% of 

HD-TAG were measured in the excrements. This suggests that most of the polymers were excreted by 24 

h, supporting the observation of rapid excretion. It is important to highlight that while particle size 

influences the clearance the ASGPR-mediated systems, HPG based systems offer another advantage that 

facilitate ASGPR processing by being compact – all liver targeted systems (with or without chelator) have 

hydrodynamic sizes less than 25 nm.  

To the best of our knowledge, total excretions of HD-GalNAc and HD-TAG exceeding 70% of the ID by 24 

h is high when compared to other nanoparticle systems with sizes greater than 5 nm.397,404,424,429 

Lactosaminated N-succinyl-chitosan, a liver-specific carrier investigated in mice, exhibited less than 5% 

excretion by 24 h.404 While limited literature is available on the excretion of ASGPR-targeted materials, to 

further substantiate the rapid excretion observation for HD-GalNAc and HD-TAG, the excretion profiles 

were compared to additional systems. For example, gold nanoparticles ranging from 5 nm to 60 nm 

demonstrated less than 20% were excreted within 24 h, silica nanoparticles ranging from 100 to 150 nm 

exhibited up to 40% excretion between 72 h and 96 h, and other manganese oxide or gadolinium 

nanoparticles revealed between 20 to 80% excretion between 5 days to 21 days.397 Glycyrrhetinic acid 

microparticles revealed a total excretion of 30% by 24 h.429  

In order to better understand the differences in excretion modalities, the kinetics pertaining to 

intracellular trafficking of these polymers were further investigated using confocal microscopy (Figure 30, 

Figure 31, Figure 32, and Figure 33). Mander’s co-localization coefficients were quantitatively compared; 

raw images were converted into a binary mask406,407 followed by Mander’s analysis to determine the MCCs 

or the percentage of polymer signal overlap with antibody signal. In these kinetic investigations, MCC 

never reached a 100% – i.e. the polymer signal never overlapped entirely with antibody signal. This could 

be due to several reasons including the optical differences in the instrument set up, the parameters 

required to set a threshold in order to create a binary mask using MATLAB, and, in particular, the antibody 

selected for the endocytic compartment. To illustrate this further, Appendix Figure 36 is a confocal 

micrograph which illustrates the polymer signal being encapsulated by the LAMP1 signal. Despite the 

percentage of overlap being less than 100%, the polymer is well within the lysosome.  

The intracellular distribution of GalNAc decorated systems was first investigated because HD-GalNAc 

exhibited superior in vivo liver targeting and previous studies demonstrated differences in the cellular in 
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binding and uptake (Chapter 2). ASGPR specific ligands undergo ASGPR-mediated endocytosis and are 

trafficked to the lysosomes for subsequent processing.217 Similar lysosomal accumulation was observed 

in HepG2 cells treated with either H-GalNAc50 or HD-GalNAc for 2 h and 24 h (Figure 30). Notably, 

significant differences in the co-localization with early and recycling endosomal markers (EEA1 and TfR1, 

respectively) were observed between these two liver targeting polymers; HD-GalNAc migrated through 

the early endocytic vesicles slower than H-GalNAc50 and exhibited greater co-localization with recycling 

endosomes. Recycling endosomes were traced because the ASGPR is recycled through the recycling 

endosomes back to cell surface.223,258 Despite this, it is important to note that EEA1 and TfR1 are not 

mutually exclusive430 so it is possible that the signal in TfR1 endocytic vesicles may be due to the EEA1 

overlap. These observations suggest a role of DFO influencing endosomal maturation.  

Furthermore, kinetics of intracellular trafficking revealed differences between GalNAc and TAG decorated 

polymers through pulse-chase experiments (Figure 31 and Figure 32). No significant differences between 

H-GalNAc50 and HD-GalNAc were observed, suggesting that the role of DFO conjugation may be secondary 

to GalNAc-ASGPR interaction. On the other hand, significant differences were observed between H-TAG2 

and HD-TAG at earlier time points which suggests that DFO hastens endocytic maturation and progression. 

The kinetics of these polymers were then compared to AF.  AF is a natural high affinity ligand (Ki = 17 nM) 

for the ASGPR with 12 Gal and 3 GalNAc residues per mol of protein.223,414 It is worthwhile to note that AF 

was selected in these analyses because it possessed GalNAc residues. 

Remarkably, both GalNAc decorated polymers and HD-TAG exhibited significantly higher co-localization 

with early endosomes and lysosomes when compared to AF immediately after pulse. Similarly, after 1 h, 

both GalNAc and TAG decorated polymers showed significantly higher co-localization with lysosomes 

when compared to AF. The faster progression and maturation of these endocytic vesicles were also 

supported by the little to no overlap of liver targeting polymers with the ASGPR (Figure 31). This is 

consistent with ASGPR recycling kinetics observed in hepatoma cell lines; the ASGPR has been reported 

to take 20 minutes from internalization back to the cell surface for further interaction.223,257 Additionally, 

bafilomycin studies, a proton pump inhibitor which prevents the acidification and maturation of these 

endosomes, demonstrated significant reductions in polymer signal overlap (Figure 33). This may suggest 

that the physical characteristics of these liver targeting systems enhance the maturation of these 

endocytic vesicles results in faster movement through the endocytic pathway. The rapid lysosomal 

accumulation may explain the rapid excretion observed for these systems in vivo. AF undergoes rapid 

clearance, degradation and biliary excretion in mice.398 The expedited rate of translocation to the 



106 

lysosomes for HD-GalNAc and HD-TAG may reflect the movement of cargo towards the apical membrane, 

through microtubule-dependent movement, resulting in hepato-biliary excretion.425  

Taken together, the data demonstrated that the chemistry and decoration of the ASPGR ligands 

contribute heavily to the in vivo pharmacokinetic behaviour with regards to the residence in plasma, liver 

accumulation, excretion, and processing of galactosylated nanomaterials. The work in this chapter 

illustrated the differences in internalization and intracellular trafficking of these systems. One hypothesis 

that may explain these differences is the interaction of either HD-GalNAc and HD-TAG, and the subsequent 

effect on ASGPRs recycling kinetics. HD-GalNAc may exhibit higher binding affinity to the ASGPR, as 

compared to HD-TAG, likely due to the cluster effect241. Upon internalization, this may result in slower 

dissociation of HD-GalNAc possibly resulting HD-GalNAc being recycled back to the cell surface with 

ASGPR, whereby it enters circulation and is further processed by the kidneys. Enterohepatic cycling may 

also be possible. On the other hand, the weaker interaction of HD-TAG with ASGPR may allow for faster 

dissociation once internalized followed by subsequent biliary excretion. The structure of triantennary N-

acetyl galactosamine might be also key contributor in this rapid hepatic clearance process, since different 

TAG structures have been reported to influence cellular uptake427. While this work provided key insights 

into the observed difference, additional investigations are necessary to better understand the connection 

between the physical characteristics of these systems and the subsequent changes observed in key 

pharmacokinetic parameters. This will be imperative to shed light on designing optimum systems that 

yield desired liver targeting and excretion. 
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3.6. Conclusions 

In summary, liver targeted chelating systems, HD-GalNAc and HD-TAG, were assessed for the 

pharmacokinetic, biodistribution and excretion properties. These polymers demonstrated significantly 

high liver specificity and were selectively internalized by hepatocytes as compared to the Kupffer cell 

dominant sequestration of HD, the non-targeted control system. These systems also exhibited rapid total 

excretion in mice, with almost three quarters of the ID eliminated within 24 h. The in vivo processing of 

these systems was influenced by the type of decorated sugars specific for the ASGPR, which resulted in 

different routes of excretion, vascular retention times and non-specific distribution. The role of the ligands 

was further supported by the in vitro kinetic analyses on the intracellular trafficking of HD-GalNAc and 

HD-TAG. The type of GalNAc, either monoantennary or tri-antennary seems to influence the kinetics of 

endocytosis and translocation which may translate into the systemic excretion. Taken together, the data 

illustrated that the chemistry and decoration of the ASGPR ligands strongly influence its residence in 

plasma, liver uptake, and excretion. The rapid excretion of these systems provides further support to 

investigate its iron chelation efficiency in the following chapters.  
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Chapter 4: Investigation of molecular and functional properties of liver 

specific iron chelators on iron excretion in vivo. 

4.1. Overview 

A novel class of liver targeting iron chelators have been designed and developed in previous chapters; HD-

GalNAc and HD-TAG exhibited significant liver targeting and rapid excretion in mice. In this chapter, the 

translation of HD-GalNAc and HD-TAG were assessed with regards to chelation performance in vivo. In 

addition, to investigate the role of DFO density on chelation, HD40-GalNAc were also synthesized and 

investigated. First, an iron overload model was optimized in C57Bl/6 mice by loading them with 3 doses 

of 300 mg/kg iron-dextran. In these mice, hepatic iron burden increased by 89-fold whilst minimizing signs 

of toxicity. Then, the colorimetric unified-ferene assay was validated for total iron quantification from 

mice samples using ICP-MS. The chelation efficiencies for all liver targeted iron chelators and their controls 

were then investigated in the optimized iron overload mouse model. Despite the rapid excretion displayed 

by HD-GalNAc and HD-TAG, these systems did not translate into significant rapid iron removal. However, 

HD40-GalNAc demonstrated significant iron removal systemically and from the liver suggesting the role of 

DFO density on these liver targeting systems.  

  



109 

4.2. Background 

Iron has a paradigmatic role in many key functions of mammalian organisms. Humans lack a specific iron 

excretion pathway. In order to maintain iron homeostasis, mammals have evolved highly specialized 

mechanisms that tightly regulate iron uptake, transport and utilization, recycling, and storage.26,28,99 The 

liver plays a central role in coordinating iron homeostasis; all acquired iron enters the liver, 80% of which 

is comprised of hepatocytes, where it is either stored or utilized intracellularly, or mobilized for systemic 

demands.211,214 Approximately 30% of the total amount iron in the body is stored in the liver. A 

perturbance in iron homeostasis can result in hepatic iron overload either through genetic or acquired 

disorders and also leads to iron deposits in other the organs including heart, spleen, and kidney.  

Hepatic iron overload and subsequent damage is one of the major causes of mortality and morbidity in 

different pathogenesis, including hereditary hemochromatosis, transfusion-related iron overload, 

hepatitis C infection, alcoholic fatty liver disease, chronic hepatopathies, hepatic fibrosis and 

inflammation, and cirrhosis.75,77–79,88,103–106 Under normal physiological conditions, liver iron content is 

usually less than 1 mg iron per gram of liver.96 However, in patients suffering from iron overload, the liver 

iron content can exceed 15 to 20 mg iron per gram of liver.97 Most commonly, the iron deposits in liver 

are found either in hepatocytes or Kupffer cells. The accumulation of bioactive redox iron triggers the 

generation of free ROS via the Haber-Weiss pathway and triggers oxidative stress-driven cell damage or 

signalling pathways involved in hepatic fibrogenesis and even carcinogenesis. Elevated levels of bioactive 

iron have been investigated for triggering metabolic pathogenesis such as insulin resistance, metabolic 

syndrome, and non-alcoholic fatty liver disease.79,103,431  Further, it has been shown that iron can act as a 

comorbidity factor long with fat, hepatitis viruses and alcohol.431  Liver dysfunction and failures, along 

with heart failures, account for over 75% of premature deaths in iron overload patients despite intensive 

treatment.101,102 

Iron chelation therapy using small molecular chelators can attenuate the propensity of redox active iron 

to catalyze ROS and to reduce the iron burden in iron overloaded tissues. Small molecular chelators such 

as deferoxamine, deferiprone, and deferasirox, have shown some promise in reducing hepatic and 

myocardial iron burden in patients. However, these chelators are beset by limitations associated with 

their unfavorable pharmacokinetics and pharmacodynamics, systemic toxicity, nonspecific tissue 

distribution and suboptimal iron excretion.94,137 
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Macromolecular approaches circumvent these shortcomings, principally by increasing their molecular 

mass, and have been well documented in enhancing iron chelator’s biological availability.167–171 Despite 

the extensive research in using nanomaterials for the development of superior chelators, there are no 

active liver targeting strategies for the excretion of iron from liver. Since the liver is the primary storage 

organ and a key regulator in iron homeostasis, the selective removal of excess liver iron could be 

invaluable to protect the liver and to restore iron homeostasis. Additionally, by targeting and chelating 

the hepatic iron stores, this may allow for the redistribution of excess bioactive iron from other parts of 

the body to restore normal iron balance via existing iron transport and delivery mechanisms.  

The design and development of liver targeted iron chelating systems have been described in previous 

chapters; Chapter 2 outlined the screening and selection of appropriate systems for optimized liver 

targeting and Chapter 3 investigated the pharmacokinetic, biodistribution and excretion properties for 

HD-GalNAc and HD-TAG and the underlying intracellular fate. HD-GalNAc and HD-TAG exhibited 

significant liver targeting, almost exclusively within the parenchymal cells, and displayed rapid elimination 

in vivo. Building on the previous observations, HD-GalNAc and HD-TAG were investigated for the chelation 

efficiencies in iron overloaded mice. HD40-GalNAc was also investigated to assess the influence of DFO 

density on iron chelation and removal. We hypothesized that liver targeted macromolecular chelating 

systems will reduce the iron burden in iron overloaded mice, particularly from the liver.  

In order to investigate this hypothesis, an iron overload model was first optimized in C57Bl/6 mice with 

respect to the dose of injected iron-dextran whilst minimizing toxicities. Iron loading was measured via 

changes in serum ferritin and liver iron content. Signs of toxicities were monitored by measuring changes 

in mice body weight, clinical signs, subsequent organ changes and alanine aminotransferase (ALT) activity. 

Next, the unified-ferene (u-ferene) assay was validated against ICP-MS for its total iron quantification from 

biological specimens obtained from mice. Chapter 5 describes the development and validation of the 

unified-ferene assay for its labile and total iron quantification. The colorimetric u-ferene assay was 

designed with the intent to expedite data collection in a cost-effective manner. Then, the functional 

performance for these liver targeted chelating systems was investigated in the optimized iron overload 

mouse model for their iron excretion and reduction in iron burden.  

Taken together, a novel class of liver targeted chelators were investigated for the removal systemic iron 

under iron overload conditions. These chelators potentially mitigate iron-mediated toxicity and protect 

the liver– a vital organ involved in iron homeostasis and implicated in various other disorders  
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4.3. Methods 

4.3.1. Materials 

Dulbecco’s Phosphate Buffered Saline (PBS) was purchased from Thermo Fisher Scientific. Deferoxamine 

mesylate, ferric ammonium citrate (FAC), ammonium acetate, sodium L-ascorbate, ferene (3-(2-Pyridyl)-

5,6-di(2-furyl)-1,2,4-triazine-5′,5′′-disulfonic acid disodium salt), ICP-MS grade iron standards, ICP-MS 

grade indium standards, 2 Dr glass vials, sodium chloride, iron dextran, 10% neutral buffered formalin, 

and concentrated nitric acid were obtained from Sigma-Aldrich. Fast-prep tubes (2 mL) were purchased 

from MP Biomedicals, LLC-Fisher. ICP-MS grade concentrated nitric acid was acquired from VWR.  For 

cellular assay kits, both the alanine aminotransferase (ALT) activity and aspartate aminotransferase (AST) 

activity assay were purchased from Sigma-Aldrich. Mouse ferritin ELISA kits were obtained form 

Immunology Consultants Laboratory Inc. 

4.3.2. Synthesis of liver targeting macromolecular iron chelators 

All liver targeting macromolecular systems have been summarized in Table 1 and Table 2. The synthesis 

protocols have been described in Chapter 2. In this chapter, HD40-GalNAc was also synthesized to 

investigate the influence of DFO densities on iron chelation following the same synthetic protocols 

outlined previously. 

4.3.3. In vivo iron chelation efficacy of liver targeting chelating systems 

All the animal studies were carried out at the Experimental Therapeutics laboratory, B.C. Cancer Research 

Centre, Vancouver, BC, Canada. All the protocols were approved by the Institutional Animal Care 

Committee (IACC), UBC. For all studies, female C57Bl/6 mice between 6 to 9 weeks were used.  

4.3.3.1. The development and validation of an in vivo iron overload model  

In order to determine the appropriate iron loading conditions with iron-dextran (Fe-Dex), 3 treatment 

groups were investigated; 1. Saline group that received 5 injections, 2. 3 injection group that received 3 

doses of 300 mg/kg of Fe-Dex, and 3. 5 injection groups that received 5 doses of 300 mg/kg of Fe-Dex. 

Each group had 3 mice. Mice were individually weighed three times per week. Mice were briefly restrained 

during tail vein injections and the injection volumes were 200 L/20 g mouse. For groups 1 and 3, mice 
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were injected on days 1, 3, 5, 8 and 10. For group 2, mice were injected on days 5, 8 and 10. Mice were 

continually monitored for acute signs of toxicity for the first two hours after injection and daily for the 

duration of the experiment. After the last injection, mice were observed for an additional 7 days. 

Mice were terminated by CO2 asphyxiation. Whole blood and serum were collected and stored at 4C. 

Feces and urine were collected from day 15 to 17 and stored at – 80C. Entire organs, including liver, 

spleen, kidneys, and heart, were rinsed in PBS, weighed, flash frozen in liquid nitrogen and stored at – 

80C. Serum ferritin and ALT activity were measured, as described in section 4.3.5. and 4.3.6. respectively. 

Total iron was quantified using ICP-MS and the u-ferene assay, as described in section 4.3.4. 

4.3.3.2. In vivo iron chelation efficiency for liver targeting chelating systems 

The efficacy of liver targeted macromolecular chelators (HD-GalNAc, HD-TAG and HD40-GalNAc) and their 

controls (non-targeted macromolecular chelator – HD, small molecule chelator – DFO, and no chelator 

treatment – saline) were investigated in iron overloaded mice. Each treatment group had 4 mice. Mice 

were first iron overloaded with 3 injections of 300 mg/kg of Fe-Dex on days 1, 3 and 5. After a 10 day 

observation period, mice were then treated with 50 mg/kg of DFO-equivalent chelators every 4 days for 

a total of 5 doses (i.e. treatments were made on days 15, 19, 23, 27 and 31). Mice were briefly restrained 

during tail vein injections and the injection volumes were 200 L/20 g mouse. Body weights were recorded 

prior to injections and three times per week. 

On day 35, mice were sacrificed via CO2 asphyxiation. Whole blood and serum were collected and stored 

at 4C. Serum ferritin were measured, as described in section 4.3.5. Feces and urine were collected from 

day 15 to 35 and stored at – 80C. Entire organs, including liver, spleen, kidneys, pancreas and heart, were 

rinsed in PBS, weighed, flash frozen in liquid nitrogen and stored at – 80C. Total iron in organs and 

excrements were quantified using u-ferene assay, as described in section 4.3.4.  

For histological examinations, liver (25% by weight) and 1 kidney were washed in ice cold saline and then 

preserved in 10% neutral buffered formalin. Organs were paraffin embedded and stained for either 

hematoxylin & eosin or Prussian blue counter stained with nuclear fast. Histological processing was carried 

out by Wax-It Histology.  
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4.3.4. Total iron determination from tissue specimens 

Biological specimens include organs, feces, urine and blood. These were first acid digested followed by 

quantification using the gold-standard, ICP-MS, and a novel unified-ferene (u-ferene) assay. Iron 

concentrations were interpolated from a standard curve.  

In Chapter 5, the u-ferene assay was designed, developed and validated. For all pertinent details regarding 

the quantification of in vitro labile and total iron, please refer to Chapter 5. In this chapter, the u-ferene 

assay was used for total iron determination from in vivo biological samples and relevant details are 

provided below.  

4.3.4.1. Acid digestion of biological specimens 

Mice organs were weighed in Fast-Prep tubes and homogenized in 0.5 mL water (BioSpec Product 96+, 

Bartlesville, OK).  Biological samples were transferred into acid-washed glass vials and dried at 100C to 

120C. The evaporation of water hastens the digestion of organic samples with nitric acid (HNO3). Then, 

all biological samples were digested with concentrated HNO3 – samples were maintained at 100C to 

120C and small volumes (0.5 to 1.0 mL) of concentrated HNO3 were repeatedly added over the course of 

5 days. All digested samples were dried at 120C, then cooled to room temperature and weighed.  

All the required dilutions were performed by mass. Acid-digested biological samples were resuspended in 

4% HNO3 (1 mL) and weighed again. All biological samples were further diluted in 2% HNO3 for the 

quantification of iron, as outlined in the Appendix Table 5. 2% HNO3 was used for final dilutions for the 

longevity of vacuum pumps required by ICP-MS. 

4.3.4.2. Total iron quantification using inductively coupled plasma mass spectrometry (ICP-MS) 

Biological samples were appropriately diluted in 2% HNO3 with 10 ppb indium (Sigma Aldrich) as the 

internal standard, as outlined in Appendix Table 5. Iron standards were also prepared in 2% HNO3 with 

10 ppb indium, ranging from 0 ppb to 400 ppb, to generate a standard curve. Iron counts were measured 

on Agilent 7700 series ICP-MS and total iron concentrations were determined from the standard curve. 
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4.3.4.3. Total iron quantification using the u-ferene assay 

The development of this assay for the measurement of both labile and total iron has been outlined and 

investigated in Chapter 5. In this chapter, the validation of u-ferene was investigated with respect to total 

iron determination from biological specimens.  

Iron standards were prepared from ferric ammonium citrate in 2% HNO3, ranging from 0 to 1000 M. 

These standards are prepared by mass; mass of ferric ammonium citrate and mass of 2% nitric acid were 

taken into account to determine their concentrations. 

The biological samples at its final dilutions (Appendix Table 5) (200 L) and iron standards (200 L) ranging 

from 0 to 1000 M were transferred into different clean Eppendorf tubes. Ammonium acetate buffer (pH 

4.5, 2.5 M) (200 L) and total iron working solution (5 mM ferene and 1 M ascorbic acid prepared in 

ammonium acetate buffer pH 4.5, 2.5 M) (240 L) were added to all Eppendorf tubes. This mixture was 

vortexed and left overnight at room temperature.  

All mixtures of samples and standards with ferene-containing working solution were spun at 15,000 g for 

5 minutes. Then, these were transferred (200 L) into a 96 well plate for absorbance measurements. 

Absorbance was recorded at 595 nm using a SpectraMax 190 microplate reader from Molecular Devices. 

Iron concentrations were interpolated from the standard curve generated from the iron standards. These 

concentrations were normalized to the amount of protein analyzed (i.e., nmole of iron per mg of protein). 

4.3.5. Serum ferritin determination 

Serum ferritin level was assayed for each mouse within the group using a quantitative colorimetric ELISA 

kit (Immunology Consultants Laboratory, Inc., Portland OR.) following manufacturer’s protocol. In brief, 

samples were diluted between 40 to 300 times and absorbance at 450 nm were analyzed using a 4-

parameter logistic curve determined from standards. 

4.3.6. ALT and AST Activity assay 

Serum ALT activity was determined in C57Bl/6 mice optimized for iron overload. Serum ALT and AST 

activity were determined in healthy C57Bl/6 mice as an indicator of HD-GalNAc tolerability. Both ALT and 

AST activity were colorimetrically assayed using a commercially available kit (Sigma Aldrich) following 
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manufacturer’s protocol. In short, samples were diluted at least 40 times and monitored in 5 minute 

intervals. Absorbance was measured at 570 nm and enzyme activity was calculated. 

4.3.7. Statistical analysis 

All experiments were performed in at least independent triplicates. Standard deviations were presented 

as error bars. Technical replicates were also performed, when stated. All statistical analyses were 

performed using GraphPad Prism 7 (Grahpad Software, San Diego, USA). The statistical tests and 

appropriate multiple comparison tests were outlined in the figure legends. 
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4.4. Results 

4.4.1 The development and validation of an in vivo iron overload model 

In order to investigate the functional capacities of the liver targeted chelating systems, an iron overload 

model was first developed in C57Bl/6 mice. In order to determine the appropriate iron loading conditions, 

mice were administered with parenteral iron-dextran (Fe-Dex) and observed for changes in iron status 

(Figure 34) and any physiological changes (Figure 35 and Figure 36). 

Mice were treated with either 3 injections or 5 injections of Fe-Dex at 300 mg/kg. Mice treated with 5 

injections of saline served as a negative control. Serum ferritin and liver iron concentrations were 

measured as iron status markers for iron overloading (Figure 34). Despite the 3 injection group increasing 

the serum ferritin concentration to 176 g/mL , compared to 1.2 g/mL observed in the saline control 

group, no statistically significant difference was observed. Whereas, the 5 injection group had significantly 

elevated serum ferritin, a concentration of 971 g/mL, when compared to the saline control group (p = 

0.0045) and the 3 injection group (p = 0.0130). On the other hand, total liver iron content was elevated in 

both Fe-Dex treatment groups. Mice that received 3 doses of Fe-Dex exhibited a total hepatic iron of 8.9 

mg and mice that received 5 doses of Fe-Dex exhibited a total hepatic iron of 10.3 mg. When compared 

to the total hepatic iron in the saline control group, 0.1 mg, both 3 injection and 5 injection groups were 

significantly higher (p = 0.0003 and p = 0.0001, respectively). 
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Figure 34. The development and validation of a secondary iron overload model in vivo. C57Bl/6 female 

mice were iron overloaded with either 3 injections or 5 injections of iron-dextran (Fe-Dex) at a dose 300 

mg/kg. A control group was treated with saline for a total of 5 injections. (A) Serum ferritin concentrations 

were measured using an ELISA kit. (B) Total iron in the liver were quantified using ICP-MS. Error bars show 

standard deviations for 3 independent replicates. A 1-way ANOVA with Tukey’s multiple comparisons test 

were performed to compare any differences between treatment groups using GraphPad Prism. 
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For the duration of the study, all mice were under observation for any clinically relevant changes (Figure 

35). A similar weight gain was observed for mice treated with saline (8.6% ± 1.4%) and 3 injections of Fe-

Dex (7.4% ± 1.9%). On the other hand, mice treated with 5 injections had minimal weight change (0.6% ± 

2.1%) which was significantly lower than the saline group (p = 0.0006, Sidak’s multiple comparison test). 

Notably, only mice treated with 5 doses of Fe-Dex exhibited a significant decrease in excrement output 

for both urine and feces (**p = 0.0045 and ***p = 0.0005, respectively).  

With respect to signs of toxicity, no clinical signs were observed, however, serum ALT activity was 

markedly higher in mice receiving Fe-Dex (Figure 36B). ALT activity is a hepatic enzyme and serum ALT 

activity provides a measure of enzyme leakage due to liver insult. Mice that received either 3 or 5 

injections had significantly elevated ALT activity when compared to the saline control group (p = 0.0475 

and p = 0.0003, respectively). Further, mice treated with 5 injections exhibited significantly higher ALT 

activity when compared to 3 injections (p 0.0031). In addition to this, mice treated with Fe-Dex had 

markedly enlarged livers when compared to the saline control group (p < 0.0001 for both 3 injections and 

5 injections groups); the 3 injection group revealed a 40% increase and the 5 injection group revealed a 

20% increase in size. The 3 injection group had significantly larger livers than the 5 injection groups (p < 

0.0001). No significant changes were observed for other organs, including heart, spleen, and kidneys. 

Taken together, the 3 injection group yielded significant increases in iron status whilst exhibiting minimal 

toxicities when compared to the 5 injection group. Thus, the functional performance of liver targeted 

chelating systems was assessed in C57Bl/6 mice loaded with 3 doses of 300 mg/kg Fe-Dex.  
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Figure 35. The schedule for iron overloading and the subsequent changes in body weight and excretion 

output. C57Bl/6 mice were treated with either 3 doses (on days 5, 8 and 10) or 5 doses (on days 1, 3, 5, 8 

and 10) of Fe-Dex. The negative control group received saline instead. Mice were observed for an 

additional 7 days. (A) The schedule for treatment with iron-dextran (Fe-Dex) at 300 mg/kg and the changes 

in body weight. (B) Changes in their excretion output were also measured from day 15 to termination (day 

17). Error bars show standard deviations from a sample size of 3 mice per group. A 2-way ANOVA with 

Sidak’s multiple comparison test was performed to compare the changes in urine and feces output with 

respect to the saline control group. GraphPad Prism was used for statistical analyses. ** represents p < 

0.0100 and *** represents p < 0.0010.  
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Figure 36. Toxicity evaluation of iron-dextran iron overloaded mice. (A) Changes in organ sizes were 

measured by weight (g). (B) Serum ALT activity was measured using a kit. Error bars show standard 

deviations from a sample size of 3 mice per group. A 2-way ANOVA with Tukey’s multiple comparison tests 

were performed for the comparison of organ sizes. A 1-way ANOVA with Tukey’s multiple comparison 

tests were performed for the comparison of ALT activities. All statistical analyses were performed using 

GraphPad Prism.  
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4.4.2. The quantification of total iron in various biological specimens using the u-ferene assay  

The u-ferene assay has been optimized for the quantification of both labile and total iron from the same 

sample – this has been discussed in Chapter 5 in great detail. Herein, the focus lies on the quantification 

of total iron using the u-ferene assay and its validation using ICP-MS in complex biological specimens – 

organs (liver, spleen, kidneys, heart), fluids (blood and urine), and solids (feces). The biological specimens 

from the optimization of an in vivo iron overload model were analyzed (Figure 37).  

The total iron concentrations were almost identical between the u-ferene assay and ICP-MS irrespective 

of the complexities associated with tissue specimens. In the context of this experiment, accuracy of the 

u-ferene assay refers to the comparison of the iron concentrations determined from ICP-MS since ICP-MS 

is the current gold standard for elemental analysis.432 For instance, the total iron concentrations in the 

liver for the saline control group was 102 g ± 18 g from the u-ferene assay compared to 98 g ± 13 g 

from ICP-MS. Similarly, the total iron concentrations in the spleen for the saline group was 46 g ± 10 g 

from the u-ferene assay compared to 46 g ± 7 g from ICP-MS. Additionally, the total iron concentrations 

in the kidneys for the 3 injection group 147 g ± 21 g from the u-ferene assay compared to 150 g ± 21 

g from ICP-MS. Moreover, like ICP-MS, the u-ferene assay was able to measure a wide range of iron 

concentrations – from 12 g iron found in the heart of mice treated with saline to 10.300 mg iron in the 

liver of mice treated with 5 doses of Fe-Dex.  

Notably, by measuring the total iron concentrations in these specimens, the total iron concentrations in 

the spleen and kidneys significantly increased with increasing doses of Fe-Dex; splenic and renal iron 

significantly increased when comparing the saline group and the 3 injection group (p < 0.0001 for both 

organs) and when comparing 3 injection group and 5 injection group (p < 0.0001 for both organs). The 

total iron concentrations in the heart elevated mildly when comparing the saline group to the 3 injection 

group (12 g vs 22 g) and cardiac iron concentration increased significantly when comparing the saline 

group to the 5 injection group (12 g vs 36 g; p = 0.0192). No statistical difference in cardiac iron was 

observed between the 3 injection group and the 5 injection group. Moreover, no statistical differences 

were observed in the total iron concentrations from blood, urine and feces.  
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Figure 37. Quantification of total iron in various tissue specimens from iron overloaded mice. C57Bl/6 

female mice were treated with either 3 injections or 5 injections of iron-dextran (Fe-Dex) at a dose 300 

mg/kg. Total iron quantification was compared between the (blue) u-ferene assay and (red) ICP-MS. (A) 

The total iron in the livers of mice were compared. The agreement between the u-ferene assay and ICP-

MS were investigated in mice that received (B) saline (a non-iron overloading control), (C) 3 injections of 

Fe-Dex and (D) 5 injections of Fe-Dex. The data from three biological replicates per group were shown as 

whisker box plots. A 2-way ANOVA with Sidak’s multiple comparisons test were performed to compare 

the iron concentrations determined from the u-ferene assay and ICP-MS using GraphPad Prism.  
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4.4.3. Therapeutic efficacy and toxicity of liver targeting chelating systems in vivo 

Before investigating the chelation efficacy of liver targeted chelating systems, the toxicity was first 

assessed in vivo (Figure 38). While both HD-GalNAc and HD-TAG preferentially accumulate within the liver 

as documented in Chapter 4, HD-GalNAc was used to investigate toxicity because of its higher hepatic 

accumulation. Alanine aminotransferase (ALT) are found primarily in the liver whereas aspartate 

aminotransferase (AST) are found in various tissues including the liver, pancreas and brain. ALT and AST 

are intracellular enzymes were are released into circulation from tissues typically during injury.433 Hence, 

the activity of ALT and AST detected in serum were measured as a proxy of toxicity. Mice were treated 

with escalating doses of HD-GalNAc up to 100 mg/kg with respect to DFO equivalents.  

The ALT activity for the saline control group was 45 mU/mL whereas the serum ALT activity measured 

ranged from 38 to 49 mU/mL for the escalating doses of HD-GalNAc. The AST activity for the saline control 

group was 70 mU/mL whereas the serum AST activity measured for the polymer ranged from 64 to 69 

mU/mL. When compared to the saline control group, no significant differences were observed in serum 

ALT and AST activity for HD-GalNAc at different doses. Therefore, chelation efficiency of liver targeted 

chelating systems was explored at a dose of 50 mg/kg DFO equivalent. 

Next, the iron chelation performance of liver targeted chelating systems and their controls were evaluated 

in the optimized iron overload mouse model. Mice were first loaded with 3 injections of 300 mg/kg Fe-

Dex on alternating days, followed by a 10-day observation period. Following this, mice were then treated 

with 5 doses of 50 mg/kg of DFO equivalent chelators every 4 days. The dosing schedule has been 

summarized in Figure 39. Chelation efficiency of three different liver targeting chelating systems were 

evaluated, HD-GalNAc, HD-TAG and HD40-GalNAc, and compared with non-targeted macromolecular 

chelator, HD, and small molecule chelators, DFO. HD40-GalNAc was explored to investigate the influence 

of DFO density on its chelation efficiency in vivo. 
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Figure 38. In vivo tolerance of liver targeting macromolecular chelator in healthy mice. The toxicity of 

HD-GalNAc were measured in C57Bl/6 mice treated with escalating DFO-equivalent doses (25, 50 and 100 

mg/kg). Serum (A) ALT and (B) AST activities were measured as proxies of toxicity. The scatter dot plots 

show data from 3 independent replicates, each with an intraassay duplicate. A 1-way ANOVA with 

Dunnett’s multiple comparisons test were performed to compare chelator treatment at varying doses to 

the saline control using GraphPad Prism. 
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Figure 39. The treatment of iron overloaded mice with DFO-based chelators: A schedule of dosing and 

subsequent changes in body weight. C57Bl/6 female mice were iron overloaded with 3 injections of 300 

mg/kg Fe-Dex on Days 1, 3 and 5. After a 10-day observation period, mice were treated with 50 mg/kg of 

DFO-equivalent chelators on Day 15 for every 4 days for a total of 5 injections (Day 15, 19, 23, 27 and 31). 

Excrements, both feces and urine, were collected during the treatment period. Organs and serum were 

collected at the end of the study. Error bars shows standard deviations from 4 mice per group. A 2-way 

ANOVA with Dunnett’s multiple comparison tests were performed using GraphPad Prism.  
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Chelation efficacy was examined with respect to systemic iron removal (Figure 40A and B) as well as the 

iron burden (Figure 40C and D). In the feces (Figure 40A), the total iron excreted by mice treated with 

HD40-GalNAc was significantly higher when compared to the saline (p < 0.0001), HD (p < 0.0001) or DFO 

treatment (p < 0.0001), removing approximately 5.12 mg of iron over the duration of the study. Whereas, 

mice treated with either HD-GalNAc, HD-TAG or HD exhibited a significant decrease in iron excretion (p = 

0.0004, p = 0.0283 and p = 0.0005, respectively). No differences were observed the fecal excretion of iron 

when mice were treated with DFO alone.  

On the other hand, all chelator treatments excreted significantly more iron via the urine when compared 

to the saline control group (Figure 40B); HD-GalNAc removed 42 g of iron (p < 0.0001), HD-TAG removed 

94 g of iron (p < 0.0001), HD40-GalNAc removed 138 g of iron (p < 0.0001), HD removed 59 g of iron 

(p < 0.0001), and DFO removed 30 g of iron (p = 0.0081). HD-TAG systems resulted in a significant urinary 

excretion of iron when compared to HD or DFO treatments (p = 0.0040 and p < 0.0001, respectively. 

Similarly, HD40-GalNAC also removed significantly more urinary iron when compared to HD and DFO 

treatment groups (p < 0.0001 for both comparisons). 

Furthermore, the liver iron burden and serum ferritin concentrations were explored (Figure 40C and D). 

Remarkably, no significant differences were observed when comparing chelator treatments to the saline 

control, in either the liver iron content or serum ferritin concentrations. Despite removing over 5 mg of 

iron, HD40-GalNAc decreased the total hepatic iron to 3147 g when compared to total hepatic iron of 

3581 g measured in the saline control group. Appendix Table 8 shows liver iron concentrations with 

respect to either wet or dried liver weight for the sake of comparison with other literature. However, the 

reduction in total hepatic iron by 521 g was significant when compared to mice treated with DFO alone 

(p = 0.0227). No significant changes were observed in the iron burden of other organs, including the heart 

(Appendix Figure 37) and the total and labile iron concentrations (Appendix Figure 38). 

Taken together, mice treated with 5 doses of HD40-GalNAc removed an average of 5.26 mg of iron. The 

only chelating system that outperformed both non-targeted controls (HD and DFO) was HD-TAG with 

respect to urinary iron excretion.  
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Figure 40. In vivo efficacy of liver targeting chelating systems using iron overloaded C57Bl/6 mice. The 

excretion of iron in (A) feces, (B) urine and (C) the liver was measured using the established u-ferene assay. 

(D) Serum ferritin was measured using an ELISA kit. Healthy mice represents non-iron overloaded C57Bl/6 

mice treated with saline instead. Error bars show standard deviations from 4 mice in (A) feces, (B) urine 

and (D) serum ferritin. Error bars show standard deviations from 3 mice in (C) total liver iron. Intraassay 

duplicates were performed for all iron quantification assay using the u-ferene assay. A 1-way ANOVA with 

Sidak’s multiple comparison tests were performed to compare the differences in treatment groups against 

iron overloaded saline group using GraphPad Prism.  
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Histological examination of liver sections (Figure 40) and kidney sections (Appendix Figure 39) revealed 

substantial iron deposits in all mice that were iron overloaded, depicted by the large and disperse blue 

staining from Prussian blue. Morphologically, the central veins were well defined and the sponge-like 

architecture was maintained. All iron overloaded treatment groups showed minimal signs of cellular 

injury, fibrosis or necrosis. Consistent with this, no changes in organ sizes were observed for all iron 

overloaded groups (Appendix Figure 40). Importantly, additional spaces in the cells’ cytoplasm were 

observed in all iron overloaded mice, suggesting of potential damage, when compared to the healthy 

untreated group. 

 

Figure 41. Histological examination of liver in iron overloaded C57Bl/6 mice. Liver sections were stained 

with Prussian blue to detect iron deposits, counter stained with nuclear fast red. Photomicrographs were 

acquired at 20X magnificent using EVOS XL Core imaging system. Representative micrographs were shown 

for (A) non-iron overload healthy control, (B) iron overload saline control, (C) HD-GalNAc, (D) HD-TAG, (E) 

HD40-GalNAc, (F) HD, and (G) DFO treatment groups.  



129 

4.5. Discussion 

Hepatic iron burden, along with cardiac iron overload, is a major clinical concern for patients suffering 

from primary and secondary iron overload as well as other iron induced pathogenesis.101,102 Iron chelation 

therapy using Fe(III) specific small molecular chelators have demonstrated efficacy by reducing hepatic 

iron accumulation in patients over long-term and intense treatment.131–133139,142131,133,151,152 Despite this, 

low molecular weight iron chelators are often associated with toxicities, including gastrointestinal 

discomfort, nausea, agranulocytosis and hepatic fibrosis, due to their non-specific distribution and off-site 

interactions. In addition, the efficacy of these chelators is undermined by a combination of their short 

circulation half-lives, mode of administration and patient non-compliance related issues. 

Macromolecular approaches circumvent these shortcomings by safely increasing the circulation times for 

Fe(III) chelators and subsequently improve their chelation efficacy in vivo.167–171 Such strategies use 

polymers either as polymeric iron chelators172–174,179–181, small molecular iron chelators conjugated to 

polymers182–186,190,197,198 or polymeric nanoparticle formulation of chelators118,199–204. The development of 

these systems focused on using DFO as the Fe(III) chelator because of its hexadentate ligand coordination 

which avoids the geometric constraints for stable chelation of iron. However, a major limitation for long 

circulating therapeutics is the non-specific organ accumulation, especially to treat chronic 

illnesses.181,183,184,205,206 The clearance of nanoparticle formulations by the reticuloendothelial systems 

have been implicated in hepatic iron, however, the efficiency of such systems are low.434 Thus, challenges 

remain in excretion of hepatic iron selectively because the liver a primary iron storage organ and a key 

regulator in iron homeostasis. The removal of excess hepatic redox active iron may to protect the liver 

and to restore iron homeostasis.  

Currently, there are no liver targeting strategies for the delivery of DFO. The design and development of 

liver targeted DFO chelating systems have been detailed in previous chapters. Herein, the chelation 

efficiencies for these liver targeting DFO systems have been investigated in a mice model.  

In order to investigate the chelation performance of liver targeted macromolecular chelators, an iron 

overload mouse model was optimized for the dose of Fe-Dex needed to induce hepatic iron overloading 

whilst minimizing toxicities. A parenteral Fe-Dex model was chosen for three reasons. Firstly, Fe-Dex has 

been used to establish various in vivo iron overload models.435–443 Secondly, parenteral administration 

offered a convenient and cost-effective method to induce iron overload as compared to enteral 
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administration or genetic manipulations.442,444–446 After parenteral administration, Fe-Dex undergoes 

phagocytosis by macrophages, which process the iron and either export it into circulation or store it within 

ferritin.447–449 Fe-Dex has been shown to predominantly accumulate within Kupffer cells however, 

progressive increase in hepatocyte involvement has been observed; ferritin was mainly found in 

hepatocytes whereas non-heme non-ferritin complexes were elevated in Kupffer cells.450,451 Histological 

examinations revealed periportal and centrilobular accumulation with a mixed pattern of parenchymal 

and mesenchymal iron deposits, consistent with the redistribution of iron.450,452–454 Thirdly, parenteral Fe-

Dex administrated has been well tolerated in mice with doses ranging from as little as 1 mg per mouse to 

as high as 200 mg per mouse.437–440,442,443,454,455 

Given this, appropriate iron loading conditions in C57Bl/6 mice were investigated with respect to changes 

in the iron burden, in particular the liver iron content, whilst minimizing toxicities (Figure 34 to Figure 36). 

Mice were treated with either 3 doses or 5 doses of 300 mg/kg Fe-Dex via the tail-vein, which meant a 

total injection of 18 mg or 30 mg of iron respectively. A healthy saline group served as a negative control 

group. Mice were terminated after 7 days from the last Fe-Dex injection. This was because of two reasons; 

first, iron redistribution from Kupffer cells to hepatocytes has been reported to occur over time452,453 and 

second, Fe-Dex treated mice have been reported to excrete up to 15% of the iron within the first 2 days 

of iron loading.455 Therefore, allowing for this additional time, which is also consistent with 

literature182,183,187,206,442, may be sufficient to allow for the mice to stably iron overload.  

First, changes in the iron burden were compared (Figure 34 and Figure 36). In the liver, the 3 injection 

group revealed 8.9 mg of iron and the 5 injection group revealed 10.3 mg. In other words, between a third 

and a half of the injected materials was recovered in the liver, consistent with several other reports.451 

While most of the iron overload mouse models were established using intraperitoneal injections, the 

hepatic iron loading observed via intravenous injections through the tail-vein was higher. For instance, 

mice injected with a total of 28 mg of iron intraperitoneally resulted in 4 mg of iron / g of liver437 whereas 

mice injected with a total of 30 mg of iron intravenously resulted in 8.6 mg of iron / g of liver. Similarly, 

mice treated with a total of 18 mg of iron intravenously resulted in 5.9 mg of iron / g of liver whereas mice 

injected with a total of 180 mg of iron intraperitoneally resulted in 15.6 mg of iron / g of liver454 – despite 

a 10-fold increase in total iron treatment, the hepatic iron burden only increased 3 fold. On the other 

hand, other organs also had elevated iron burden. Splenic and renal iron burdens significantly increased 

in a dose-dependent fashion; the 5 injection treatment group had significantly higher iron burden when 

compared to the 3 injection treatment group and the saline group, and the 3 injection treatment group 
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had significantly higher iron contents when compared to saline group. Cardiac iron burden increased 

significantly only in mice that received 5 injections of Fe-Dex (35 g) when compared to the saline group 

(12 g). Although cardiac function was not imperative in this investigation, C57Bl/6 mice treated with a 

total of 180 mg of iron per 20 g mouse revealed no cardiac dysfunction or pathological ventricular 

remodelling, likely due to its genetic background which confers it cardio-protection.456 

Next, toxicity was monitored by measuring changes in body weight, excrement output, changes in organ 

sizes and serum ALT activity (Figure 35 and Figure 36). Mice that received a total of 30 mg of iron exhibited 

the most signs of toxicity. Based on gross observation, this treatment group exhibited a 0.6% change in 

body weight compared to the 8.7% of the saline group and the 7.4% of the 3 injection group, as well as 

having significantly reduced excrement output (Figure 35). Based on biochemical observations, the 5 

injection treatment group showed a 6.6 fold increase in serum ALT activity which was significantly higher 

than both the saline group and the 3 injection treatment group (Figure 36). Notably, both Fe-Dex 

treatment group had liver hypertrophy which was consistent for Fe-Dex iron overload models.454 Based 

on these observations, the 3 injection treatment group was selected as the protocol for iron overloading 

C57Bl/6 mice.  

In conjunction with optimizing the iron overload model, a cost-saving colorimetric assay for the 

quantification of total iron, u-ferene assay, was validated against ICP-MS. Chapter 5 details the 

development of this 2-in-1 assay that quantified both labile and total iron. In this chapter, the use of the 

u-ferene assay to the measurement of total iron biological specimens served two purposes; first, the 

applicability of analyzing more complex tissues by the u-ferene assay was compared to the gold standard 

of elemental analysis, ICP-MS, and second, to provide additional evidence for the feasibility and utility of 

the u-ferene assay (as covered in Chapter 5). For the sake of clarity, different biological specimens were 

loosely categorized in three groups; fluids (blood and urine), organs (liver, spleen, kidneys, and heart) and 

solid excrement (feces). The total iron determined from the u-ferene assay was almost identical to that 

determined from ICP-MS in all biological specimens (Figure 37) – the precision (i.e. standard deviations) 

of the u-ferene assay parallels that of ICP-MS. Additionally, it is worthwhile to note that similar level of 

sensitivity was achieved, as indicated by the wide range of iron concentrations measured (0 to 1000 M), 

principally though acid-cleaned vials, sample manipulation and appropriate dilutions. Taken together, the 

u-ferene assay was utilized for the iron analysis when investigating chelation efficiencies. 
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Chelation efficacy for liver targeted chelating systems were investigated in the optimized iron overload 

mouse model. In addition to HD-GalNAc and HD-TAG, HD40-GalNAc systems were synthesized in order to 

assess the influence of DFO density on its chelation capacity. Iron excretion and changes in the iron burden 

were quantified (Figure 40). Despite the significant liver targeting and the rapid excretion displayed by 

HD-GalNAc and HD-TAG, only HD-TAG removed 94 g of iron via the urine which was significantly higher 

when compared to both non-targeted controls (HD and DFO). This may be due to the interplay of DFO 

density and rapid excretion, which may hinder iron chelation and subsequent removal. It is also possible 

that HD-GalNAc and HD-TAG may not sequester and reduce hepatic iron because Fe-Dex loading is cleared 

by Kupffer cells and histology photomicrographs revealed a mixed distribution.450,451 Remarkably, by 

increasing the DFO density, HD40-GalNAc significantly reduced the systemic iron burden when compared 

to both non-targeted controls by removing an average of 5.26 mg of iron. While the pharmacokinetic 

behaviour of HD40-GalNAc were not investigated, this was the only system to also significantly reduce the 

hepatic iron burden, by 0.5 mg, when compared to the DFO control. Additional work should focus on the 

pharmacokinetic behaviour of HD40-GalNAc. 

Taken together, these studies provide compelling evidence for the design of liver targeted chelation 

strategies and suggest the utility of this approach for removing excess iron. Additional experiments are 

necessary to optimize the balance between DFO density and liver targetability, whilst maintaining relevant 

tolerability. This should include higher DFO equivalent concentrations for both escalating single dose 

tolerance as well as repeated dose tolerance. Given the pharmacokinetic behaviours, the liver, kidney and 

heart toxicity and function should be assayed. Whilst Fe-Dex C57Bl/6 mouse model served as an initial 

iron overload model, pharmacokinetic investigations and iron chelation in relevant disease mouse models 

would be invaluable to expand the current understanding as well as shedding light on treatment regimen 

for this novel class of chelators. 
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4.6. Conclusions 

In summary, an iron overload model was optimized by treating C57Bl/6 mice with 3 doses of 300 mg/kg 

Fe-Dex on alternating days. The injection schedule and concentrations significantly elevated hepatic iron 

burden and minimal toxicity as examined by gross observations and biochemical assays. Iron 

quantification was also confirmed using a colorimetric u-ferene assay and validated by ICP-MS. These 

studies confirmed the accuracy of the u-ferene assay. Then, HD-GalNAc, HD-TAG and HD40-GalNAc were 

examined for their in vivo chelation efficiency and compared with untreated control group as well as non-

targeted control groups treated with HD and DFO. Only HD40-GalNAc demonstrated significant iron 

removal and a reduction in the hepatic iron burden, suggesting the necessity to optimize for DFO density 

on these systems. The mechanism of action for iron chelation are investigated in Chapter 5. Taken 

together, the data supports the pursuit of this novel class of liver targeted chelators and requires 

additional investigations to better understand the relationship between the ASGPR-specific ligand and 

DFO densities in order to achieve ideal iron chelation performance in vivo.   
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Chapter 5: Investigation of chelation and mobilization of labile cellular 

iron using liver targeted macromolecular chelators. 

5.1. Overview 

The cellular targeting of DFO, using HPG as the polymer scaffold to assemble both ASGPR ligands and DFO, 

is novel. Previous chapters document important observations in the design and development of these 

liver targeting macromolecular systems with regards to the identity of ASGPR ligand and its density. Then, 

optimized systems were characterized for the intracellular trafficking and distribution - all liver targeting 

macromolecular systems rapidly localized within lysosomes, similar to the intracellular distribution of DFO 

alone. Moreover, these systems demonstrated improved tolerability, significant hepatic accumulation 

with improved iron chelation efficacy in mice.  

In this chapter, the intracellular interaction of these systems within iron overloaded hepatocytes was 

examined. This was achieved by developing a novel unified-ferene assay for the colorimetric 

quantification of both labile and total iron, as well as an optimized iron overload model in HepG2 cells, a 

hepatocellular carcinoma cell line. Then, the uptake and cytotoxicity of liver targeting macromolecular 

chelating systems in iron overload HepG2 cells was analyzed and compared to non-iron overloaded cells. 

In addition, cellular responses to these systems with regards to iron status – both labile and total iron, 

iron-induced generation of reactive oxygen species (ROS), and subsequent changes in protein expressions, 

were monitored. 

Liver targeting macromolecular chelating systems were well tolerated in both iron overload and non-iron 

overload HepG2 cells. Despite having a less pronounced uptake in iron overload HepG2 cells when 

compared to non-iron overload HepG2 cells, these systems reduced both the cellular iron burden as well 

as the generation of ROS similar to DFO alone. This suggests that liver targeting macromolecular systems 

gain access to the intracellular iron pool and mitigate iron-induced toxicity, as observed from the 

generation of ROS. Further, despite liver targeting macromolecular systems increasing the protein 

expression of transferrin receptor 1, an iron sensitive protein, these changes were milder than with DFO. 

Additional work is required to better understand the molecular players involved between iron status and 

the subsequent protein changes.  
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5.2. Background 

Acquired iron, either TBI or NTBI under pathological conditions, enters a transient pool of redox-active 

iron referred to as the LIP.53,60–62 This metabolically active iron serves as a cross-roads of metabolic 

pathways.62 Our current understanding point to the fact that the pathogenesis of iron-induced diseases is 

attributed to the combination of increased iron along with prolonged exposure to the redox active LIP, 

which imparts oxidative damage through the generation of free ROS.457–459  

The main objective of iron chelation is reduce the iron burden in iron overloaded tissues and subsequently 

to attenuate the propensity of redox active iron to catalyze ROS. Recently, the EUMDS and ALIVE trial 

document that LPI were linked to overall survival and non-relapse mortality in MDS and stem cell 

transplant settings.460,461 This is achieved by the use of clinically approved chelators including DFO, DFX 

and DFP. DFO has been used since the 1960s and still remains the current gold standard for the treatment 

of transfusional iron overload. This chelator is effective in binding to endosomal and lysosomal iron, 

whereby it reduces the cytosolic labile iron pool and the subsequent generation of ROS.462–464 

While the use of DFO significantly increased the life expectancy of iron overload patients, DFO suffers 

from poor pharmacokinetic properties with a narrow therapeutic index leading to severe toxicities and its 

subcutaneous mode of administrations leads to poor patient compliance, amongst others. Previous work 

showcase improved chelation efficiency for DFO when conjugated to polymers.182,183,198 

We designed liver targeting macromolecular chelating systems that improved the pharmacokinetic 

properties of DFO. In Chapters 2 and 3, we demonstrated that these systems targeted to the liver with 

minimal extrahepatic accumulation, increased fecal elimination and documented its intracellular 

distribution. In Chapter 4, we demonstrated its improved chelation efficacy in an in vivo iron model. In 

this chapter, we investigated the intracellular chelation and its ability to protect hepatocytes from iron-

induced toxicity. We hypothesize that liver targeting macromolecular chelating systems will mitigate the 

cellular responses to excess redox active iron by chelating intracellular labile iron. In order to do so, we 

also discuss the development of a method required for the measurement of cellular labile iron. 

We first developed a unified-ferene (u-ferene) colorimetry assay to accurately quantify both labile and 

total iron concentrations from the same biological specimen because no such assay exists.  
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Currently used approaches to quantify total iron in biological samples are atomic absorption spectroscopy 

(AAS),465–469 inductively coupled plasma mass spectrometry (ICP-MS),432,470–472 electron paramagnetic 

resonance spectroscopy,473,474 and colorimetric methods.432,469,472,475–480 Both ICP-MS and AAS are highly 

sensitive, with ICP-MS enabling iron detection as low as parts per trillion. On the other hand, the 

quantification of the labile iron pool relies on fluorescent sensors, with an iron binding moiety, that can 

be investigated via confocal scanning laser microscopy or flow cytometry.60,61,458,459,481–483 The fluorescent-

based approaches offer a methodically defined quantification of labile iron which is often difficult to 

emulate under different circumstances.70–72,481 Further, these redox active iron (Fe+2) probes suffer from 

lack of metal ion selectivity,484,485 requires additional chelators and specific reaction conditions such as 

acidic solution, and need to account for unwanted quenching of fluorescence in the presence of other 

metal ions.486 Moreover, there is minimal to no overlap between total iron and labile iron quantification 

methodologies – i.e. requiring entirely separate protocols, techniques and instruments. 

With the exception of colorimetric methods, all other techniques require special instrumentation, 

extensive sample manipulation and laborious methodologies. Several groups have made progress towards 

more accurate determination of iron.469,472,480 However, most of these methods are handicapped by their 

application only to total iron, typically in vitro conditions. Thus, we developed a convenient and 

economical benchtop assay that can quantitatively measure labile and total iron content from cell lysates, 

as well as a wide variety of biological specimens. 

Next, we optimized an in vitro iron overload cell model with a particular focus on the generation of ROS, 

and iron status with regards to labile and total iron. It is imperative that this cell model best resembles 

various cellular functions of unloaded cells in order to best capture its responses to liver targeting 

macromolecular chelating systems.  

Within the literature, the in vitro iron overload models established are extremely diverse with regards to 

(a) hepatic cell lines, (b) iron source and (c) iron treatment conditions; A. Hirsh et al. eloquently highlight 

the differences in total iron concentrations in HepG2 and Hep3B cells in response to both TBI as well as 

NTBI,487 B. various groups have used multiple sources of iron ranging from citrate-57,487–496,  nitriloacetate-

495,497–500 and sulfate-501–505 complexes and C. various groups have used iron concentrations ranging from 

as low as 1 M to as high as 2 mM for as short as 6 h to as long as 7 days.57,487,489–496,498–504,506 Consequently, 

these inconsistencies can result in differences in measured outcomes. For instance, comparing the 

proteomic analysis performed in HepG2 cells loaded with different concentrations of ferrous sulfate by 
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Fang et al. 2012 and Petrak et al. 2006 yielded differential protein expressions that did not necessarily 

correlate to the iron concentrations used.501,502  

Then, we investigated how liver targeting macromolecular chelating systems performed using the 

optimized iron overload model with regards to uptake, cytotoxicity, iron status – both redox active labile 

iron and total iron concentration, ROS generation and any subsequent changes in protein expression. 
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5.3. Methods 

5.3.1. Materials 

Eagle’s Minimum Essential Media (EMEM), Dulbecco’s Phosphate Buffered Saline (PBS), Pierce RIPA Lysis 

Buffer, Trypan blue, 2 mg/mL bovine serum albumin (BSA) standards, cell scrapers, and Pierce Coomasie 

(BCA) protein assay kit was purchased from Thermo Fisher Scientific. Deferoxamine mesylate, Fetal bovine 

serum, tissue culture treated 6-well and 48-well cell culture plates, tissue culture treated T25 flasks, ferric 

ammonium citrate (FAC), calcein acetoxymethyl ester (Cal-AM), ammonium acetate, sodium L-ascorbate, 

ferene (3-(2-Pyridyl)-5,6-di(2-furyl)-1,2,4-triazine-5′,5′′-disulfonic acid disodium salt), ICP-MS grade iron 

standards, and concentrated nitric acid were obtained from Sigma-Aldrich. Fast-prep tubes (2 mL) were 

purchased from MP Biomedicals, LLC-Fisher. ICP-MS grade concentrated nitric acid was acquired from 

VWR. 7-AAD solution was acquired from BioLegends. For cellular assay kits, both the DCFDA/H2DCFDA 

ROS generation kit (ab113851) and the JC-10 mitochondrial membrane potential assay kit (ab112134) 

were purchased from Abcam, while the MTT assay kit was purchased from ATCC (20-1010K). 

5.3.2. Synthesis of liver targeting macromolecular iron chelators 

DFO, GalNAc and TAG were conjugated to HPG as outlined in the protocol described in Chapter 2. Several 

conjugates were screened for optimal in vitro cellular uptake and binding. These were then selected for 

DFO conjugation. The properties of these liver targeting macromolecular systems have been outlined in 

Table 1 and Table 2. 

5.3.3. Absorbance measurements 

For ferene-based iron detection, all mixtures of samples and standards with ferene-containing working 

solution were spun at 15,000 G for 5 minutes. Then, the supernatant (200 L) was transferred into a 96 

well plate for absorbance measurements. Absorbance was recorded at 595 nm using a SpectraMax 190 

microplate reader from Molecular Devices. Iron concentrations were interpolated from the standard 

curve generated from the iron standards. These concentrations were normalized to the amount of protein 

analyzed (i.e., nmole of iron per mg of protein). 
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5.3.4. Acid digestion of cell lysates 

Acid digestions of cell lysates were only performed for the quantification of total iron, as outlined in 

section 5.3.5.3., to release all iron from stable stores and proteins.507 

Cell lysates (typically 200 L, unless specified otherwise) and biological samples were transferred into 

acid-washed glass vials and dried at 100C to 120C. The evaporation of water hastens the digestion of 

organic samples with nitric acid. Then, all biological samples were digested with concentrated nitric acid 

(HNO3) – samples were maintained at 100C to 120C and small volumes (0.5 to 1.0 mL) of concentrated 

nitric acid were repeatedly added over the course of 5 days. All digested samples were dried at 120C, 

then cooled to room temperature and weighed. All the required dilutions were performed by mass. Cell 

lysates were resuspended in 4% HNO3 (200 L). 

5.3.5. The development of a ferene-based assay for the measurement of iron 

A modified ferene assay was developed to analyze the labile and total iron content by manipulating 

ascorbic acid concentration. This section outlines three subsequent methods for the development of this 

assay: i) determining iron concentrations in buffer conditions; ii) distinguishing total and labile iron in cell 

lysates; and iii) distinguishing labile and chelatable iron in cell lysates. 

5.3.5.1. Buffers and standards 

Preparation of ammonium acetate buffer:  

Ammonium acetate buffer (pH 4.5, 2.5M) was prepared using ammonium acetate and glacial acetic acid.  

Preparation of iron standards:  

Iron standards were prepared from ferric ammonium citrate in 2% nitric acid, ranging from 0 to 1000 M. 

These standards are prepared by mass; mass of ferric ammonium citrate and mass of 2% nitric acid are 

taken into account to determine the concentrations.  



140 

5.3.5.2. Determining iron concentrations in buffer conditions 

Preparation of analytes and working solution:  

Three analytes were prepared with desired concentrations in distilled water;  

- (Fe) 100 M of free iron. 

- (DFO-Fe) 100 M of iron pre-chelated with 2 mM deferoxamine. 100 M of iron solution in 

distilled water was incubated with 2 mM DFO for 48 h. 

- (DFO) 2 mM free deferoxamine.  

Nine working solutions were prepared, each with 5 mM ferene in ammonium acetate buffer (pH 4.5, 2.5 

M) with varying concentration of ascorbic acid (0, 1, 5, 10, 25, 50 100, 250, and 1000 mM). All the solutions 

were filtered (0.2 m PVDF syringe filter) before use.  

Determination of iron concentration: 

Iron content of the three analytes was measured in nine different sets of working solutions. A fresh 

calibration curve was generated using iron standards ranging from 0 to 400 M for each set of working 

solution. This has been conveniently outlined in the Appendix Table 6. 

Each set has analyte (either Fe, DFO-Fe, or DFO) (100 L) and iron standards (eight samples) (100 L) in 

separate Eppendorf tubes. To each Eppendorf tube, ammonium acetate buffer (pH 4.5, 2.5 M) (100 L) 

and working solution (100 L) were added. The resultant solution was vortexed and left overnight at room 

temperature.  

Iron concentrations in different analytes in the presence of varying ascorbic acid concentrations were 

determined by interpolating from the standard curve generated using iron standards (Appendix Figure 

41). Calibration curves were generated for nine different ascorbic acid concentrations.  

5.3.5.3. Distinguishing total and labile iron in iron overload HepG2 cell lysates 

In the context of this, labile iron was defined as iron chelated and detected by ferene using a working 

solution with a particular ascorbic concentration from undigested samples. Similarly, total iron was 
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defined as iron chelated and detected by ferene using a working solution with a particular ascorbic 

concentration from nitric acid digested samples. In order to distinguish labile and total iron, different 

working solutions with varying ascorbic acid concentrations were investigated 

Iron loading cells:  

Hepatocarcinoma cell line, HepG2 (ATCC HB-8065) cells with passage numbers between 4 to 9, were 

seeded at 500,000 cells per well in a 12 well-plate and grown for 2 days. Cells were then loaded with iron; 

cells were treated with media (0.5 mL) containing 200 M iron from ferric ammonium citrate (18 mole % 

iron) each day for 2 days. After 2 days of iron loading, cells were maintained for an additional day in media 

(0.5 mL) without iron. Prior to any analysis, cells were washed with 2-3 times PBS (0.5 mL). 

Cell lysate preparation:  

HepG2 cells were scraped, pelleted and washed with PBS (1 mL) thrice at 500 G for 5 minutes. The 

supernatant was aspirated and cells were lysed in Pierce RIPA buffer (Thermo Fisher Scientific) (at least 

300 L) with intermittent sonication for 20 minutes. After lysis, cell debris was pelleted by centrifuging at 

21,000 G for 10 mins. The supernatant was quantitatively transferred into a clean Eppendorf tube for 

further analysis. Samples were kept at – 80C prior to any further analysis. 

Protein measurement: 

Protein content in cell lysates were measured using the BCA assay, following manufacturer’s protocol. 

Working solution was prepared using reagent A and B at a 50:1 ratio, respectively. BSA standards (10 L) 

and cell lysates (10 L) were added into a 96 well plate. Then, BCA working solution (200 L) was added 

to each well. This was kept at 37C for 30 minutes, then cooled to room temperature for 5 minutes. 

Absorbance was read at 562 nm. Protein concentrations in cell lysates were interpolated using the 

standard curve generated. 

Measurement of ferene-bound iron: 

A set of four working solutions were prepared, each with 5 mM ferene in ammonium acetate buffer (pH 

4.5, 2.5 M) with four varying ascorbic acid concentrations (10, 50, 250, and 1000 mM). For labile iron 

measurements, cell lysates (100 L) were transferred into separate Eppendorf tubes. For total iron 
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measurements, nitric acid (100 L) digested cell lysates (as outlined in section 5.3.4.) were aliquoted into 

separate Eppendorf tubes. Iron standards (100 L) were also aliquoted into separate Eppendorf tubes.  

Ammonium acetate buffer (pH 4.5, 2.5 M) (100 L) and working solution (120 L) were added to all tubes. 

The samples were vortexed and left overnight at room temperature. The absorbance was measured in 

the resultant solution (200 L), as outlined in section 5.3.3. 

5.3.5.4. Distinguishing labile and chelatable iron in iron overload HepG2 cell lysates 

Cell lysates for both non-iron treated and iron overloaded HepG2 cells were prepared as outlined in 

section 5.3.5.3. For the purpose of this investigation, chelatable iron is defined as the portion of labile iron 

that is chelated by iron chelators and subsequently prevents the ferene-based detection of iron using a 

working solution at a particular concentration of ascorbic acid. 

Chelator treatment of iron overloaded cell lysates: 

Deferoxamine (DFO), deferiprone (DFP), and deferasirox (DFX) at 50 M were prepared in PBS. Iron 

overloaded cell lysates were treated with chelators; iron loaded HepG2 cell lysates (250 L) were 

transferred into a clean Eppendorf tube followed by 50 M chelator (50 L) – either DFO, DFP or DFX. As 

negative controls, non-iron loaded and iron loaded HepG2 cell lysates (250 L) were also transferred into 

clean Eppendorf tubes followed by PBS (50 L) only. These were left overnight at room temperature. 

Measurement of ferene-based iron: 

For labile and chelatable iron: Working solution was prepared with 5 mM ferene in ammonium acetate 

buffer (pH 4.5, 2.5 M) with 10 mM of ascorbic acid. Cell lysates (100 L) and iron standards (100 L) were 

transferred into separate Eppendorf tubes. ammonium acetate buffer (pH 4.5, 2.5 M) (100 L) and 

working solution (120 L) were added to each tube.  

For total iron: Working solution was prepared with 5 mM ferene in ammonium acetate buffer (pH 4.5, 2.5 

M) with 1 M of ascorbic acid. Acid digested cell lysates (as outlined in section 5.3.4.) (100 L) and iron 

standards (100 L) were transferred into separate Eppendorf tubes. Ammonium acetate buffer (pH 4.5, 

2.5 M) (100 L) and working solution (120 L) were added to each tube. 
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For iron quantification: These tubes were vortexed and left overnight. Absorbance was measured as 

described in section 5.3.3. 

5.3.6. The unified-ferene (u-ferene) assay for the measurement of both labile and total iron – the 

final protocol 

A unified-ferene (u-ferene) assay was developed to enable a 2-in-1 quantification of both labile iron and 

total iron in biological samples. In this assay, labile and total iron were defined by their experimental 

parameters; labile iron was defined as iron detected in undigested biological samples using 10 mM 

ascorbic acid in the working solution, and total iron was defined as iron detected in nitric acid digested 

biological samples using 1 M ascorbic acid in the working solution.  

This assay has five components, 1. working solution, 2. ammonium acetate buffer (pH 4.5, 2.5 M), 3. iron 

standards, 4. cell lysates, and 5. absorbance measurements. Section 5.3.6.1. outlines the measurement of 

labile iron and section 5.3.6.2. outlines the measurement of total iron. 

The working solutions: 

The working solution is composed of ferene (5 mM) and ascorbic acid (either 10 mM for labile iron 

measurements or 1 M for total iron measurements) in ammonium acetate buffer. This is summarized in 

the Appendix Table 7. The volume of working solution is determined by a 1:6 molar ratio between iron in 

the highest standard to ferene at 5 mM in working solution – i.e. when using 100 L of sample, the working 

solution is calculated such that there is 6 times more moles of ferene than the moles of iron present in 

100 L of 1000 M iron standard. Hence, this assay is applicable for investigations requiring larger sample 

volumes. 

Ammonium acetate buffer (see also section 5.3.5.1.): 

Ammonium acetate buffer was added at a 1:1 volume equivalence to all biological samples and iron 

standards, i.e. when using 100 L samples, 100 L of buffer was added.  
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Iron standards (see also section 5.3.5.1.): 

When using iron standards for u-ferene assay, 1000 M was used at the highest iron standard. However, 

the absorbance for this standard exceeded SpectraMax 190 microplate reader’s limit of detection and was 

not accounted for in the analysis.  

Cell lysates (see also section 5.3.5.3.):  

It is important to highlight that cell lysates were handled differently to quantify labile or total iron. Labile 

iron measurements in samples do not require nitric acid digestion, whereas total iron measurements 

require this digestion to release iron from all stores and proteins.  

Absorbance measurements: Details are given in section 5.3.3. 

5.3.6.1 Labile iron measurement with the u-ferene assay 

Labile iron concentrations were determined in cell lysates. Samples (100 L) and iron standards (100 L) 

with concentrations ranging from 0 to 1000 M were transferred into different clean Eppendorf tubes. 

Ammonium acetate buffer (pH 4.5, 2.5 M) (100 L) and labile iron working solution (5 mM ferene and 10 

mM ascorbic acid prepared in ammonium acetate buffer pH 4.5, 2.5 M) (120 L) were added to all 

Eppendorf tubes. This mixture was vortexed and left overnight at room temperature. Absorbance was 

measured as described earlier in section 5.3.3.  

5.3.6.2. Total iron measurement with the u-ferene assay 

Total iron concentrations were determined in cell lysates. The nitric acid digested samples after their final 

dilution (200 L) and iron standards (200 L) ranging from 0 to 1000 M were transferred into different 

clean Eppendorf tubes. 200 L of ammonium acetate buffer (pH 4.5, 2.5 M) and 240 L of total iron 

working solution (5 mM ferene and 1 M ascorbic acid prepared in ammonium acetate buffer pH 4.5, 2.5 

M) were added to all Eppendorf tubes. This mixture was vortexed and left overnight at room temperature. 

Absorbance was measured as described in section 5.3.3. 
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5.3.6.3. Validation and support for the u-ferene assay 

Validation of total iron concentrations using inductively coupled plasma mass spectrometry: 

Cell samples were nitric acid-digested, as described in section in 5.3.4., and resuspended in 2% HNO3 with 

10 ppb indium (Sigma Aldrich) as the internal standard. Iron standards were also prepared in 2% HNO3 

with 10 ppb indium, ranging from 0 ppb to 400 ppb, to generate a standard curve. Iron counts were 

measured on Agilent 7700 series ICPMS and total iron concentrations were determined from the standard 

curve. HNO3 (2%) is used for final dilutions for the longevity of vacuum pumps required by ICP-MS. 

Support for changes in the labile iron using Calcein-based labile iron sensor: 

Intracellular labile iron was measured using calcein acetoxymethyl ester (Cal-AM), described elsewhere.508 

This is a non-fluorescent dye that readily permeates the cell membrane and becomes fluorescent after 

intracellular enzymatic modification.509,510 This fluorophore binds to iron stoichiometrically, which 

quenches its green fluorescence. 509,510 Cells were washed, trypsinized and pelleted at 500 G for 5 mins. 

Then, the cells were resuspended in PBS (0.5 mL) with 0.2 M of Cal-AM for 20 minutes at room 

temperature. Cellular calcein fluorescence was measured using Beckman Coulter’s flow cytometry. At 

least 10,000 cells were analyzed and fluorescence was measured by the 488 nm laser and the FITC 

emission filter (530/20 nm). 

5.3.7. The optimization of an iron overload HepG2 model 

An iron overload HepG2 model was optimized with regards to its iron status and iron-induced toxicity, as 

measured by the generation of reactive oxygen species (ROS), whilst maintaining cellular functions that 

most closely resemble non-iron overload HepG2 cells. This protocol was optimized for iron treatment 

conditions – concentration and duration of loading, using ferric ammonium citrate as the source of NTBI. 

5.3.7.1. Cell culture and treatment with ferric ammonium citrate 

HepG2 cells with passage numbers between 3 to 10 were used for all experiments. Cells were maintained 

in EMEM with media changed every 1-2 days. For all iron treatments, ferric ammonium citrate (FAC) was 

used as the source of iron (18 mole % iron). All concentrations were prepared with respect to iron in 

EMEM.  
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For iron loading conditions, HepG2 cells were seeded in 6 wells plates at a density of 400,000 cells per 

well and grown for 2 days. Cells were treated with media (1 mL) containing either 0, 50, 100, 200, 500 or 

1000 M iron from FAC each day for either 1 or 2 days. After iron loading, cells were washed with PBS (1 

mL) thrice. Cell lysates and subsequent total iron analysis were performed, as outlined in section 5.3.6.1.  

For iron retention conditions, HepG2 cells were seeded in 6 well plates at a density of 400,000 cells per 

well and grown for 2 days. Cells were then iron loaded; cells were treated with 200 M iron in media (1 

mL) each day for 2 days. Then, cells were maintained for an additional 0, 1, 2 or 3 days in fresh media (1 

mL) without iron with the media replaced daily. Cells were washed with PBS (1 mL) thrice. Cell lysates and 

subsequent total iron analysis were performed, as outlined in section 5.3.6.2. 

5.3.7.2. Optimized protocol to establish an iron overload HepG2 model  

The final protocol for establishing an iron overload model in HepG2 was followed; cells were treated with 

iron-containing media each day for 2 days, followed by maintaining the cells in media without iron for 1 

day. To characterize changes in iron-dependent parameters and cellular functions, HepG2 cells were 

loaded with either 50, 100 or 200 M.  

Characterization of iron-dependent parameters in an iron overload HepG2 model: 

For changes in total and labile iron, HepG2 cells were cultured at a density of 500,000 cells per well in a 

T25 tissue culture flask. After loading cells with iron, cells were washed thrice with PBS (5 mL). Cell lysates 

were prepared and iron was quantified, as outlined in section 5.3.6.1. and 5.3.6.2.  

For changes in ROS generation and calcein-based labile iron, HepG2 cells were cultured in 6 well plates at 

a density of 400,000 cells per well. After loading cells with iron, cells were washed thrice with PBS (1 mL). 

Cells were stained and analyzed via flow cytometry, as described in section 5.3.7.3. 

Characterization of cellular functions in an iron overload HepG2 model: 

After being iron overloaded, HepG2 cells were also characterized for their cellular functions including 

metabolic activity (see MTT assay), mitochondrial membrane potential (see JC-10 assay), membrane 

integrity (see Trypan Blue assay), and cell viability (see 7-AAD assay), as described in section 5.3.7.3. For 

the MTT and JC-10 assay, cells were seeded in a 48 well plate at a density of 50,000 cells per well while 
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for the Trypan blue and the 7-AAD assay, cells were cultured in 6 well plates at a density of 400,000 cells 

per well. 

5.3.7.3. Characterization of cellular functions 

ROS generation: 

Cellular ROS generation measured using a DCFDA / H2DCFDA kit (Abcam 113851) on Beckman Coulters 

CytoFLEX Flow Cytometer. Manufacturer’s protocol was followed. DCFDA (2’,7’ –dichlorofluorescein 

diacetate), a fluorogenic cell permeable dye, undergoes deacetylation by cellular esterases to a non-

fluorescent dye. Cellular ROS oxidize this into DCF (2’,7’ –dichlorofluorescein) which is highly fluorescent, 

detected in the FITC channel. After washing cells with PBS (1 mL) thrice, cells were stained with 5 M 

DCFDA in EMEM and incubated for 20 minutes at 37C. Then, cells were washed with PBS, trypsinized and 

pelleted at 500 G for 5 mins. At least 10,000 cells were analyzed via flow cytometry and DCF was measured 

by the 488 nm laser and the FITC emission filter (530/20 nm).  

Calcein-based labile iron measurements: Details are given in section 5.3.6.3. 

Metabolic activity by MTT Assay: 

The MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) assay (ATCC 20-1010K) was 

performed according to manufacturer’s protocol to investigate changes in metabolic activity. After iron 

loading, cells were treated with a 10% MTT solution in media (0.5 mL) for 2 h followed by detergent-

induced (1 mL) lysis for overnight. Absorbance was measured at 570 nm on SpectraMax 190 Microplate 

Reader from Molecular Devices. Cell viability was determined; (mean570 nm treated cells / mean570 nm 

untreated cells ) x 100%.  

Mitochondrial membrane potential by JC-10 Assay: 

The JC-10 mitochondrial membrane potential assay kit (Abcam 112134) was performed to investigate 

changes in mitochondrial membrane potential. When excited by a 488 nm laser, JC-10 monomers emit at 

520 nm whereas JC-10 aggregates emit at 580 nm. JC-10 monomers localize in the mitochondria and 

aggregate as the membrane potential increases. However, in apoptotic and necrotic cells with perturbed 

mitochondrial potential, JC-10 does not aggregate. The manufacturer’s protocol was followed. Iron 
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overload HepG2 cells were treated with JC-10 for 30 minutes at 37C and fluorescence was measured at 

490/525 and 540/590 (excitation/emission nm) on a SpectraMax 190 Microplate Reader from Molecular 

Devices. Mitochondrial membrane potential was determined as follows ((ratio of 520 nm / 590 nm in 

treated cells) / (ratio of 520 nm / 590 nm in control cells)) x 100%.  

Membrane integrity by Trypan blue exclusion assay: 

Membrane integrity was investigated using the trypan blue exclusion method, as described elsewhere.511 

Iron overloaded cells were scraped and pelleted, then resuspended in media (1 mL). Cell suspension (10 

L) was gently mixed with trypan blue (HyClone Trypan Blue Stain – Fisher) (10 L). Live and dead cells 

were counted using a hemocytometer and percentages were reported; (number of live cells / number of 

total cells) x 100%. 

Cell viability by 7-AAD Assay: 

Cell viability was determined with a membrane impermeable 7-AAD (7-amino-actinomycin D, at 50 

g/mL) solution (BioLegend) that fluoresces upon binding to DNA indicative of membrane damage. 

Manufacturer’s protocol was followed. Iron overload cells were scraped, pelleted, and resuspended in 

PBS (0.5 mL). Cells were incubated with 7-AAD solution (5 L) per sample for 15 minutes at room 

temperature. Cells were then analyzed by flow cytometry; at least 10,000 cells were analyzed and dead 

cells were gated in the APC channel (660/10 nm). Cell viabilities were reported as percentage of live cells 

(i.e. 7-AAD negative cells).  

5.3.8. Uptake and cytotoxicity of liver targeting macromolecular iron chelators 

The uptake and cytotoxicity of liver targeting macromolecular chelating systems were investigated in the 

optimized iron overload HepG2 model. In this model, HepG2 cells were treated with 50 M of iron-

containing media each day for 2 days, followed by maintaining the cells in media without iron for 1 day. 

In all experiments, untreated non-iron overload and untreated iron overload HepG2 cells were used as 

negative controls. 
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5.3.8.1. Binding and uptake of liver targeted polymers in iron overload HepG2 cells 

HepG2 cells were seeded at a density of 50,000 cells per well in a 48 well plate and allowed to adhere for 

48 h. Media (0.5 mL) was replaced. The next day, cells were iron loaded. Then, cells were treated with 

fluorescent carboxyrhodamine-tagged liver targeting macromolecular systems (HD-GalNAc and HD-TAG) 

(0.25 mL) for 2 h at 37C at varying concentrations ranging from 10 M to 0.1 nM. After 2 h, cells were 

washed with PBS (0.5 mL) thrice, trypsinized and pellet at 500 G for 5 mins. Cells were resuspended and 

incubated in PBS (0.5 mL) with 7-AAD solution (5 L of 50 g/mL) for 15 mins at room temperature to 

identify dead cells. Flow cytometry was used to analyze at least 10,000 cells; carboxyrhodamine positive 

cells were gated using the FITC emission filter (530/20 nm) and dead cells were gated using the APC 

emission filter (660/10 nm). 

5.3.8.2. Cytotoxicity in iron overload HepG2 cells 

HepG2 cells were seeded at a density of 20,000 cells per well in a 96 well plate. Media (200 L) was 

replaced on the 3rd day, allowing cells to adhere for 48 h. Cells were then iron loaded. Following this, cells 

were treated with either liver targeting macromolecular chelating systems (HD, HD-GalNAc, HD-TAG) (200 

L) or small molecular weight chelators (DFO, DFX and DFP) (200 L) at varying concentrations ranging 

from 50 M to 1 nM for 24 h at 37C. The MTT assay was performed, as described in section 5.3.7.3. 

Absorbance was measured at 570 nm on SpectraMax 190 Microplate Reader from Molecular Devices. 

Metabolic activity was reported as absorbance units to showcase the metabolic activity of untreated non-

iron overload and untreated iron-overload HepG2 cells.  

5.3.9. Mobilization of labile cellular iron and subsequent changes in protein expression 

Using the newly developed u-ferene assay, cellular responses to liver targeting macromolecular chelating 

systems were measured in the optimized iron overload HepG2 model. These include changes in labile and 

total iron, generation of ROS and change in protein expression. 

5.3.9.1. Cell culture and iron loading 

HepG2 cells were seeded at a density of 500,000 cells per T25 flasks and allowed 48 h to adhere. The next 

day, media (5 mL) was replaced. Cells were then iron loaded with 50 M of iron-containing media (5 mL) 

each day for 2 days, followed by maintaining the cells in fresh media (5 mL) for 1 day. Before treatment, 
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cells were washed with PBS (5 mL) once. Negative controls included untreated non-iron overload and 

untreated iron overload HepG2 cells. These experiments were done in triplicate. 

5.3.9.2. Chelator treatment 

Iron overloaded HepG2 cells were treated with 15 M chelators (5 mL) prepared in media for 48 h; HD, 

HD-GalNAc, HD-TAG, deferoxamine (DFO), deferiprone (DFP) and deferasirox (DFX). Untreated non-iron 

overloaded and untreated iron overloaded HepG2 cells were used as negative controls. Cells were washed 

thrice with PBS (5 mL) and analyzed for ROS generation, changes in labile and total iron, and changes in 

transferrin receptor 1 expression – as outlined below. After treatment, cells were washed thrice with PBS 

(5 mL), scraped and pelleted at 500 G for 5 mins. 

5.3.9.3. Iron measurement using the u-ferene assay:  

Labile and total iron concentrations were quantified using the unified-ferene assay. Cell lysates were 

prepared and protein concentrations were determined as described in section 5.3.5.3. There were a total 

of eight cell lysates and these include two controls (non-iron and iron overload HepG2 cells), three 

macromolecular systems (HD, HD-GalNAc and HD-TAG) and three small molecular weight (DFO, DFP, and 

DFX). Iron standards were also prepared from FAC in 4% nitric acid, ranging from 0 to 1000 M, as 

described in section 5.3.5.1. Labile iron and total iron in the cells were measured as described previously 

(section 5.3.6.1. and 5.3.6.2.) 

5.3.9.4. Generation of ROS: (See also section 5.3.7.3.) 

After pelleting cells, cells were resuspended in media (1 mL) 5 M DCFDA and incubated for 15 minutes 

at room temperature. Then, cells were washed with PBS at 500 G for 5 mins. At least 10,000 cells were 

analyzed via flow cytometry and DCF was measured by the 488 nm laser and the FITC emission filter 

(530/20 nm).  

5.3.9.5. Changes in protein expression using Western Blots 

Similar to iron measurements, transferrin receptor 1 (TfR1) and asialoglycoprotein receptor (ASGPR) 

expressions were investigated in all lysates through western blots, as described elsewhere.512 GAPDH 

protein expression was also investigated because this is a house-keeping protein and serves as a protein-
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loading control. Proteins were separated in a 10% sodium dodecyl sulfate polyacrylamide gel and 

transferred to a nitrocellulose membrane, using Bio-Rad’s vertical electrophoresis cell. The membrane 

was blocked in 10% skim milk to prevent non-specific adsorption of proteins.  

A two-step fluorescent immunostaining approach was used. First, monoclonal mouse anti-human TfR1 

antibody (H68.4 Thermofischer), anti-human ASGPR antibody (Santa Cruz) and anti- human GAPDH 

antibody (Cell Signalling Technology) were incubated at 3 g/mL overnight at 4C overnight. Then, donkey 

anti-mouse IgG antibody tagged with an infrared dye 700 (LI-COR) was incubated at 1:10,000 dilution for 

4 h at room temperature. 

The nitrocellulose membranes were imaged using LI-COR at the following settings; resolution was set at 

169 m, medium image quality, 700 nm channel at intensity of 5, and scan area large enough to cover the 

membrane. The western blot was analyzed using LI-COR’s Odyssey Application Software 3.0. Data was 

first normalized to the house keeping protein GAPDH, and then represented relative to the control cells; 

(ratio of TfR1:GAPDH in treated cells) / (ratio of TfR1:GAPDH in control cells). ASGPR was not normalized 

because the signal to noise ratio was not adequate.  

5.3.10. Statistical analyses 

All data were performed in at least independent triplicate and presented with error bars that correspond 

to standard deviation. Technical replicates were also performed, but only independent triplicates were 

used for statistical analysis. All statistical analyses were performed using GraphPad Prism 7 (Grahpad 

Software, San Diego, USA). The statistical tests and appropriate multiple comparison tests were outlined 

in the figure legends. 
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5.4. Results 

5.4.1 The development of the u-ferene assay for labile and total iron determination 

5.4.1.1 The role of ascorbic acid in iron content measurement by the ferene assay 

In order to measure iron using the ferene assay, Fe(III) should be reduced to Fe(II), typically by ascorbic 

acid, followed by the bidentate chelation of Fe(II) by ferene to form a stable blue complex between pH 3 

to 6, with a molar absorptivity of 34,500 L cm-1 mol-1.480,513 In addition to ascorbic acid being a potent 

reducing agent, the concentration of ascorbic acid has strong influence on the decomplexation iron 

complexes in the analyte (DFO-Fe). DFO is a hexadentate iron chelator with a pFe3+ of 26 and was used to 

investigate the significance of ascorbic acid in iron content measurement by the ferene assay.514–516 First, 

the ascorbic acid concentration was optimized in both buffer and in vitro conditions; iron was measured 

in three analytes – 100 µM of free iron (Fe), 2000 µM DFO only (DFO), and 100 µM iron pre-chelated with 

2000 µM DFO (DFO-Fe) – using a working solution composed of 5 mM ferene in ammonium acetate buffer 

and varying concentrations of ascorbic acid (Figure 42A).  

At concentrations of ascorbic acid lower than 10 mM, there is a significant difference between iron 

concentrations measured in Fe analyte and DFO-Fe analyte, p < 0.0001 at all concentrations. In other 

words, there is a significant difference between the iron measured in the two analytes. Interestingly, at 

ascorbic acid concentrations of 50 mM and above, the iron concentrations measured by ferene in Fe and 

DFO-Fe are not significantly different. DFO only samples show no detection of iron, as expected. It is 

evident that the concentration of ascorbic acid plays a strong role on the removal of iron from DFO-Fe 

complex.  This observation is of particular interest because it warrants further investigation into the utility 

of ascorbic acid concentration to discern between labile and total iron with the biological context – labile 

iron is redox active iron and total iron is all iron, both redox active and inactive.  
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Figure 42. The effect of changing the working solution’s ascorbic acid concentration on the 

measurement of ferene-chelatable iron. (A) Changes in OD 595nm were measured for three analytes, 

100 M of iron, either free or pre-chelated with 2000 M deferoxamine (DFO), when changing ascorbic 

acid. A concentration dependent increase in iron concentration was observed for iron pre-chelated with 

DFO. A two-way ANOVA was performed with Dunnett’s correction, using GraphPad Prism. **** 

represents p < 0.0001 (B) Labile iron pool, “LIP”, was quantified in iron overload HepG2 cell lysates. 

Ascorbic acid concentrations in the working solution were varied from 10 mM to 1 M. In LIP 

measurements, there was a significant increase in the detection of labile iron when using 250 mM (p < 

0.0001) and 1 M (p = 0.0080). (C) Total iron was quantified in the same cell lysates after digestion with 

nitric acid. Ascorbic acid concentrations also varied form 10 mM to 1 M. In total iron measurements, there 

was a significant increase in iron concentration when using 250 mM (p = 0.0421) and 1 M (p < 0.0001) 

ascorbic acid. One-way ANOVA was performed with Dunnett’s correction using GraphPad Prism. (D) Total 

iron was quantified using both ICP-MS and the u-ferene assay in unloaded and iron overloaded HepG2 

cells. Similar results were obtained for both ICP-MS and the u-ferene assay; no significant difference was 

observed between either the control or the iron overload cells. All experiments were done in at least 

triplicate. Error bars show standard deviation. Statistical analyses were performed using GraphPad Prism.  
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5.4.1.2. The role of ascorbic acid in labile and total iron content measurement by the ferene assay 

Next, the role of ascorbic acid was investigated to distinguish the measurement of labile and total iron 

from cell lysates using the ferene assay. HepG2 cells were iron loaded and lysates were prepared. Labile 

and total iron was measured in cell lysates before (Figure 42B) and after (Figure 42C) nitric acid digestion, 

respectively, since nitric acid digestion is required to release all stably stored iron.507 Four different 

working solutions were used to measure iron content, constituting of 5 mM ferene and varying ascorbic 

acid concentrations (10, 50, 250 and 1000 mM). It is important to highlight two things; first, only iron that 

is chelated by ferene enables iron measurement and that ferene chelatable iron is dependent on the 

ascorbic acid concentration present in the working solution, and second, cellular iron concentration is 

reported as a ratio of iron concentration to protein concentration rather than iron concentration 

alone503,517,518 or relative to the number of cells472,498,519–521. We anticipate that protein concentrations 

better accounts for fluctuations associated with handling cells and reflect changes due to cell death. 

In iron overload cell lysates without nitric acid digestion, no difference was observed in the ferene-based 

iron detection from working solutions with 10 mM or 50 mM ascorbic acid. However, significantly more 

iron was quantified as ascorbic acid concentration increased from 50 mM to 250 mM and then from 250 

mM to 1000 mM (p < 0.0001 and p = 0.0080, respectively). This increase is suggestive of iron being 

released from other iron complexes in the undigested cell lysates. Therefore, accounting for the 

observations made from Figure 42A – 10 mM yields a significant difference in iron detection when 

comparing free iron and pre-chelated DFO iron, while not being significantly different in iron overloaded 

cell lysates – we can define labile iron as iron measured in undigested samples by 5 mM ferene using a 

working solution with 10 mM ascorbic acid. 

In iron overload cell lysates that underwent nitric acid digestion, total iron concentration significantly 

increased when comparing working solutions with 50 mM and 250 mM ascorbic acid, and again when 

comparing 250 mM and 1000 mM ascorbic acid (p = 0.0421 and p < 0.0001). The requirement for high 

ascorbic acid concentration is likely due to two reason; first, more iron is available after acid-digestion, 

and second, more of this iron is present in the ferric form which needs to be reduced. Taken together, we 

can define total iron as iron measured in acid-digested samples by 5 mM ferene using a working solution 

with 1 M ascorbic acid. This is further corroborated by ICP-MS analysis of these samples, which shows no 

significant differences in the total iron measurements (Figure 42D). 
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5.4.1.3. Distinguishing “labile” and “chelatable” iron using a 2-in-1 u-ferene assay  

To investigate the measurement of labile iron and chelatable labile iron, iron overload HepG2 cells lysates 

were prepared, followed by treatment with clinically approved iron chelators – DFO, DFP and DFX – at 50 

µM, in excess of the labile iron concentration, overnight (Figure 43). Chelatable labile iron is defined as 

the portion of the labile iron that is chelated by the iron chelators. Labile iron in cell lysates was measured 

using the labile iron protocol (described in section 5.3.5.4.). DFO and DFP treatment displayed a significant 

decrease in labile iron when compared to the untreated iron overloaded cell lysates (p < 0.0001 and p = 

0.0431, respectively) (Figure 43A). Total iron was measured using the total iron protocol (described in 

section 5.3.5.4.) and, as expected, no significant changes were observed (Figure 43B). Further, there is 

reproducibility of the total iron content with previous experiments, as shown in (Figure 42C), and ICP-MS, 

(Figure 42D). Of great importance, the data highlighted the importance of ascorbic acid concentration to 

differentiate between total and labile iron, as well as chelatable iron with respect to different chelators 

(Appendix Figure 42).  
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Figure 43. The confirmation of measuring chelatable labile iron in vitro. HepG2 cells were loaded with 

200 M of iron using FAC. Cells were lysed and these lysates were treated with either deferoxamine (DFO), 

deferiprone (DFP) or deferasirox (DFX) at 50 M overnight. (A) LIP was measured using 5 mM ferene and 

10 mM ascorbic acid in lysates. (B) In total iron measurements, cell lysates were first digested with 

concentrated nitric acid at 100C to 120C followed by the ferene-based assay for total iron (5 mM ferene 

and 1 M ascorbic acid). One-way ANOVA was performed with Tukey’s correction using GraphPad Prism. 
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5.4.2. The development and validation of the iron overload HepG2 cell model 

5.4.2.1. Establishing an iron overload HepG2 model: 

A protocol to establish an iron overload model in hepatocytes, using HepG2 cells and FAC as the source 

of NTBI, was optimized. The u-ferene assay was extensively utilized to quantitate cellular iron status for 

both labile and total iron. First, the experimental conditions required to iron load HepG2 cells was 

explored (Figure 44A and B). Cells were treated with varying concentrations of iron every 24 h for either 

24 h or 48 h. HepG2 cells treated with iron, for either 24 or 48 h, had significantly higher total iron 

concentration when compared to non-iron treated cells; 24 h iron treatment resulted in p = 0.0005, p = 

0.0009 and p = 0.0009 for 100, 200 and 1000 M respectively, and 48 h iron treatment resulted in p < 

0.0001 at all concentrations.  

Iron loading was dependent on the duration of treatment rather than iron loading concentration. When 

comparing the different iron loading concentrations at either 24 h or 48 h, no significant difference was 

observed between 100, 200 or 1000 M iron containing media. However, cells treated with 100, 200 and 

1000 M for 48 h yielded significantly higher total iron concentration than the cells treated for 24 h (p < 

0.0001, p < 0.0001 and p < 0.0001, respectively). For instance, HepG2 cells had a total iron concentration 

of 46.3 nmole per mg protein after 24 h compared to 83.7 nmole per mg protein after 48 h.  

Then, the duration of iron retention was investigated (Figure 44C). HepG2 cells were loaded with 200 M 

every 24 h for 48 h. Then, these cells were maintained in fresh media for up to 3 days with media being 

replaced every day. Total iron concentration did not change even up to 72-h post-loading.  

The final protocol to establish an iron overload HepG2 cell model required the cells to be loaded with iron 

every 24 h for 48 h followed by 24 h of maintenance in fresh media.  
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Figure 44. The effect of iron concentration and treatment time on establishing an iron overload HepG2 

cell model. (A & B) HepG2 cells were treated with varying concentrations of iron (100 to 1000 M) either 

once in 24 h (A) or twice in 48 h (B). (C) HepG2 cells were first treated with 200 M every 24 h for 48 h. 

Then, these cells were maintained in fresh media without iron for up 72 h with media being changed every 

24 h. Total iron was analyzed using u-ferene assay described previously. Error bars show standard 

deviation from 3 independent replicates. One-way ANOVA with Dunnett’s correction method were 

performed to compare differences against the control or unloaded cells. One-way ANOVA with Sidak’s 

correction method was performed to compare the iron loading with 24 h or 48 h treatment. **** 

represent p < 0.0001 and *** represents p < 0.0010. All statistical analyses were performed using 

GraphPad Prism. 
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5.4.2.2. The effect of iron concentrations on cellular iron responses: 

Iron overload HepG2 cells were established using different iron loading concentrations (50, 100 and 200 

M) using the optimized protocol to investigate changes in iron response (Figure 45) and cellular functions 

(Figure 46). Cellular iron responses were examined for changes in labile iron concentration (Figure 45A 

and B), total iron concentration (Figure 45C), and ROS generation (Figure 45D). Iron treated cells showed 

a concentration-dependent increase in the labile iron pool (LIP). There was a significant increase in the LIP 

quantified by the u-ferene assay when comparing unloaded cells to cells loaded with 50 M iron or cells 

loaded with 50 M iron compared to 200 M iron (p = 0.0066 and p = 0.0010, respectively). This dose-

dependent increase in the LIP was further corroborated by the calcein-based fluorescent assay; calcein 

fluorescence reduced as it bound to labile or redox active iron. The significant reduction in calcein-based 

fluorescence between control cells and 50 M iron overloaded cells and between 50 M and 200 M iron 

overloaded cells (p = 0.0001 and p < 0.0001, respectively) supports the observation of increasing labile 

iron concentration.  

Similar to iron loading investigations (Figure 44A), there was an increase in total iron concentration when 

cells were treated with 50, 100 and 200 M of iron-containing media compared to controls (p = 0.0165, p 

= 0.0030 and p = 0.0006, respectively). Further, there was no appreciable differences in total iron loading 

amongst iron treated cells treated with different concentrations, highlighting the reproducibility of 

establishing a HepG2-based iron overload cell model.  

Interestingly, the concentration-dependent trend in labile iron concentration was not observed for ROS 

generation (Figure 45D). There was a significant increase in ROS mediated median fluorescence intensity 

when comparing non-loaded cells to iron loaded cells – p = 0.0010, p = 0.0006 and p = 0.0006 for cells 

loaded with 50, 100 and 200 M iron, respectively. However, there was no significant difference when 

comparing iron overloaded cells at any loading concentration tested. Despite increasing labile iron 

concentration, ROS generation did not increase with respect to increasing iron loading concentrations.  
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Figure 45. The effect of varying iron loading concentrations (50 to 200 M) on labile iron, total iron and 

the generation of reactive oxidative species (ROS) in HepG2 cells. (A) Labile iron was quantified using the 

u-ferene assay. One-way ANOVA with Sidak’s correction method was used to compare iron-loaded cells 

with control cells. (B) Changes in the intracellular labile iron pool was monitored via fluorescence. Calcein 

fluorescence is quenched in the presence of iron. One-way ANOVA with either Sidak’s or Dunnett’s 

correction method was used to compare iron loaded cells with control cells. (C) Total iron was quantified 

using the u-ferene assay. One-way ANOVA with Dunnett’s correction method was used to compare iron 

loaded cells with control cells. (D) ROS generation was measured using a DCFDA/DCF ROS kit in at least 

10,000 HepG2 cells via flow cytometry. One-way ANOVA with Dunnett’s correction method was used to 

compare iron loaded cells with control cells. Error bars show standard deviations for 3 independent 

replicates. Statistical analyses were performed using GraphPad Prism. **** represent p < 0.0001, *** 

represents p < 0.0010, ** represents p < 0.0100 and * represents p < 0.05. 
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5.4.2.3. Characterization of cellular function in response to varying iron loading concentration. 

Measures of cellular function were characterized in iron overloaded HepG2 cells. Cell viability was 

measured as a function of either nuclear or plasma membrane integrity (Figure 46A and B). In both cell 

viability assays, HepG2 cells loaded with 50 M iron showed no significant differences when compared to 

control (non-iron loaded cells). Any iron loading concentration above 100 M yielded a significant increase 

in either nuclear or plasma membrane permeability when compared to controls (p < 0.0001 for all 

comparisons). Mitochondrial membrane potential was measured through the JC-10 assay, which takes 

advantage of the different fluorescent emissions when cells become apoptotic (Figure 46C). HepG2 cells 

loaded with iron at 500 M or 1000 M had significantly perturbed the mitochondrial membrane 

potential when compared to control (p < 0.0001 for both). No significant alterations in cells loaded with 

50, 100 or 200 M iron were observed. Metabolic activity was observed through the MTT assay which 

measures the rate of MTT conversion to formazan salt by intracellular enzymes, including dehydrogenase 

enzymes (Figure 46D). All iron overloaded HepG2 cells yielded significantly lower metabolic activities 

when compared to the control (p < 0.0001 for all comparisons). Taken together, HepG2 cells loaded with 

50 M were similar to control cells with respect to nuclear membrane integrity, plasma membrane 

integrity and mitochondrial membrane potential. As iron loading concentration increased, particularly at 

200 M or higher, cellular functions were significantly different to iron overload cells loaded with lower 

iron concentrations.  

Iron overload HepG2 cells treated with 50 M of iron from FAC has been well characterized; there are 

significant increases in iron-dependent parameters whilst maintaining cellular function comparable to 

that of untreated HepG2 cells. The cellular responses to liver targeting macromolecular chelating systems 

were investigated in this model. First, uptake and cytotoxicity were investigated, followed by changes in 

iron-dependent parameters including mobilization of intracellular iron and the mitigation of iron overload 

response. 
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Figure 46. Characterization of cellular functions of HepG2 cells loaded with varying iron concentrations 

(50 to 200 M). (A) Cell viability was measured using a membrane impermeable 7-aminoactinomycin D 

(7-AAD) via a flow cytometry, analyzing at least 10,000 cells. 7-AAD binds to DNA and the fluorescence is 

detected in PC5.5 channel (710/50 nm). One-way ANOVA with Dunnett’s correction method were 

performed to compare iron loaded cells with control cells. (B) Cell membrane integrity was measured 

using the Trypan blue (TB) exclusion assay. This dye is membrane impermeable. Cells with or without TB 

uptake were counted using a hemocytometer. One-way ANOVA with Dunnett’s correction method was 

performed to compare iron-loaded cells with control cells. (C) Mitochondrial membrane potential was 

measured using the JC-10 assay kit using a plate reader. The ratio of fluorescence emitted at 590 nm and 

540 nm were normalized to control cells. One-way ANOVA with Dunnett’s correction method were 

performed to compare iron loaded cells with control cells. Similarly, one-way ANOVA with Dunnett’s 

correction method was performed to compare iron loaded cells with cells loaded with 500 M. (D) 

Metabolic activity was measured using the MTT assay using a plate reader. One-way ANOVA with 

Dunnett’s correction method was performed to compare iron loaded cells with control cells. One way 

ANOVA with Tukey’s correction was also performed to compare different iron loaded cells with each 

other. Error bars show standard deviations for 3 – 6 independent replicates. All statistical analyses were 

performed using GraphPad Prism. **** represents p < 0.0001, *** represents p < 0.0010, and ** 

represents p < 0.0100. 
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5.4.3. Application of the u-ferene to evaluate iron chelation efficiency. 

5.4.3.1. The uptake and cytotoxicity of liver targeting macromolecular chelating systems in the iron 

overload HepG2 model 

The uptake of liver targeting macromolecular chelating systems was examined in iron overload HepG2 

cells, loaded with 50 M iron, and compared to non-iron overloaded HepG2 cells (Figure 47A). The uptake 

of HD-GalNAc and HD-TAG was less in the iron overloaded HepG2 cells compared to normal cells; there 

was significantly higher uptake of HD-GalNAc starting at 0.2 M (****p < 0.0001) and HD-TAG at 10 M 

(####p < 0.0001) in non-iron overloaded HepG2 cells. 

Further, changes in metabolic activity were measured in iron overloaded HepG2 cells treated with either 

macromolecular chelators (HD, HD-GalNAc and HD-TAG) (Figure 47B) or small molecular weight chelators 

(DFO, DFX and DFP) (Figure 47C) over a range of chelator-equivalent concentrations. With the exception 

of DFP, all chelators were well tolerated by iron overloaded HepG2 cells such that the metabolic activity 

remained at 80% or above (equivalent to 0.75 arbitrary absorbance units) up to a chelator concentration 

of 1.4 M. At 8.3 M of chelators, DFO and DFX showed a significant decrease in metabolic activity when 

compared to macromolecular chelators (p < 0.0001 for both), which remained at 80% or above. At 50 M, 

all chelator-treated cells showed a decrease in metabolic activity; HD-GalNAc and HD-TAG had an average 

of 50% metabolic activity whereas HD, DFO, DFX and DFP had less than 1% of metabolic activity. Liver 

targeting macromolecular chelators (HD-GalNAc and HD-TAG) were significantly better than HD and small 

molecular weight chelators (p < 0.0001 for all comparisons). DFP had metabolic activity below 80% at all 

concentrations, with a concentration dependent decline. It is worthwhile to mention that there was a 

decrease in metabolic activity when HepG2 cells become iron overloaded, and that chelator treatment 

did not reverse this.  
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Figure 47. The uptake and cytotoxicity of liver targeting macromolecular chelating systems in iron 

overloaded HepG2 cells. (A) The uptake of fluorescently tagged liver targeting macromolecular systems 

was analyzed in at least 10,000 cells via flow cytometry. The metabolic activity was measured by the MTT 

assay using a plate reader in iron overloaded cells treated with either macromolecular chelators (B) or 

small molecular weight chelators (C). The blue dashed line at 1.25 absorbance units refer to the metabolic 

activity in untreated non-iron overload HepG2 cells. The orange speckled line at 0.94 absorbance units 

refer to the metabolic activity in untreated iron overload HepG2 cells. The black dotted line at 0.75 

absorbance units refers to the metabolic activity at 80% of untreated iron overload HepG2 cells. HepG2 

cells were loaded with 50 M of iron following the established protocol. Error bars show standard 

deviation of 3 independent replicates. Two-way ANOVA with Sidak’s correction method was performed 

to compare either uptake or metabolic activity at a particular concentration between iron overloaded 

cells and non-iron overloaded cells. Statistical analyses were preformed using GraphPad Prism. **** and 

#### represents p < 0.0001.  
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5.4.3.2. Iron-dependent cellular responses to iron chelation in the iron overload HepG2 model 

Iron overloaded HepG2 cells were treated with 15 M of small molecular weight chelators – DFO, DFX or 

DFP, or with 15 M chelator equivalent of macromolecular systems - HD, HD-GalNAc, or HD-TAG. The 

reported clinically-relevant steady state concentration of DFO is between 10 to 28 M and therefore, a 

concentration of 15 M was used.463,522–524  

When comparing to untreated iron overload cells, all chelators showed a significant reduction in iron 

concentration (Figure 48A and B). HD-TAG and DFO treated cells had a significant reduction in both LIP (p 

= 0.0001 and p = 0.0124, respectively) and total iron concentration (p = 0.0001 and p = 0.0028, 

respectively). HD, HD-GalNAc and DFX treated cells only had a significant reduction in LIP concentration 

(p = 0.0006, p = 0.0028 and p = 0.0270, respectively). DFP treated cells only had a significant reduction in 

total iron concentration (p = 0.0350).  

Further, HD, HD-TAG, DFO and DFP showed a significant reduction in intracellular ROS generation (Figure 

48C) when compared to untreated iron overload cells (p < 0.0001, p < 0.0001, p < 0.0001, and p = 0.0325, 

respectively). Interestingly, HD-TAG and DFO treated cells showed ROS levels comparable to the non-iron 

loaded control cells. HD-GalNAc and DFX showed no significant changes in ROS. 

In addition, TfR1 expression was measured as a cellular response to iron overload (Figure 48D). Under 

iron overload conditions, TfR1 expression decreased when compared to control and iron overloaded 

HepG2 cells (p < 0.0001). Upon treatment with iron chelators, TfR1 expression significantly increased 

when compared untreated iron overload cells; while HD, HD-GalNAc, HD-TAG and DFP had significant 

elevation in TfR1 (p = 0.0014, p < 0.0001, p < 0.0001, and p < 0.0001, respectively), DFO and DFX increased 

expression beyond the non-iron overload control cells (p < 0.0001 and p < 0.0001, respectively). 
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Figure 48. Effect of iron chelation in iron overload HepG2 cells. Labile iron (A) and total iron (B) were 

quantified using the u-ferene assay. (C) ROS generation was measured using a DCFDA/DCF ROS kit in at 

least 10,000 cells via flow cytometry. (D) Relative expression of TfR1, normalized to control cells, were 

measured using western blot and quantified using LI-COR’s Odyssey Software Application. HepG2 cells 

were loaded with 50 M following the established protocol. Error bars show standard deviations for 3 

independent replicates. One-way ANOVA with Dunnett’s correction method was performed to compared 

iron overloaded cells with either control or chelator treated cells. Statistical analyses were preformed 

using GraphPad Prism. **** represents p < 0.0001, *** represents p < 0.0010, ** represents p < 0.0100 

and * represents p < 0.0500. 
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5.5. Discussion 

Liver targeting macromolecular systems have shown improved pharmacokinetic and pharmacodynamic 

properties, especially with regards to hepatocyte uptake and intracellular distribution of these systems. 

In this chapter, we investigated these systems for their mode of intracellular action to chelate iron and 

subsequently prevent iron-induced toxicity.  

In order to do this, we first developed a novel colorimetric unified-ferene assay that enables a 2-in-1 

quantification of labile and total iron as a means to directly measure the iron status. Then, we optimized 

an in vitro iron overload HepG2 model with elevated iron burden, both labile and total iron, and ROS 

generation whilst maintaining various cellular functions similar to that of unloaded cells. With these in 

place, we then probed how liver targeting macromolecular chelating systems performed with regards to 

their uptake and cytotoxicity, intracellular iron chelation and the potential to mitigate iron-mediated 

toxicity. 

Robust and accessible methods are required to measure iron levels, both labile and total iron, in different 

tissue specimens. Current approaches to quantitate iron exist, however they require specialised 

methodologies, extensive sample preparation and costly equipment.432,465–474 Colorimetric methods are 

accessible, economic and are routinely refined for better sensitivities, convenient sample preparation and 

robust application. Several chromogenic substrates, specific for chelatable ferrous iron, absorb strongly 

in the UV/Vis region, including bathophenanthroline sulfonate, ferrozine or ferene.469,472,476,477,525–527 

Reimer et al. developed a common assay for quantification of iron in astrocytes, using permanganate-

mediated digestion and ferrozine-based colorimetric iron determination.469 Hedayati et al. then improved 

Reimer et al. assay’s sensitivity by using nitric acid-mediated digestion and ferene-based colorimetric iron 

determination.472 Ferene binds to iron with an affinity of  1014.9.513 However, the quantification of both 

labile and total iron from the same biological sample is yet to be reported. It is worthwhile to mention 

that the quantification of labile iron pool is often tied to the specific fluorescent sensor, environmental 

variations within cells, and solvent systems used for calibration.71 As such, it is difficult to directly translate 

these concentrations to other modes of analysis. 

The labile iron pool is critical for cellular iron metabolism and exists in dynamic equilibrium between 

different organelles.457,458,528 Current methods to trace and quantitate labile iron concentration measure 

changes in fluorescence from iron sensors, which either turn-on (fluorescence signal enhances) or turn-
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off (fluorescence signal quenches) in the presence of iron.458,481 These fluorescence techniques to measure 

metals is a rapidly growing approach offering spatial and temporal resolution. However, the use of 

fluorescence sensors is greatly hindered by limited commercially available probes, poor metal selectivity, 

mediocre signal-to-noise ratio, and it requires specialized instruments (fluorescence microscopy or flow 

cytometry).458,481 Taken together, this limits the absolute quantification of labile iron pool. 

We began with the development of a unified-ferene assay (u-ferene) that enables a 2-in-1 detection of 

both total and labile iron in biological samples, by varying ascorbic acid concentrations. Ascorbic acid is 

one of the low-molecular ligands that reduces ferric iron to ferrous iron, which then enables ferene, a 

bidentate chelator with a pFe2+ of 15, to chelate ferrous iron.3,513,529 Moreover, this reducing agent also 

has the potential to interrupt stably chelated iron. To assess the ferene-based detection of iron, DFO was 

used as our model chelator to compete and stably chelate iron because it has been extensively 

investigated and has a high affinity for iron.514–516 Based on our preliminary screening experiments, it was 

confirmed that ascorbic acid concentration has a central role in these measurements; significant release 

of iron from the DFO-Fe coordination sphere was observed with a concentration of ascorbic acid above 

10 mM (Figure 42A). In other words, ascorbic acid above 10 mM is sufficient to reduce all iron pre-chelated 

with DFO. Therefore, we chose 10 mM ascorbic concentration for the determination of labile iron. This is 

because the iron measured at 10 mM ascorbic sufficiently discerns between the iron only analyte and the 

iron pre-chelated with DFO analyte (p < 0.0001). It is important to note that these working concentrations 

may change when using other iron chelators. Within a biological context, DFO bound iron serves as an 

indicator of stably bound iron, and at 10 mM ascorbic acid, we can conservatively discern between 

chelatable and unchelatable iron. 

Therefore, we defined labile iron as chelatable redox active ferrous iron quantified using 5 mM ferene and 

10 mM ascorbic acid from a biological sample. The labile iron concentration in non-iron loaded HepG2 

cells was found to be 0.8 ± 0.2 nmole of labile iron per mg of protein (4 M) (Figure 45A) by the u-ferene 

assay. This is similar to the reported values using fluorescent based labile iron determination methods; it 

has been reported that there is an average of 2 to 5 M (equivalent to 0.3 to 0.9 nmole) of intracellular 

chelatable iron within normal rat hepatocytes.71,72,530 Moreover, the increase in labile iron after iron 

loading HepG2 cells was also shown using calcein as a metallosensor for intracellular labile iron (Figure 

45B). While there is agreement in the labile iron concentrations determined from two different 

techniques in two different hepatocytes, it is important to note that these diversities pose a challenge to 

validate labile iron concentrations thoroughly.  
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On the other hand, total iron is defined as all iron, redox active and unchelatable stored iron, quantified 

using 5 mM ferene and 1 M ascorbic acid after nitric acid digestion in a biological sample. We noticed 10 

mM ascorbic acid concentration was not enough to completely reduce the iron following acid digestion 

of cell lysates (Figure 42C) and ferene-based iron detection increased with ascorbic acid concentration. 

We hypothesized that this is due to the equilibrium between Fe3+ and Fe2+ under acidic conditions 

requiring more ascorbic acid to reduce the iron, since all the stable and otherwise unchelated iron had 

been released via nitric acid digestion. At 1000 mM ascorbic acid concentration, the total iron 

measurements agreed with ICP-MS analysis (Figure 42D). Thus, by optimizing the ascorbic acid 

concentration needed to sufficiently reduce iron for detection by ferene, we were able to quantitate both 

labile iron and total iron (Figure 42). 

To further validate this assay’s capacity to quantify chelatable iron in cell lysates, the labile iron pool was 

perturbed by the introduction of high-affinity iron chelators with stability constants above log(20) and the 

iron content was determined by the u-ferene assay (Figure 43). The monitoring of different cellular iron 

pools is of utmost importance, especially within the field of hereditary and transfusion-dependent iron 

overload, since the production of reactive oxygen species has been correlated to changes in the labile iron 

pool.62,531 Cell lysates were used for two reasons; first, it ensured changes in the labile iron pool without 

affecting the total iron and second, it demonstrated the use of the same lysate for both labile and total 

iron determination. Upon treatment with DFO and DFP, the labile iron pool is significantly lowered 

because these chelators strongly bind to intracellular ferric iron hence reducing the measurable labile iron 

pool (Figure 43A). DFX treatment showed only a slight decrease in the labile iron pool. This may speak to 

the tunability of this assay, with respect to ascorbic acid concentration, for other chelators (Appendix 

Figure 42). Of note, total iron concentration was not different across treatments since only the lysates 

were manipulated.  

Next, total iron was quantified using the same u-ferene assay with two modifications; first, biological 

samples underwent nitric acid digestion to release all iron472 and second, 1 M ascorbic acid concentration 

in working solution was used. Total iron concentrations loaded within HepG2 cells were in the range of 

3.5 to 5.0 g iron per mg protein (70 to 90 nmole iron per mg protein across the different iron loading 

concentrations), which has been validated by ICP-MS, a gold standard approach, (Figure 42D) and is in 

agreement with earlier reports.487,496,532 Moreover, the total iron content did not change despite 

increasing iron loading concentration. This pattern of iron accumulation has been observed to be unique 

in HepG2 cells (Figure 44B).487  
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Taken together, this u-ferene assay enables quantification of both labile and total iron using defined 

ascorbic acid concentrations as well as nitric acid treatment to release all iron. Next, an in vitro iron 

overload HepG2 model was optimized. In vitro hepatic iron overload models provide an invaluable tool to 

better understand pathogenesis whilst enabling the progression of treatment development. All acquired 

iron, either TBI or NTBI, enters the liver where it is either stored, utilized or mobilized for systemic use.35 

As such, the liver is critical for coordinating iron homeostasis. An imbalance in this maintenance can result 

in iron overload where excess free iron results in hepatic toxicity and damage giving rise to a variety of 

disorders including hepatic insulin resistance,533,534 fibrosis and cirrhosis,535,536 and an increased risk for 

hepatocellular carcinoma.537,538 

Such models exist, yet their utility is undermined by extreme diversity; (1) different hepatic cell lines, such 

has HepG2 versus Hep3B respond differently to NTBI, (2) various sources of NTBI are used, most 

commonly including citrate-57,487–496,  nitriloacetate-495,497–500 and sulfate-501–505 complexes, as well as other 

preparations495,502,506,539, and (3) iron treatment vary greatly with vastly different concentrations and 

durations, ranging from as low as 1 M to as high as 2 mM for as short as 6 h to as long as 7 days.487,490–

496,498–500,503,504,506 This lack of consensus within the field can produce conflicting outcomes as highlighted 

in a proteomic study that investigated protein alterations in HepG2 cells loaded with two different iron 

concentrations; HepG2 cells treated with 10 M resulted in 25 proteins being up-regulated and 5 proteins 

being down-regulated whereas HepG2 cells treated with 1000 M resulted in 19 proteins being up-

regulated and 8 proteins being down-regulated.501,502 Interestingly, two down-regulated proteins at 10 

M became up-regulated at 1000 M.501,502 Thus, in this chapter, the process needed to develop and 

establish a consistent iron overload in vitro model was optimized with the intention to enable 

reproducible findings.  

HepG2 cells were loaded with iron from ferric ammonium citrate, a common complex in NTBI, to mimic 

iron accumulation in patients suffering from iron overload.540–542 Whilst the uptake of NTBI has not been 

completely elucidated, NTBI is rapidly internalized by hepatocytes via the DMT1 or the ZIP14 

transmembrane metal-ion transporter.53,54,57–59 Since iron treatment conditions vary greatly, HepG2 cells 

were first screened for a changes in total iron with respect to concentration and duration of iron loading. 

Total iron in cells increased with time of incubation rather than iron loading concentration (Figure 44); 

total iron concentration was significantly more elevated in cells treated for 48 h compared to 24 h at the 

same concentration, however, there was no significant difference between cells treated with different 
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concentrations for a given time. Total iron concentration in loaded HepG2 cells was in the range of 75 to 

85 nmole per mg protein (3.5 to 5.0 g iron per mg protein) after 48 h incubation, which is in agreements 

with earlier reports.487,496,532 Taken together, a 48 h treatment period was more than sufficient to induce 

iron overload, which is maintained for at least 3 days, providing ample time to conduct further studies.  

Next, we investigated the impact of iron loading concentrations using the established time stamps – load 

every 24 h for 48 h, followed by 24 h of fresh media. Intracellularly, a small fraction of redox labile iron is 

maintained in dynamic equilibrium such that it accounts for  3-5% of the total iron.457 This is observed 

using the u-ferene assay in control cells with 3.7% LIP (0.8 nmole of labile iron per mg of protein out of 

the 21.5 nmole of total iron per mg of protein). Similar to Figure 42, HepG2 cells loaded with iron, 

irrespective of iron loading concentration, showed no significant differences when comparing their total 

iron, highlighting the reproducibility of this iron overload model.  

Moreover, similar to hepatic iron overload diseases, iron overloaded HepG2 cells demonstrate 

significantly elevated labile iron concentration as iron loading concentration increased. The labile iron 

concentration, using the u-ferene assay, was significantly increased when comparing control cells to iron 

overload HepG2 cells. This pattern was further corroborated with the calcein assay as well as in the 

literature.499,500,504 Elevated labile iron catalyzes the generation of ROS through the Haber-Weiss reaction, 

which imparts oxidative damage to lipids, proteins and DNA.5–7,10,11 Intracellular ROS levels were measured 

and a significant increase was observed for iron overloaded cells. This increase in ROS has been 

documented in earlier reports.489,497,499,501,503 Similar to total iron concentrations, ROS generation was not 

significantly different between cells treated with different iron loading concentration. Huang et al. reports 

a linear correlation between lipid peroxidation and total iron concentrations, which might rationalize our 

findings.503 It is also possible that intracellular catalases mitigate the generation of ROS, making it difficult 

to identify possible correlations with intracellular labile iron concentration.543 Further work would need 

to validate this. In addition, iron overload cells treated with hydrogen peroxide further increased ROS 

generation (p = 0.0024) (Appendix Figure 43) demonstrating that the cells are susceptible to further ROS 

generation and that ROS generation is still within the assay’s limit of detection. Taken together, using the 

established time stamps to develop an iron overload model with different iron loading concentrations (50, 

100 and 200 M) only labile iron concentrations significantly changed.  

Next, toxicity indices were measured as a function of iron loading concentration (Figure 46); lower iron 

loading concentration better resembled non-iron loaded control cells in the measured cellular functions. 
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As iron loading concentration increased, iron overloaded HepG2 cells showed exacerbated decline in 

these parameters – as exemplified by HepG2 cells loaded with 1000 M. Of importance, cytotoxicity 

indices vary greatly within the literature. Abalea et al. report elevated LDH in HepG2 cells treated with 

iron at 10 and 100 M for 24 h whilst Fang et al. report unchanged HepG2 cell proliferation for 

concentrations as high as 1000 M treated for up to 5 days.499,502 It is important to note that both Abalea 

et al. and Fang et al. used nitriloacetate complexed iron, as different NTBI sources yield different kinetic 

parameters with regard to NTBI uptake.495 Previous publications, using ferric ammonium citrate to treat 

HepG2 cells, also report varying toxicities. Parkes et al. report that nuclear membrane integrity changes 

at concentrations higher than 200 M while LDH levels remain unchanged at concentrations as high as 

1.4 mM.495 In addition, Popovic et al. report that metabolic activity, measured by MTT, decreases below 

80% of control only at concentrations exceeding 2 mM.496 Given this variability and that many reports aim 

to investigate the treatment of iron overload or the reversal of ROS-mediated damage, it is essential that 

cytotoxic indices are thoroughly documented and account for different cellular parameters. Adopting this 

practice will empower reproducibility within the field. Our data showed that iron loading concentrations 

of 50 M yield an iron overload model closest to control cells and that any concentrations above 200 M 

iron show significant alterations to cellular function. Additional mechanistic studies are required to 

provide insight into the molecular signal causing these changes.  

With this established iron overload HepG2 model, we then assessed the response of cells when treated 

with chelators with regards to uptake, metabolic activity, iron status, ROS generation and TfR1 expression 

(Figure 47 and Figure 48). A less pronounced uptake was observed for liver targeting macromolecular 

systems in iron overloaded HepG2 cells. This is likely due to decreased ASGPR expression observed 

through western blot analysis (Appendix Figure 44). Despite this, liver targeted macromolecular chelators 

were well tolerated when compared to either their non-liver targeted counterparts or to the small 

molecular weight chelators (Figure 47). Moreover, a reduction in iron concentration was observed,  

consistent with earlier reports.495,503 Similarly, generation of intracellular ROS (Figure 48) was also reduced 

with chelator treatment suggesting a protective action which is in accordance with Huang et al.’s report. 

Moreover, TfR1 expression was also modulated by changes in cellular iron status.501,502,512 TfR1 expression 

is regulated by iron regulatory proteins by binding to iron-responsive elements in the 3’-untranslated 

region of TfR1 mRNA transcripts such that there is decreased expression under iron overload conditions.26 

As such, TfR1 expression was reduced upon iron loading followed by a subsequent increase with chelator 

treatment. Such intracellular changes are observed elsewhere with both TfR1 and intracellular ferritin.493 
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It is interesting to note that TfR1 expression were significantly higher for DFO and DFX treated cells when 

compared to non-iron overload control cells (p < 0.0001 for both chelators), as observed by Chenoufi et 

al.493 This was not observed for any of the other chelators. 

Taken together, the mobilization of iron and the mitigation of iron-induced toxicity through the generation 

of ROS suggest that macromolecular chelators, whether liver targeted or not, operate similarly to DFO 

alone. However, only HD-TAG performed as well as DFO in reducing both labile and total iron 

concentrations as well as ROS generation, despite its decreased uptake when compared to either HD-

GalNAc or in iron overloaded HepG2 cells. A notable difference was observed with the modulation of TfR1 

protein expression for macromolecular chelators compared to DFO alone; all chelators significantly 

increased TfR1 expression when compared to iron overload HepG2 cells, however only DFO significantly 

increased TfR1 expression beyond that of untreated non-iron overloaded HepG2 cells. The underlying 

mechanisms for this remains unclear and this requires further analyses to elucidate these interactions.  
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5.6. Conclusions 

Herein, the development of an economic and readily accessible alternative assay for the measurement of 

both labile and total iron using the unified-ferene (u-ferene) assay was outlined. This assay was validated 

using other currently available and widely accepted techniques, including ICP-MS and flow cytometry, as 

well as being supported by iron concentration reported within literature. Further, this method provides 

adequate quantification of both chelatable and labile iron as well. 

Moreover, the optimization of iron treatment conditions and duration to establish an iron overload HepG2 

cell model was thoroughly documented because of the apparent lack of consensus within the literature. 

This model had increased iron-dependent measured outcomes – ROS generation, labile and total iron 

concentrations, whilst being non-toxic and maintained cellular functions that closely resembled unloaded 

HepG2 cells. 

Then, the mobilization of iron and mitigation of iron-mediated toxicity through the generation of ROS 

were investigated in the optimized iron overload HepG2 cell model using both macromolecular chelators 

and small molecular weight chelators. Differences were observed between the two liver targeting 

macromolecular systems, which points to the importance of understanding the design of these systems.  
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Chapter 6: Concluding remarks and Future directions 

6.1. Significance of Thesis 

Iron chelation therapy is the current standard of care to manage the iron burden in patients who suffer 

from hemoglobinopathies or myelodysplastic syndromes. Iron chelators are small organic molecules that 

stably bind to iron (III), preventing their redox activity5,7,60,112–114, and are readily excreted through either 

the feces or the urine thereby decreasing the iron burden.76,77,94,111 Iron chelators have been extensively 

investigated as a potential therapy in different diseases including cancer, neurodegenerative diseases, 

diabetes, and infections.115–127 

So far, only three chelators are approved by the FDA for iron chelation therapy; deferiprone, deferasirox, 

and deferoxamine.4,128 Numerous other chelators have been in different stages of clinical trials.115,116,156–

166 However, these low molecular weight iron chelators are greatly limited by relatively short circulation 

half-lives that limit its efficacy and are often associated with toxicities, due to non-specific distribution 

and off-site interactions. Macromolecular approaches circumvent these shortcomings by increasing their 

molecular mass and safely increasing their circulation times. These have been well documented in 

enhancing iron chelator’s biological activity in both in vitro and in vivo models.  

These works are at the forefront of designing novel systems with ideal properties; these systems must 

have a high therapeutic index with minimal toxicity to allow for the mobilization and elimination of labile 

iron, from the plasma as well as intracellularly, such that it offers hepatic and cardiac protection from 

iron-induced toxicity. In addition, the mode of administration and dosage will impact patient compliance 

and the subsequent economic burden.  

A major limitation for long circulating therapeutics is non-specific organ accumulation, especially to treat 

chronic illnesses.181,183,184,205,206 The challenge lies in maintaining its pharmacokinetic properties whilst 

preventing bioaccumulation. The work described in this thesis begins to develop a novel class of liver 

targeted iron chelators that offers two unique advantages; first, a critical organ involved in iron 

homeostasis can be protected from iron mediated toxicity, and second, these systems can be eliminated 

through the hepatic-biliary route minimizing non-specific accumulation. 
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Currently, no liver targeting strategies for the delivery of DFO exist. The presented thesis describes the 

synthesis and characterization of this novel class of liver targeted chelators (Chapter 2). Further, the 

targeting ability and intracellular processing of these systems were correlated with its design parameters 

(Chapter 3). Lastly, the translation of these liver targeted chelators were investigated in both in vivo and 

in vitro models to discern its mechanism of action (Chapter 4 and Chapter 5).  

The design and development of liver targeting systems was described in Chapter 2. HPG served as a multi-

functional macromolecule carrier. A library of targeting systems was developed to optimize for the 

identity and density of ASGPR specific ligands – GalNAc and TAG units, on hepatocyte binding and uptake. 

H-GalNAc50 demonstrated maximum binding and uptake responses and H-TAG2 exhibited superior binding 

whilst offering a synthetic advantage for additional polymer modification. Both H-GalNac50 and H-TAG2 

were carried forward for DFO conjugation (HD-GalNAc and HD-TAG, respectively). These liver targeting 

chelating systems still elicited cellular binding and uptake, though lower than their non-DFO parent 

systems. The intracellular distribution of these systems was confirmed by confocal laser scanning 

microscopy. In addition, HD-GalNAc and HD-TAG were well tolerated in vitro. 

The in vivo pharmacokinetic behavior and intracellular processing of liver targeting chelators were 

investigated and described in Chapter 3. ASGPR-specific polymers, HD-GalNAc and HD-TAG, resulted in 

significant and rapid liver specificity when compared to the non-targeted control, HD. In addition, both 

HD-GalNAc and HD-TAG were selectively internalized by hepatocytes as compared to the Kupffer cell 

dominant sequestration of HD. Notably, almost 75% of both HD-GalNAc and HD-TAG was rapidly excreted 

within the first 24 h, which highlights the utility of these systems for systemic clearance. Remarkably, this 

is one of the first studies that demonstrates that the in vivo processing of these systems was influenced 

by selection of the ligands (HD-GalNAc vs HD-TAG). HD-GalNAc demonstrated significantly higher liver 

uptake and minimal vascular residency when compared to HD-TAG. Further, HD-GalNAc was eliminated 

equally between the hepatobiliary and renal routes whereas HD-TAG was excreted predominantly 

through the hepatobiliary route. The role of the ligands was further supported by the in vitro kinetic 

analyses on the intracellular trafficking of HD-GalNAc and HD-TAG. Whilst the intracellular fate for both 

HD-GalNAc and HD-TAG revealed rapid lysosomal accumulation, the type of GalNAc, either 

monoantennary or tri-antennary seemed to influence the kinetics of endocytosis and translocation which 

may translate into different modes of systemic excretion. Taken together, the data illustrated that the 

chemistry and decoration of the ASGPR ligands strongly influences its residence in plasma, liver uptake, 

and, most notably, the time and route of excretion. 
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The in vivo performance of a novel class of liver targeted iron chelators was assessed in iron overloaded 

mice, as described in Chapter 4. An iron overload model was first optimized in C57Bl/6 mice by loading 

them with 3 doses of 300 mg/kg iron-dextran. In these mice, hepatic iron burden increased by 89 fold 

whilst minimizing signs of toxicity. The chelation efficiencies for HD-GalNAc and HD-TAG and their controls 

was then investigated in the optimized iron overload mouse model. Despite the rapid excretion displayed 

by HD-GalNAc and HD-TAG, these systems did not translate into significant iron removal. However, HD-

GalNAc polymers with higher DFO units, HD40-GalNAc, demonstrated significant iron removal and a 

reduction in hepatic iron burden, suggesting the necessity to optimize for DFO density on these systems. 

Taken together, this work supports the utility of liver targeted chelators.  

The intracellular mechanism of iron chelation was investigated in iron overloaded hepatocytes, as 

documented in Chapter 5. In this chapter, a novel unified-ferene assay for the colorimetric quantification 

of both labile and total iron was validated using other currently available and widely accepted techniques, 

including ICP-MS and flow cytometry, as well as being supported by iron concentration reported within 

the literature. Additionally, an optimized iron overload model in a hepatocellular carcinoma cell line was 

thoroughly documented and developed due to the apparent lack of consensus regarding iron loading 

protocols within the literature. Liver targeting macromolecular chelating systems were well tolerated in 

both iron overload and non-iron overload HepG2 cells. Despite having a less pronounced uptake in iron 

overload cells when compared to non-iron overload cells, these systems reduced both the cellular iron 

burden as well as the generation of ROS similar to DFO alone. This suggests that both HD-GalNAc and HD-

TAG interact with the intracellular iron pool whilst being trafficked in endosomes, which subsequently 

mitigate iron-induced generation of ROS.  

Overall, the combined observation of immediate hepatocyte targeting, subsequent rapid excretion and 

the clinical translation of HD-GalNAc and HD-TAG in iron overload mice demonstrate that this novel class 

of liver targeted chelators are potential candidates for the removal of systemic and hepatic iron in iron 

overload disorders. This thesis investigates the synthetic design strategy and its biological evaluation 

under both in vitro and in vivo condition.  
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6.2. Limitations 

The development of liver targeting chelating systems offers tremendous value to current iron chelation 

therapy; the selective removal of excess hepatic iron could protect the liver, a key storage organ and iron 

homeostasis regulator, from iron mediated toxicity as well as improving the current iron excretion 

efficiencies which may elicit systemic iron redistribution and reduce iron burden in other organs. In this 

thesis, a novel class of liver targeted, high molecular weight iron chelators was developed and assessed 

for their liver specificity, tolerability and efficacy. This work sheds light on synthetic design parameters 

and its translation to both in vitro and in vivo models. These preliminary investigations are imperative and 

provide the groundwork required in the area of organ-specific chelation. Substantial work is required to 

address the limitations in the presented thesis as well as important consideration in the development of 

liver specific iron chelators.  

Chapter 2 investigated the design of HPG-based polymers to achieve ideal liver targeting. This chapter can 

be expanded in at least two directions. First, in addition to screening the library of polymers through 

cellular binding and uptake, their ASGPR binding constants should be quantified using either surface 

plasmon resonance or isothermal titration calorimetry assays. This will allow for a quantitative 

comparison of the library of polymers screened as well as elucidating the observed differences in cellular 

responses to these liver targeting systems. While the conjugation of DFO resulted in a decrease in cellular 

binding and uptake, the IC50 values were higher for HD-GalNAc when compared to H-GalNAc50. These 

measured cellular responses are due to the combination of ASGPR binding, subsequent internalization 

and dissociation of ASGPR-specific cargo, and the recycling of ASGPR back to cell surface for further 

receptor mediated endocytic events. Therefore, the determination equilibrium constants for ASGPR 

association and dissociation will better delineate the influence of DFO conjugation on cellular responses. 

Second, in addition to the library of polymers decorated with ASGPR-specific ligands and based on the 

observations in Chapter 4, the investigation of DFO densities on binding and uptake in vitro would be 

imperative to correlate cellular responses as well as chelation capacities for these systems. DFO density is 

a significant variable that influences iron chelation in vivo. Therefore, another library with varying DFO 

units should be screened to understand changes in both ASGPR binding kinetics, as measured through 

surface plasmon resonance, and in vitro cellular responses. Lastly, it is important to note that if DFO 

conjugation significantly and negatively hampers ASGPR and cellular binding, the synthetic protocol 

utilized should be reconsidered. Click chemistry was used because of its convenience. Alternatively, 
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previous HPG-DFO conjugation strategies utilized Schiff-base chemistry.183,184,198 This can be explored, if 

required. 

Chapter 3 assessed pharmacokinetic profiles as well as investigating the relationship between rapid 

excretion and subsequent intracellular processing and trafficking of HD-GalNAc and HD-TAG. Detailed 

pharmacokinetic profiles were determined for HD-GalNAc and HD-TAG over 144 h in healthy mice. This 

chapter would benefit from expanding the scope of the in vivo pharmacokinetic analyses and the in vitro 

kinetic analyses in order to answer four main questions. First, how does DFO conjugation influence the 

in vivo processing of these polymers? Both HD-GalNAc and HD-TAG exhibited significant liver targeting 

with minimal non-specific biodistribution. These studies would greatly benefit by assessing and comparing 

the pharmacokinetic profiles to non-DFO conjugated polymers (H-GalNAc50 and H-TAG2) as well as liver 

targeting polymers with increasing DFO densities. This would highlight the role of DFO conjugation on 

vascular retention and hepatic targeting. Second, why is there a difference in excretion modalities for 

HD-GalNAc and HD-TAG despite both displaying significant liver targeting and rapid excretion? HD-

GalNAc and HD-TAG exhibited rapid excretion, with almost 75% of the polymers excreted within the first 

24 h of injection. This is a novel observation for synthetic macromolecular systems. The underlying cellular 

mechanisms were investigated; in vivo cellular distribution revealed a predominantly hepatocyte specific 

uptake and kinetic analyses revealed rapid lysosomal accumulation. Taken together, these experiments 

suggest that the rapid translocation of HD-GalNAc and HD-TAG to lysosomes in the hepatocytes result in 

the rapid excretion. To confirm this connection, additional experiments are required. This could entail 

advancing in vivo cellular distribution studies by separating Kupffer cells and hepatocytes and performing 

confocal analysis to identify the intracellular distribution of HD-GalNAc and HD-TAG. Moreover, significant 

differences were observed for HD-GalNAc and HD-TAG systems in their excretion modalities; HD-GalNAc 

was excreted equally via feces and urine whereas HD-TAG was excreted predominantly via the feces. To 

elucidate these differences, pharmacokinetic studies would benefit from the examination of polymer 

concentration in the hepatobiliary route (i.e. polymer content in bile, gall bladder, intestines and feces) 

and the renal route (i.e. polymer content in kidneys, urinary bladder and urine). This might uncover a role 

of enterohepatic cycling in the case of HD-GalNAc, which could explain its renal excretion. Third, what 

happens to these polymers over longer periods of time? The pharmacokinetic profile of HD-TAG 

suggested splenic redistribution between 72 h and 144 h after injection. Therefore, evaluation of in vivo 

processing of these polymers over longer periods of time would be of particular interest to assess changes 

in hepatic accumulation and the possibility of redistribution to other organs. Further, these studies might 
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highlight implications for chronic accumulation of liver targeted polymers which may justify the need to 

investigate alternate strategies including biodegradable polymeric systems as well as small molecular liver 

specific adducts (Appendix – sections A.3.1 and A.3.2.). Fourth, how do these pharmacokinetic profile 

change in diseased models? In addition to this, the pharmacokinetic profiles in an iron overload model 

would be critical because it would highlight any changes in the distribution and excretion of liver targeted 

chelating systems as a consequence of iron overloading. This would also provide valuable insights to 

optimize the dosing regimen for in vivo iron chelation assessment. The frequency and concentration of 

liver specific polymeric iron chelators were determined from investigation in healthy mice. This a major 

assumption and it should be challenged. This would be of great value for the wider scientific community, 

since many reports also make this assumption. 

In chapter 4, the chelation efficiency of HD-GalNAc and HD-TAG was analyzed in an iron overload mouse 

model and we identified that DFO density is a key consideration in the design of liver targeted iron 

chelators. Additional work can be done in three directions. First, the iron overload mouse model was 

optimized with respect to frequency and concentration of intravenous iron dextran. Given this, the 

optimization of this model would benefit further by assessing the consistency and reproducibility of iron 

loading. This can be done by quantifying the total iron content in mice and compared to the total injected 

dose in several independent experiments. This is important because this model is used to gauge the 

success of these systems. Second, this chapter would benefit from a more robust investigation of the 

safety and success of iron chelation. Liver targeting iron chelators were well tolerated with minimal signs 

of acute toxicity in mice that received a single dose of HD-GalNAc and HD-TAG. Despite this, the safety of 

these polymers could be further investigated to assess signs of chronic toxicities, liver function tests and 

kidney function tests following repeated chelator administration. Moreover, the therapeutic efficacy of 

liver targeted iron chelators should be expanded to measure protection of the liver from iron-induced 

toxicity, such as lipid peroxidation and markers of fibrosis. Third, this chapter highlights the value of iron-

dextran iron overload mouse model which offers an economical model to assess the functional translation 

of liver targeted chelating systems. This model should be used to screen for liver targeted iron chelators 

that vary in DFO units to identify ideal candidates. These ideal candidates should then be investigated in 

clinically relevant mouse models, such as hemochromatosis mouse models or -thalassemic mouse 

models.  

Chapter 5 investigated the mobilization of cellular iron and the subsequent changes in protein expression. 

Differences were observed in the decrease of labile iron, total iron and the reduction of ROS generation 
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between HD-GalNAc and HD-TAG in iron overloaded HepG2 cells. This chapter can be expanded to identify 

accessibility to the different intracellular pools, using compartment specific metallosensors. This would 

be valuable and can shed light on the mechanism of intracellular chelation. High-throughput analysis can 

identify intracellular compartments influenced by this class of chelators. Detailed confocal microscopy 

studies can quantitate the magnitude of iron chelation in different compartments.71,458,481,483 In addition 

to this, treatment with all chelators demonstrated a significant increase in TfR1 expression when 

compared to untreated iron overload cells. Since only TfR1 was assessed, this work can be expanded to 

examine changes in other iron sensitive proteins including DMT1, ferritin and ferroportin. Lastly, the 

beneficial effect on reducing oxidative stress was observed in vitro. It would be worthwhile to investigate 

whether this translate in vivo by measuring lipid oxidation, DNA damage or alterations to the 

mitochondrial respiratory chain. 

6.3. Future Directions 

The work described in this thesis provides the foundation to expand on current HPG-based liver targeting 

chelating systems. This is central to this thesis and is discussed in great detail in section 6.2. In addition to 

this, this thesis also provides two exciting new directions for this novel class of liver targeted iron 

chelators. 

First, a biodegradable polymeric carrier (BHPG) can be utilized to circumvent limitations associated with 

prolong hepatic accumulation of non-degradable polymers. The design and development of liver targeting 

BHPG systems have been documented in the Appendix (section A.3.1.). In short, BHPG-based systems 

demonstrated similar trends as HPG-based systems with respect to cellular binding and uptake, 

intracellular trafficking and kinetic analyses in vitro, as well as pharmacokinetic properties in vivo. These 

highlight the influence on the polymeric backbone in the translation of liver targeted macromolecular 

chelators. Remarkably, after 24 h of injection, the hepatic accumulation begins to decrease suggestive of 

either elimination or degradation followed by elimination. This work should be expanded and compared 

to HPG-based systems over a long duration to investigate whether the biodegradability of the BHPG 

polymer offers any advantages over non-degradable HPG polymers. Additionally, both HPG and BHPG 

liver targeted chelators would benefit from further analyses of DFO density and subsequent iron chelation 

efficacy in vivo. 
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Second, a small molecular approach using TAG adducts can offer a unique advantage to directly modulate 

DFO’s pharmacokinetic properties independent and free of the polymeric backbone. The design and 

development of small molecule TAG linkers have been documented in Appendix (A.3.2.). In short, the 

density of TAG required to achieve hepatocyte targetability in vitro was investigated and 1 TAG linker was 

carried for DFO conjugation. Confocal laser scanning microscopy confirmed the intracellular presence of 

TAG-DFO, suggestive of rapid lysosomal accumulation – similar to HPG-based systems. This work should 

be expanded to better delineate its cellular binding, uptake and intracellular trafficking kinetics in vitro as 

well as its pharmacokinetic properties. Small molecule systems offer an exciting avenue for clinical 

translation due to well defined structures. Such systems have gained momentum, especially after the FDA 

approval of Onpattro (patisiran) and Givlaari (givosiran).  

It is important to note that the design and development of liver targeting carriers offers interesting new 

opportunities beyond the field of iron chelation. This thesis offers a blueprint to expand liver targeted 

carriers, whether polymeric based or small molecule, into various other applications. It would be exciting 

to see these systems investigated for applications requiring rapid liver targeting as well as systemic 

clearance. 
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Appendix  

A.1. Tables 

Appendix Table 1. Leica SP5 inverted confocal scanning laser microscope settings for Chapter 2. 

  

Nucleus Polymers 
Early & 

recycling 
endosomes 

Late 
endosomes & 

lysosomes 

Marker Hoescht 
Carboxyrhodamine-

110 
Transferrin-647 

Lysotracker 
Red DND-99 

La
se

r 

Wavelength 
(nm) 

405 488 633 561 

Voltage (V) 30 30 30 30 

P
M

T 

D
et

ec
to

r 

Bandwidth (nm) 414-480 494-567 643-795 574-737 

Voltage (V) 550 670 625 625 

 

 

Appendix Table 2. The list of primary and secondary antibodies and the intracellular compartment 

identified. 

Primary  Secondary Intracellular 
compartment 

identified 
Species Antibody Fluorophore Species Antibody Fluorophore 

Single antibody staining (ASGPR staining) 

Mouse Anti-human ASGPR Alexa 647 N/A ASGPR 

Double antibody staining (The endocytic pathway staining) 

Mouse Anti-human EEA1 None Goat Anti-mouse Alexa 568 
Early 
endosomes 

Rabbit Anti-human TfR1 None Goat Anti-rabbit Alexa 568 
Recycling 
endosomes 

Mouse Anti-human Rab7 None Goat Anti-mouse Alexa 568 
Late 
endosomes 

Mouse Anti-human LAMP None Goat Anti-mouse Alexa 568 Lysosomes 

 

 



237 

Appendix Table 3. Leica SP5 Inverted confocal scanning laser microscope settings in Chapter 3. 

    
Nucleus Polymer 

Early 
endosomes 

Recycling 
endosomes 

Late 
endosomes 

Lysosomes ASGPR 

Marker Hoescht 
Carboxy 

rhodamine
110 

EEA1 TfR1 Rab7 LAMP ASGPR 

La
se

r Wavelength 
(nm) 

405 488 561 561 561 561 633 

Voltage (V) 30 30 30 30 30 30 30 

P
M

T 
D

et
ec

to
r Bandwidth 

(nm) 
414-480 494-567 574-737 574-737 574-737 574-737 643-795 

Voltage (V) 550 670 625 625 625 625 625 

 

 

Appendix Table 4. Parameters used in the MATLAB script to obtain binary masks. 

Fluorescent markers Sigmas 
Threshold 

Compartment Markers Smallest Largest Step-wise increments 

Polymer Polymers 0.20 2.00 0.40 12 

AF AF 0.20 2.00 0.40 12 

Early endosomes EEA1 0.10 1.50 0.10 10 

Recycling endosomes TfR1 0.25 3.00 0.25 10 

Late endosomes Rab7 0.10 1.50 0.10 10 

Lysosomes LAMP 0.25 2.00 0.25 4 

ASGPR ASGPR 0.10 1.50 0.10 10 
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Appendix Table 5. A list of dilutions used for the analysis of total iron in biological samples using the u-

ferene assay and ICP-MS 

Biological sample 
Dilution factors 

u-ferene assay ICP-MS 

Cell lysates 1 3 

Plasma 1 3 

Liver 40 5000 

Spleen 20 1000 

Heart 1 40 

Kidneys 8 250 

Urine 1 10 

Feces 80 4000 

Blood 10 1500 

 

 

 

Appendix Table 6. The template for running the ferene assay to determine the effect of ascorbic acid 

on iron quantification. 

  

working solution (5 mM ferene in ammonium acetate buffer)  
with varying ascorbic acid concentrations (0-1000 mM) 
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Appendix Table 7. The components in the u-ferene assay's working solution. 

Working solution components  Labile iron Total iron 

Ferene 5 mM 5 mM 

Ascorbic acid 10 mM 1 M 

Prepared in ammonium acetate buffer (pH 4.5, 2.5 M) 

 

 

Appendix Table 8. Liver iron concentration represented in different units. Errors represent standard 

deviations from 3 mice. 

 Total iron (g) 
Iron (g) per wet 
liver weight (g) 

Iron (g) per dry 
liver weight (g) 

Health 69 ± 2 60 ± 6 253 ± 29 

Saline 3581 ± 121 2272± 219 9501 ± 794 

HD-GalNAc 3178 ± 156 1825 ± 113 7666 ± 460 

HD-TAG 3536 ± 102 2204 ± 177 9062 ± 739 

HD40-GalNAc 3147 ± 204 2072 ± 562 8635 ± 2441 

HD 3506 ± 165 1996 ± 139 8313 ± 600 

DFO 3668 ± 673 2604 ± 528 11086 ± 2206 
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A.2. Figures 

 

Appendix Figure 1. Fluorescent emission spectrums of liver targeting systems and their controls. All 

polymers (1 M) were excited at 490 nm and emission spectrums were scanned at a scan rate of 60 

nm/min and a detector PMT set at 910 V.  

 

 

 

Appendix Figure 2. The structure of carboxyrhodamine-110 azide. This dye has a terminal azide to facilitate conjugation via 

copper-catalyzed click chemistry. 
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Appendix Figure 3. NMR spectrum of fluorescently labelled H-GalNAc50. 1H NMR (400 MHz, D2O) δ 7.91 

(br, 1H, triazole ring protons), 7.62 (br, 1H, NHCO-, GalNAc amide protons), 4.58 (m, 1H, -OH), 3.90-3.41 

(m, protons from HPG and GalNAc), 1.75 (br, 1H, -NH(CO)-CH3) 

 

 

Appendix Figure 4. NMR spectrum of HD. 1H NMR (400 MHz, D2O) δ 8.32 (br, OH protons from DFO), 

8.00 (br, 1H, -NHCO-, DFO amide protons), 7.80 (br, 1H, -C=CH, triazole ring protons), 6.62 (br, 1H, -

NHCO), 4.61 (m, H,-OH), 3.92-3.41 (m, protons from HPG and DFO), 2.25 (br, 3H, DFO protons), 1.41-

1.00 (br, 18H, DFO protons). 
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Appendix Figure 5. 1H-NMR spectrum of HD-GalNAc. 1H NMR (400 MHz, D2O) δ 8.00 (br, 1H, -NHCO-, 

DFO amide protons), 7.89 (br, 1H, -C=CH, triazole ring protons), 7.64 (br, 1H, NHCO-, GalNAc amide 

protons), 6.36 (br, 1H, -NHCO), 4.61 (m, H,-OH), 3.91-3.43 (m, protons from HPG, GalNAc, and DFO), 

2.09 (br, 3H, DFO protons), 1.78 (br, 1H, -NH(CO)-CH3), 1.39-1.00 (br, 18H, DFO protons). 

 

 

Appendix Figure 6. 1H-NMR spectrum of HD-TAG. 1H NMR (400 MHz, D2O) δ 8.10 (br, 1H, -NHCO-, DFO 

amide protons), 7.98 (br, 1H, -C=CH, triazole ring protons), 7.64 (br, 1H, NHCO-, TAG amide protons), 

6.60 (br, 1H, -NHCO), 4.58 (m, H,-OH), 4.01-3.38 (m, protons from HPG, TAG, and DFO), 2.04 (br, 3H, 

DFO protons), 1.78 (br, 1H, -NH(CO)-CH3), 1.40-1.00 (br, 18H, DFO protons). 
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Appendix Figure 7. The quantification of the number of DFO units on the HPG backbone. The UV-VIS 

spectrum was measured for DFO conjugated polymers complexed with iron. The absorbance at 540 nm 

was used to quantify the concentration of DFO. The number of DFO units were confirmed using 

thermogravimetry to determine polymer mass.  
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Appendix Figure 8. The histogram distribution of fluorescently-labelled liver targeting macromolecules 

at 10 μM after a 2 hour incubation at 37°C. All polymers were carboxyrhodamine-tagged. At least 10,000 

cells were analyzed using the 488 nm laser and the FITC emission filter (530/20 nm). HPG-Glucose60 is in 

black. HPG-TAG2 is in dark blue. HPG-GalNAc20 is in pink. HPG-GalNAc50 is in cyan. HPG-GalNAc70 is in 

red. 
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Appendix Figure 9. The IC50 profiles of liver targeting macromolecular systems. An inhibition in the 

binding and uptake response was observed through the dose-dependent reduction in median 

fluorescence intensity as the concentration of GalNAc increased. All polymers were fluorescently tagged 

and at least 10,000 cells were analyzed using the FITC emission filter (530/20 nm). HPG-DFO15-TAG2 does 

not show any decrease and therefore its IC50 concentration was not determined. Error bars show standard 

deviations for a sample size of 3 independent replicates. 
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Appendix Figure 10. The binding and uptake of TAG based systems in HeLa. The response of all 

carboxyrhodamine-tagged molecules were measured over a range of concentrations. At least 10,000 cells 

were analyzed using the 488 nm laser and the FITC emission filter (530/20 nm). HeLa cells have been used 

as ASGPR negative cells. TAG represents the unmodified TAG sugar prior to conjugation. Error bars show 

standard deviations for a sample size of 3 independent replicates. A 2-way ANOVA with Dunnett’s multiple 

comparison tests were performed to compare the uptake of all systems against TAG using Graphpad 

Prism. TAG vs H-TAG2 had a *p = 0.0313 at 1 M and TAG vs HD-TAG ##p = 0.0077 at 5 M. 
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Appendix Figure 11. The work-flow for immunostaining HepG2 cells, as described in section 3.3.5.4. All 

buffers were prepared in PBS. All washes were performed with PBS. All incubations were performed at 

room temperature. The details of the antibodies have been outlined in Appendix Table 2. 
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Appendix Figure 12. The step-wise processing of raw images into binary masks for Mander’s Co-

localization Coefficient determination. (A and C) Images were acquired from the Leica SP5 inverted 

confocal scanning laser microscope. Raw images were then converted into (B and D) binary masks using 

the MATLAB scripts and optimized sigma and threshold parameters – outlined in Appendix Table 4. Then, 

(E) Mander’s Co-localization Coefficients (MCCs) were determined using JACoP (Just Another Co-

localization Plug-in) in ImageJ. The percentage of polymer signal overlap into the antibody signal was 

determined (M1).  
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Appendix Figure 13. The gating for different cellular populations from the liver. Liver cells were isolated 

and analyzed by flow cytometry. At least 10,000 cells were analyzed. Data was represented as the 

percentage of cells positive for polymers. Kupffer cells were identified as CD68 positive and CD146 

negative cell populations. Hepatocytes were identified as CD68 negative and CD146 negative cell 

populations. Endothelial cells were identified as CD68 negative and CD146 positive cells.  
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Appendix Figure 14. The intracellular distribution of H-GalNAc50 and HD-GalNAc incubated for either 2 

or 24 h with early endosomes (EEA1). Images were acquired using Leica SP5 confocal scanning laser 

microscopy using a 63X objective with a 2X zoom. Early endosomes (EEA1) and the nuclei (Hoescht) were 

stained. Scale bar represents 1 m. Representative images were shown. 
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Appendix Figure 15. The intracellular distribution of H-GalNAc50 and HD-GalNAc incubated for either 2 

or 24 h with recycling endosomes (TfR1). Images were acquired using Leica SP5 confocal scanning laser 

microscopy using a 63X objective with a 2X zoom. Recycling endosomes (TfR1) and the nuclei (Hoescht) 

were stained. Scale bar represents 1 m. Representative images were shown. 
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Appendix Figure 16. The intracellular distribution of H-GalNAc50 and HD-GalNAc incubated for either 2 

or 24 h with late endosomes (Rab7). Images were acquired using Leica SP5 confocal scanning laser 

microscopy using a 63X objective with a 2X zoom. Late endosomes (Rab7) and the nuclei (Hoescht) were 

stained. Scale bar represents 1 m. Representative images were shown. 
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Appendix Figure 17. The intracellular distribution of H-GalNAc50 and HD-GalNAc incubated for either 2 

or 24 h with lysosomes (LAMP1). Images were acquired using Leica SP5 confocal scanning laser 

microscopy using a 63X objective with a 2X zoom. Lysosomes (LAMP) and the nuclei (Hoescht) were 

stained. Scale bar represents 1 m. Representative images were shown. 
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Appendix Figure 18. Kinetic analysis for the intracellular trafficking of H-GalNAc50 with early endosomes. 

H-GalNAc50 were pulsed for 30 mins and then chased for 0, 1, 2, 16 and 24 h with fresh media. Images 

were acquired using Leica SP5 confocal scanning laser microscopy using a 63X objective. Early endosomes 

(EEA1) and the nuclei (Hoescht) were stained. Scale bar represents 1 m. Representative images were 

shown. 
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Appendix Figure 19. Kinetic analysis for the intracellular trafficking of HD-GalNAc with early endosomes. 

HD-GalNAc were pulsed for 30 mins and then chased for 0, 1, 2, 16 and 24 h with fresh media. Images 

were acquired using Leica SP5 confocal scanning laser microscopy using a 63X objective. Early endosomes 

(EEA1) and the nuclei (Hoescht) were stained. Scale bar represents 1 m. Representative images were 

shown. 
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Appendix Figure 20. Kinetic analysis for the intracellular trafficking of H-TAG2 with early endosomes. H-

TAG2 were pulsed for 30 mins and then chased for 0, 1, 2, 16 and 24 h with fresh media. Images were 

acquired using Leica SP5 confocal scanning laser microscopy using a 63X objective. Early endosomes 

(EEA1) and the nuclei (Hoescht) were stained. Scale bar represents 1 m. Representative images were 

shown. 
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Appendix Figure 21. Kinetic analysis for the intracellular trafficking of HD-TAG with early endosomes. 

HD-TAG were pulsed for 30 mins and then chased for 0, 1, 2, 16 and 24 h with fresh media. Images were 

acquired using Leica SP5 confocal scanning laser microscopy using a 63X objective. Early endosomes 

(EEA1) and the nuclei (Hoescht) were stained. Scale bar represents 1 m. Representative images were 

shown. 
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Appendix Figure 22. Kinetic analysis for the intracellular trafficking of H-GalNAc50 with late endosomes. 

H-GalNAc50 were pulsed for 30 mins and then chased for 0, 1, 2, 16 and 24 h with fresh media. Images 

were acquired using Leica SP5 confocal scanning laser microscopy using a 63X objective. Late endosomes 

(Rab7) and the nuclei (Hoescht) were stained. Scale bar represents 1 m. Representative images were 

shown. 
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Appendix Figure 23. Kinetic analysis for the intracellular trafficking of HD-GalNAc with late endosomes. 

HD-GalNAc were pulsed for 30 mins and then chased for 0, 1, 2, 16 and 24 h with fresh media. Images 

were acquired using Leica SP5 confocal scanning laser microscopy using a 63X objective. Late endosomes 

(Rab7) and the nuclei (Hoescht) were stained. Scale bar represents 1 m. Representative images were 

shown. 
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Appendix Figure 24. Kinetic analysis for the intracellular trafficking of H-TAG2 with late endosomes. H-

TAG2 were pulsed for 30 mins and then chased for 0, 1, 2, 16 and 24 h with fresh media. Images were 

acquired using Leica SP5 confocal scanning laser microscopy using a 63X objective. Late endosomes (Rab7) 

and the nuclei (Hoescht) were stained. Scale bar represents 1 m. Representative images were shown. 
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Appendix Figure 25. Kinetic analysis for the intracellular trafficking of HD-TAG with late endosomes. HD-

TAG were pulsed for 30 mins and then chased for 0, 1, 2, 16 and 24 h with fresh media. Images were 

acquired using Leica SP5 confocal scanning laser microscopy using a 63X objective. Late endosomes (Rab7) 

and the nuclei (Hoescht) were stained. Scale bar represents 1 m. Representative images were shown. 

  



262 

 

Appendix Figure 26. Kinetic analysis for the intracellular trafficking of H-GalNAc50 with lysosomes. H-

GalNAc50 were pulsed for 30 mins and then chased for 0, 1, 2, 16 and 24 h with fresh media. Images were 

acquired using Leica SP5 confocal scanning laser microscopy using a 63X objective. Lysosomes (LAMP1) 

and the nuclei (Hoescht) were stained. Scale bar represents 1 m. Representative images were shown. 
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Appendix Figure 27. Kinetic analysis for the intracellular trafficking of HD-GalNAc with lysosomes. HD-

GalNAc were pulsed for 30 mins and then chased for 0, 1, 2, 16 and 24 h with fresh media. Images were 

acquired using Leica SP5 confocal scanning laser microscopy using a 63X objective. Lysosomes (LAMP1) 

and the nuclei (Hoescht) were stained. Scale bar represents 1 m. Representative images were shown. 
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Appendix Figure 28. Kinetic analysis for the intracellular trafficking of H-TAG2 with lysosomes. H-TAG2 

were pulsed for 30 mins and then chased for 0, 1, 2, 16 and 24 h with fresh media. Images were acquired 

using Leica SP5 confocal scanning laser microscopy using a 63X objective. Lysosomes (LAMP1) and the 

nuclei (Hoescht) were stained. Scale bar represents 1 m. Representative images were shown. 
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Appendix Figure 29. Kinetic analysis for the intracellular trafficking of HD-TAG with lysosomes. HDTAG 

were pulsed for 30 mins and then chased for 0, 1, 2, 16 and 24 h with fresh media. Images were acquired 

using Leica SP5 confocal scanning laser microscopy using a 63X objective. Lysosomes (LAMP1) and the 

nuclei (Hoescht) were stained. Scale bar represents 1 m. Representative images were shown. 
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Appendix Figure 30. Kinetic analysis for the intracellular trafficking of H-GalNAc50 with ASGPR. H-

GalNAc50 were pulsed for 30 mins and then chased for 0, 1, 2, 16 and 24 h with fresh media. Images were 

acquired using Leica SP5 confocal scanning laser microscopy using a 63X objective. AGPR (ASGPR) and the 

nuclei (Hoescht) were stained. Scale bar represents 1 m. Representative images were shown. 
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Appendix Figure 31. Kinetic analysis for the intracellular trafficking of HD-GalNAc with ASGPR. HD-

GalNAc were pulsed for 30 mins and then chased for 0, 1, 2, 16 and 24 h with fresh media. Images were 

acquired using Leica SP5 confocal scanning laser microscopy using a 63X objective. AGPR (ASGPR) and the 

nuclei (Hoescht) were stained. Scale bar represents 1 m. Representative images were shown. 
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Appendix Figure 32. Kinetic analysis for the intracellular trafficking of H-TAG2 with ASGPR. H-TAG2 were 

pulsed for 30 mins and then chased for 0, 1, 2, 16 and 24 h with fresh media. Images were acquired using 

Leica SP5 confocal scanning laser microscopy using a 63X objective. AGPR (ASGPR) and the nuclei 

(Hoescht) were stained. Scale bar represents 1 m. Representative images were shown. 
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Appendix Figure 33. Kinetic analysis for the intracellular trafficking of HD-TAG with ASGPR. HD-TAG 

were pulsed for 30 mins and then chased for 0, 1, 2, 16 and 24 h with fresh media. Images were acquired 

using Leica SP5 confocal scanning laser microscopy using a 63X objective. AGPR (ASGPR) and the nuclei 

(Hoescht) were stained. Scale bar represents 1 m. Representative images were shown. 
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Appendix Figure 34. Kinetic analysis for the intracellular trafficking of AF with early endosomes. AF were 

pulsed for 30 mins and then chased for 0, 1, 2, 16 and 24 h with fresh media. Images were acquired using 

Leica SP5 confocal scanning laser microscopy using a 63X objective. Early endosomes (EEA1) and the nuclei 

(Hoescht) were stained. Scale bar represents 1 m. Representative images were shown. 
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Appendix Figure 35. Kinetic analysis for the intracellular trafficking of AF with lysosomes. AF were pulsed 

for 30 mins and then chased for 0, 1, 2, 16 and 24 h with fresh media. Images were acquired using Leica 

SP5 confocal scanning laser microscopy using a 63X objective. Lysosomes (LAMP1) and the nuclei 

(Hoescht) were stained. Scale bar represents 1 m. Representative images were shown. 

  



272 

 

Appendix Figure 36. The encapsulation of polymers by LAMP1 antibody signal. “Acquired Images” refer 

to images acquired from the Leica SP5 inverted confocal microscope. “MATLAB Processed Images” refers 

to the processing of acquired images as described in section 3.3.5.6. It is important to note that while all 

polymer signals were encapsulated by the LAMP1 antibody signal, the Mander’s Co-localization 

Coefficient overlap does not reach a 100%, as visually represented by the green and yellow pixels. This is 

an inherent limitation and justifies why a 100% overlap was not achieved.  
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Appendix Figure 37. The iron burden in other organs after liver targeting chelation treatment. Iron 

overloaded C57Bl/6 mice were treated with liver targeting chelating systems and their controls. The iron 

content was measured using the u-ferene assay in (A) pancreas, (B) kidneys, (C) spleen and (D) heart. Error 

bars show standard deviations from 3 independent replicates, each with an intraassay replicate. A 1-way 

ANOVA with Sidak’s multiple comparison tests were performed to compare the differences in treatment 

groups against iron overloaded saline control using GraphPad Prism. 
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Appendix Figure 38. The plasma labile and total iron concentrations in iron overloaded mice treated 

with liver targeting chelating systems and their controls. The u-ferene assay was used to quantify both 

(A) labile and (B) total iron concentrations. Error bars show standard deviations from 3 independent 

replicates. A 1-way ANOVA with Sidak’s multiple comparison tests were performed to compare the 

differences in treatment groups against iron overloaded saline control using GraphPad Prism. 

Concentrations for mice treated with HD were Not Determined (N.D.).  
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Appendix Figure 39. Histological examination of kidneys in iron overloaded C57Bl/6 mice. Kidneys 

sections were stained with Prussian blue to detect iron deposits, counter stained with nuclear fast red. 

Photomicrographs were acquired at 20X magnificent using EVOS XL Core imaging system. Representative 

micrographs were shown for (A) non-iron overload healthy control, (B) iron overload saline control, (C) 

HD-GalNAc, (D) HD-TAG, (E) HD40-GalNAc, (F) HD, and (G) DFO treatment groups. 
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Appendix Figure 40. The changes in organ size after liver targeting chelating treatments. Iron overloaded 

C57Bl/6 mice were treated with liver targeting chelating systems and their controls. Organs were weighed; 

(A) liver, (B) kidneys, (C) heart, (D) spleen, and (E) pancreas. Error bars show standard deviations from 3 

independent replicates. A 1-way ANOVA with Sidak’s multiple comparison tests were performed to 

compare the differences in treatment groups against iron overloaded saline control using GraphPad Prism. 
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Appendix Figure 41. The standard curve for the ferene assay with different concentrations of ascorbic 

acid in the working solution. While ascorbic acid concentrations is critical for the differentiation of labile 

iron and total iron measurements, the standard curve was prepared under different ascorbic acid 

concentrations (mM). The linear regression for these three iron standard curves are not different. All 

experiments were done in at least triplicates. Error bars show standard deviations.  
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Appendix Figure 42. Changes in the labile iron pool in the presence of different chelators. Iron 

concentrations were determined using the u-ferene assay; the labile iron pool (LIP) was quantified using 

10 mM ascorbic acid in the working solution, and the total iron was quantified using 1 M ascorbic acid in 

the working solution. Iron concentrations were measured from HepG2 cell lysates; IOM – iron overload 

model with no chelator, DFO – deferoxamine, DFP – Deferiprone, DFX – Deferasirox, EDTA - 

Ethylenediaminetetraacetic acid, and HBED -  N, N-bis(2-hydroxybenzyl)ethylenediamine-N,N-diacetic 

acid. Healthy cell lysates were used a control for changes in LIP and total iron. At 10 mM ascorbic acid 

concentration in working solution, only DFO treated lysates had a significant reduction in the LIP 

(p<0.0001). All experiments were done in at least triplicates. Error bars show standard deviations. 

Statistical analysis were performed using GraphPad Prism. 
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Appendix Figure 43. The ROS generation in HepG2 cells. The ROS generation were measured in both 

healthy cells and cells iron overloaded with 200 M of iron from ferric ammonium citrate. The ROS 

generation were also measured in these cells treated with 50 M of hydrogen peroxide (H2O2) for an 

additional 24 hours. The fluorescence induced by ROS generation were measured in using a kit. Error bars 

show standard deviations from 3 replicates. A 1-way ANOVA with Tukey’s multiple comparisons test was 

performed to compare the changes in ROS induced fluorescence using GraphPad Prism. 
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Appendix Figure 44. Western blots for HepG2 cells treated with liver targeting systems and their 

controls. HepG2 cells were iron overloaded with 50 M of iron from ferric ammonium citrate and then 

treated with 15 M of chelators for 24 hrs. Cell lysates were separated using 10% SDS-PAGE and 

transferred to a nitrocellulose membrane. The expressions of the transferrin receptor (TfR1) and  

asialoglycoprotein receptor (AGPR) were obtained. These were normalized against the house keeping 

protein Glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Healthy cells were used as a negative 

control. For the purpose of the Chapter 5, HPG based polymers were of interest; HD-GalNAc, HD-TAG and 

HD. For the purpose of the Chapter 6 and Appendix: Additional Experimental Data, biodegradable HPG 

polymers were of interest; BD-GalNAc, BD-TAG and BD. Small molecule chelators were used as controls 

for the current available chelation therapy; DFO (deferoxamine), DFX (deferasirox) and DFP (deferiprone).  
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A.3. Additional Experimental Data 

A.3.1. The design, development and investigation of biodegradable polyglycerol based liver 

targeted chelating systems. 

A.3.1.1. In vitro cellular responses towards biodegradable liver targeting chelating systems 

The optimization of HPG systems were carried forward on to a biodegradable polyglycerol, BHPG, system 

with respect to the number and identity of ASGPR specific ligand and the density of DFO. These include 

the following polymers; BHPG with 50 GalNAc (B-GalNAc50), BHPG with 15 DFO and 50 GalNAc (BD-

GalNAc), BHPG with 5 TAG (B-TAG5), BHPG with 15 DFO and 5 TAG (BD-TAG), BHPG with 15 DFO (BD) and 

BHPG with 15 DFO and 50 Glucose (BD-Gluc).  

First, the binding and uptake of these systems were assessed (Appendix Figure 45 and Appendix Figure 

46). BHPG systems decorated with ASGPR specific ligands showed significantly differences when 

compared to their control (BD-Gluc) (Appendix Figure 45A); B-GalNAc50, B-TAG5 and BD-GalNAc had 

significantly higher cellular responses at 50 nM, 10 nM and 10 nM (p < 0.0001, p = 0.0001, and #p = 0.0369 

respectively) whereas BD-TAG was similar to BD-Gluc at all concentrations. Additionally, the conjugation 

of DFO influenced the binding and uptake of these systems. Significantly higher binding and uptake was 

observed for B-GalNAc50 when compared to BD-GalNAc at 200 nM (****p < 0.0001). Similarly, 

significantly higher cellular responses was observed for B-TAG5 when compared to BD-TAG at 10 nM 

(***p = 0.0002).  

Then, the competitive inhibition of binding and uptake were investigated using unlabelled GalNAc as the 

antagonist (Appendix Figure 45B). The half-maximal inhibitory concentrations (IC50) were determined for 

B-GalNAc50, BD-GalNAc and B-TAG5. Statistically, B-TAG5 had the highest IC50 concentration of 4.55 mM 

followed by B-GalNAc50 with an IC50 concentration of 3.35 mM and then BD-GalNAc with the lowest IC50 

of 0.17 mM. Remarkably, BHPG conjugated with DFO followed by the conjugation of GalNAc resulted in 

approximately 20 fold decrease in the IC50 value compared to BHPG conjugated with GalNAc only. 

Moreover, no inhibition in cellular responses were observed for BD-TAG.  

In order to assess the non-specific or ASGPR-independent binding and uptake responses, concentration 

profiles of BHPG systems were investigated in HepG2 cells maintained on ice to prevent receptor 
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mediated endocytosis (Appendix Figure 46A) and an ASGPR negative cell line - HeLa cells (Appendix 

Figure 46B). When compared to BD-Gluc, no significant differences were observed in HepG2 cells 

maintained on ice. Whereas at 5 M, B-GalNAc50, B-TAG5 and BD-TAG showed significantly higher binding 

and uptake when compared to BD-Gluc in HeLa cells (**p = 0.0078, ****p < 0.0001 and ***p = 0.0007). 

BD-GalNAc exhibited similar cellular responses as BD-Gluc. The binding and uptake for BD-GalNAc and BD-

TAG were also examined in a murine macrophage cell line, RAW cells (Appendix Figure 46C). Only at 10 

M, both BD-GalNAc and BD-TAG displayed almost a 3 fold increase relative to untreated cells with BD-

TAG being significantly higher than BD-GalNAc (p = 0.0011). 

Next, the cytocompatibility of BHPG based chelators were investigated in both healthy and iron 

overloaded HepG2 cells (Appendix Figure 47). In both healthy and iron overload cells, BD-TAG was better 

tolerated than BD-GalNAc and BD; at 10 M of BD-TAG, a significant difference was observed from 

untreated cells (p < 0.0001 for healthy and iron overloaded cells) whereas at 1 M of BD-GalNAc and BD 

exhibited significant differences when compared to untreated cells (p = 0.0019 for BD-GalNAc in healthy 

cells, p < 0.0001 for BD-GalNAc in iron overload cells, and p < 0.0001 for BD in both healthy and iron 

overload cells). 
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Appendix Figure 45. The binding and uptake of biodegradable liver targeting systems. The binding and 

uptake of BHPG systems were analyzed in at least 10,000 cells (A) over a range of concentrations 

incubated at 2 h and (B) competitive inhibition over a range of GalNAc concentrations with a fixed 

concentraiton of polymer (0.5 M) at 2 h. Error bars show standard deviations for a sample size of 3 

independent replicates. A 2-way ANOVA with Tukey’s multiple comparisons test was performed using 

GraphPad Prism. **** represents p < 0.0001 and *** or ### p < 0.0010.  
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Appendix Figure 46. The non-specific or ASGPR-independent binding and uptake of all biodegradable 

liver targeting chelating systems and their controls. The response of all carboxyrhodamine-tagged 

polymers were measured over a range of concentrations. At least 10,000 cells were analyzed using the 

488 nm laser and the FITC emission filter (530/20 nm). (A) HepG2 cells incubated with polymers at 4C 

minimizes receptor mediated endocytosis. (B) HeLa cells have been used as an ASGPR negative cell line. 

(C) RAW cells were used to model the murine macrophages and their cellular responses. Error bars show 

standard deviations for a sample size of 3 independent replicates. A 2-way ANOVA with Dunnett’s multiple 

comparison tests were performed to compare the cellular responses to BD-Gluc. A 2-way ANOVA with 

Sidak’s multiple comparison test were performed for cellular responses in RAW cells. All statistical 

comparisons were performed using GraphPad Prism. ** represents p < 0.0100, *** represents p < 0.0010 

and **** represents p < 0.0001.  
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Appendix Figure 47. The cytotoxicity of biodegradable liver targeting chelating systems and its non-liver 

targeted control in HepG2 cells. The metabolic activity were measured by the MTT assay in response to 

chelator treatments in HepG2 cells that were (A) non-iron loaded and (B) iron overloaded cells. A wide 

range of chelator-equivalent concentrations (from 1 nM to 50 M) were assessed. Error bars show 

standard deviations for a sample size of 3 independent replicates. A 2-way ANOVA with Dunnett’s multiple 

comparison tests were performed using GraphPad Prism. **** represents p < 0.0001 and ** represents 

p < 0.0100.  
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A.3.1.2. Kinetic investigations into the intracellular trafficking of biodegradable liver targeting chelating 

systems 

The kinetic differences in the endocytosis of biodegradable liver targeted polymers towards the lysosomes 

were investigated in detail using pulse-chase investigations. HepG2 cells were ‘pulsed’ with fluorescent 

polymers for 30 min and then ‘chased’ by replacing the media with fresh media (i.e. no fluorescent 

polymer) for an additional 0, 1, 2, 16 and 24 h (Appendix Figure 48). The endocytic pathway was traced 

using endocytic markers to identify early endosomes (EEA1), late endosomes (Rab7), and lysosomes 

(LAMP1). The ASGPR was also traced (ASGPR). Co-localization of polymers – B-GalNAc50 (Appendix Figure 

48A), BD-GalNAc (Appendix Figure 48B), B-TAG5 (Appendix Figure 48C) and BD-TAG (Appendix Figure 

48D) with different endocytic compartments were measured and quantitatively compared using MCCs.  

Cells treated with all polymers exhibited rapid lysosomal co-localization. Immediately after pulsing the 

cells with polymers (0 h chase), the MCCs for LAMP1 were significantly higher when compared to the 

MCCs for the endocytic markers; B-GalNAc50 showed 42% overlap with LAMP1 compared to the 32% 

overlap with EEA1, 1% overlap with Rab7, and 0% overlap with ASGPR (p < 0.0001 for all comparisons), 

BD-GalNAc showed 71% overlap with LAMP1 compared to the 30% overlap with EEA1, 1% overlap with 

Rab7, and 0% overlap with ASGPR (p < 0.0001 for all comparisons), B-TAG5 showed 39% overlap with 

LAMP1 compared to the 27% overlap with EEA1, 1% overlap with Rab7, and 0% overlap with ASGPR (p < 

0.0001 for all comparisons), and BD-TAG showed 74% overlap with LAMP1 compared to the 25% overlap 

with EEA1, 3% overlap with Rab7, and 0% overlap with ASGPR (p < 0.0001 for all comparisons). Further, 

the percentage of polymer signal overlapping with LAMP1 significantly increased when comparing the 

MCCs determined from a chase of 0 h to 1 h; B-GalNAc50 increased from 42% to 60% (p < 0.0001), B-TAG5 

increased from 39% to 50% (p < 0.0001), and BD-TAG increased from 74% to 84% (p < 0.0001). Whereas, 

the percentage of polymer signal overlapping with LAMP1 significantly decreased when comparing the 

MCCs determined from a chase 0 h to 1 h for BD-GalNAc (71% to 60%; p < 0.0001) and from a chase of 1 

h to 2 h for BD-TAG (84% to 71%; p < 0.0001). Notably, the MCCs for polymer signal overlapping with Rab7 

and ASGPR were between 0% to 3% for all polymers at all chase times. 

Next, distinct  differences were observed between GalNAc decorated systems and TAG decorated systems 

for LAMP1 co-localization, especially when assessing the influence of DFO conjugation. GalNAc decorated 

systems showed a statistical difference when comparing the overlap of non-chelator B-GalNAc50 and BD-

GalNAc with LAMP1 at 0 h chase; the MCC was 42% for B-GalNAc50 with LAMP1 compared to the MCC of 
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71% for BD-GalNAc with LAMP1 (p < 0.0001). No statistical differences were observed in the MCCs of B-

GalNAc50 and BD-GalNAc with LAMP1 at all other chase hours. On the other hand, TAG decorated systems 

conjugated with DFO showed significant increases in the MCCs overlapping with LAMP1 when compared 

to TAG decorated systems without DFO (p < 0.0001 for all comparisons); the MCCs at 0 h for B-TAG5 vs 

BD-TAG was 40% vs 74%, the MCCs at 1 h for B-TAG5 vs BD-TAG was 50% vs 84%, the MCCs at 2 h for B-

TAG5 vs BD-TAG was 54% vs 71%, the MCCs at 16 h for B-TAG5 vs BD-TAG was 57% vs 68%, and the MCCs 

at 24 h for B-TAG5 vs BD-TAG was 58% vs 69%. When comparing the GalNAc and TAG decorated systems, 

the MCCs for B-GalNAc50 with LAMP1 at 1 h was 60%, which was significantly higher compared to the 

MCCs of 50% for B-TAG5 (p < 0.0001). However, the MCCs for BD-TAG were significantly higher when 

compared to the MCCs for BD-GalNAc at all chase times (p < 0.0001 for all comparisons). 

It is evident that both the ASGPR-specific ligand identity and DFO conjugation influenced the observed  

intracellular trafficking kinetics. To better contextualize these differences, similar pulse chase experiments 

were compared to asialofetuin (AF) which is a natural ligand that is targeted to the lysosome for 

degradation.  

With respect to the early endosomes (EEA1) (Appendix Figure 49A), AF revealed an increasing trend was 

observed over the first 2 h followed by a slight decrease after 24 h. When compared to all liver targeting 

polymers, AF exhibited a slower increase in the MCCs for EEA1 overlap. Immediately after a 30 min pulse, 

all biodegradable liver targeting polymers showed significantly higher signal overlap when compared to 

AF (****p < 0.0001 for all comparisons). AF showed a 1% signal overlap whereas B-GalNAc50, BD-GalNAc, 

B-TAG5 and BD-TAG showed 32%, 30%, 27% and 25% signal overlap respectively. Similarly, at 1 h chase, 

all polymers significantly higher signal overlap with EEA1 when compared to AF; AF showed 14% whereas 

B-GalNAc50 showed 32% (***p = 0.0003), BD-GalNAc 29% (**p = 0.0040), B-TAG5 showed 26% (*p = 

0.0300) and BD-TAG showed 28% (**p = 0.0061).  

With respect to the lysosomes (LAMP1) (Appendix Figure 49B), AF revealed an increased trend in LAMP1 

signal overlap which plateaued by 24 h. All polymers showed significantly higher overlap with LAMP1 at 0 

h and 1 h chase when compared to AF. After 0 h chase, all liver targeting polymers had significantly higher 

signal overlap with LAMP regardless of DFO conjugation; 33% of AF signal vs 42% of B-GalNAc50 (**p = 

0.0012), 71% of BD-GalNAc (****p < 0.0001), 39% of B-TAG5 (*p = 0.0276), and 74% of BD-TAG (****p < 

0.0001). Additionally, after 1 h chase, all liver targeting polymers had significantly higher signal overlap 

with LAMP (p < 0.0001 for all comparisons).   
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Appendix Figure 48. The kinetic investigation into the intracellular distribution of fluorescently labelled 

biodegradable liver targeting systems and their chelator counterparts. Mander’s Co-localization 

Coefficients (MCCs) were reported as a percentage of (A) B-GalNAc50, (B) BD-GalNAc, (C) B-TAG5, and (D) 

BD-TAG overlapping with immunostaining signal for the different antibodies used to trace the endocytic 

pathway. The endocytic pathway was traced using fluorescent immunostaining to asialoglycoprotein-

receptors (ASGPR), early endosomes (EEA1), late endosomes (Rab7) and lysosomes (LAMP1). At least 100 

cells were acquired using Leica SP5 confocal scanning laser microscopy. MCCs was calculated from 5 to 18 

independent regions of interest. The error bars show standard deviations. A 2-way ANOVA with Tukey’s 

multiple comparisons test was performed to compare the differences in signal overlap with endocytic 

markers within the same polymer treatments. A 2-way ANOVA with Dunnett’s multiple comparisons test 

was performed to compare differences in signal overlap with endocytic markers between polymer 

treatments.  All statistical analysis were performed using GraphPad Prism.  
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Appendix Figure 49. A comparative kinetic investigation into the intracellular distribution of 

fluorescently labelled biodegradable liver targeting systems and their chelator counterparts against the 

endogenous ASGPR-specific protein, AF. Mander’s Co-localization Coefficients (MCCs) were reported as 

a percentage of B-GalNAc50, BD-GalNAc, B-TAG2 and BD-TAG polymer signal overlapping with 

immunostaining signal for (A) early endosomes (EEA1) and (B) lysosomes (LAMP1). At least 100 cells were 

acquired using Leica SP5 confocal scanning laser microscopy. MCCs was calculated from 5 to 18 

independent regions of interest. The error bars show standard deviations. A 2-way ANOVA with Dunnett’s 

multiple comparisons test was performed to compare the MCCs for all liver targeting polymers to AF. All 

statistical analysis were performed using GraphPad Prism. **** represents p < 0.0001, *** represents p 

< 0.0010, ** represents p < 0.0100, and * represents p < 0.0500. 
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A.3.1.3. Evaluation of the in vivo pharmacokinetic profiles for biodegradable liver targeting chelating 

systems 

Detailed pharmacokinetic investigations were performed to assess circulation half-life and the 

biodistribution for BD-GalNAc whereas the excretion profiles were observed for BD-GalNAc and BD-TAG 

over a 48 h after injection (Appendix Figure 50). The circulation half-life for BD-GalNAc was calculated 

using a two compartment model (Appendix Figure 50A), which revealed a distribution half-life of 0.39 h 

and a elimination half-life of 7.45 h. The biodistribution of BD-GalNAc also exhibited significant liver 

accumulation (p < 0.0001 at all time point when compared to all organs) with a 20% hepatic accumulation 

30 mins after injection which was maintained for 8 h (Appendix Figure 50B). A significant decrease was 

observed from 18% at 8 h to 13% at 24 h (p < 0.0001). Minimal accumulation was observed in other organs, 

with less than 6% measured. The excretion profiles were compared for both BD-GalNAc and BD-TAG 

(Appendix Figure 50C and D). Both systems exhibited significantly more excretion via the hepatobiliary 

route when compared to the renal route (p = 0.0007 for BD-GalNAc and p = 0.0050 for BD-TAG). Additional 

work will be needed to compare the pharmacokinetic profiles of appropriate controls. 

Given the rapid excretion observed for both BD-GalNAc and BD-TAG, these polymers were assessed for 

the in vivo chelation efficiency (Appendix Figure 51). No significant changes were observed for iron 

excretion via the feces, likely due to the DFO density on these systems. Whereas, BD-TAG exhibited a 

significant increase in urinary iron when compared to both BD and DFO (216 g from BD-TAG vs 175 g 

from BD, p = 0.0015; vs 180 g from DFO, p = 0.0037). No significant changes were observed with respect 

to the liver burden and a decreasing trend was observed in serum ferritin. Although only 36 g to 41 g 

of additional iron was removed, this is encouraging as it suggests that this proof-of-concept has 

therapeutic potential and requires additional work on DFO density optimization.  
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Appendix Figure 50. Pharmacokinetic properties of tritium labeled biodegradable liver targeting 

macromolecular chelating systems in C57BL/6 mice. Tritium labelled systems were injected at 10 mg/kg 

dose into mice. Radioactivity of BD-GalNAc was measured through scintillation counts in (A) plasma and 

(B) organs including the liver, kidneys, heart, spleen and lung. The excretion of biodegradable liver 

targeting chelating systems over the first 48 h for (C) BD-GalNAc and (D) BD-TAG. Error bars show standard 

deviations for a sample size of 3 mice. Circulation times were determined using a two-phase decay non-

linear regression analysis in GraphPad Prism. A 2-way ANOVA with Dunnett’s multiple comparisons test 

were performed to compare the accumulation of these biodegradable liver targeting systems in the liver 

against other organs. Unpaired t-tests were performed to compare the excretion between urine and feces 

after 48 h. All statistical analyses were performed using GraphPad Prism.  
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Appendix Figure 51. In vivo efficacy of biodegradable liver targeting chelating systems using iron 

overloaded C57Bl/6 mice. The excretion of iron in (A) feces and (B) urine, and (C) the liver iron burden 

were measured using the established u-ferene assay. (D) Serum ferritin was measured using an ELISA kit. 

Healthy mice represents non-iron overloaded C57Bl/6 mice treated with saline instead. Error bars show 

standard deviations from 3 independent replicates, each with an intraassay replicate. A 1-way ANOVA 

with Dunnett’s multiple comparison tests were performed to compare the differences in treatment 

groups against iron overloaded saline control using GraphPad Prism. 
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A.3.1.4. Iron-dependent cellular responses to iron chelation in iron overload HepG2 model 

Iron overloaded HepG2 cells were treated with 15 M of small molecular weight chelators – DFO, DFX and 

DFP, or with 15 M chelator equivalent of macromolecular systems - BD, BD-GalNAc, and BD-TAG 

(Appendix Figure 52). The reported clinically-relevant steady state concentration of DFO is between 10 to 

28 M and therefore, a concentration of 15 M was used.  

When comparing to untreated iron overload cells, all BHPG based polymers chelators showed a significant 

increase in iron concentrations (Appendix Figure 52A and B). BD and BD-GalNAc treated cells had a 

significant increase in both LIP and total iron concentrations (p < 0.0001 for all comparisons). BD-TAG 

treated cells only had a significant increase in LIP concentrations (p = 0.0426). DFO treated cells only had 

a significant reduction in total iron concentrations (p = 0.0330). 

Further, BD, BD-GalNAc, BD-TAG, DFO and DFP showed a significant reduction in intracellular ROS 

generation (Appendix Figure 52C) when compared to untreated iron overload cells (p < 0.0001, p < 

0.0001, p < 0.0001, p < 0.0001 and p = 0.0119, respectively). Remarkably, BD, BD-GalNAc, BD-TAG and 

DFO treated cells showed ROS levels comparable to the non-iron loaded control cells. DFX showed no 

significant changes in ROS. 

In addition, transferrin receptor 1 (TfR1) expression was measured as cellular response to iron overload 

(Appendix Figure 52D). Under iron overload conditions, TfR1 expression decreased when compared to 

control and iron overloaded HepG2 cells (p < 0.0001). Upon treatment with iron chelators, TfR1 expression 

significant increased when compared untreated iron overload cells (p < 0.0001). While BD, BD-GalNAc, 

BD-TAG and DFP exhibited significant elevation in TfR1 expression, DFO and DFX increased expression 

beyond the non-iron overload control cells. 
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Appendix Figure 52. Effect of iron chelation in iron overload HepG2 cells. Labile iron (A) and total iron 

(B) were quantified using the u-ferene assay. (C) ROS generation was measured using a DCFDA/DCF ROS 

kit in at least 10,000 cells via flow cytometry. (D) Relative expression of TfR1, normalized to control cells, 

were measured using western blot and quantified using LI-COR’s Odyssey Software Application. HepG2 

cells were loaded with 50 M following the established protocol. Error bars show standard deviations for  

N = 3 independent replicates. A 1-way ANOVA with Dunnett’s multiple comparisons test were performed 

to compared iron overloaded cells with the either control or chelator treated cells. Statistical analysis 

were preformed using GraphPad Prism. **** represents p < 0.0001, *** represents p < 0.0010, ** 

represents p < 0.0100 and * represents p < 0.0500. 
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A.3.2. The design and development of small molecule liver targeted chelating systems. 

A.3.2.1. In vitro cellular responses towards small molecular liver targeting chelating systems 

Small molecular liver targeting chelating systems were developed by attaching TAG sugar groups directly 

to DFO, without a polymeric backbone. The rationale for this approach stems from the significant liver 

targeting and subsequent rapid excretion displayed by both non-biodegradable and biodegradable 

polyglycerol polymers, HPG and BHPG. Whilst DFO displays a very short half-life (approximately 5 minutes 

in mice), we hypothesized that conjugating TAG directly to the DFO will result in a liver specific 

accumulation of DFO which can then stably chelate and remove hepatic iron.  

In order to do so, the number of TAGs on a linker – with either 1 TAG (1 TAG-NH2) or 2 TAG (2 TAG-NH2), 

were first optimized with respect to binding and uptake over a wide range of concentrations (Appendix 

Figure 53). 2 TAG-NH2 displayed significantly higher binding and uptake response at concentrations of 5 

M and above (p < 0.0001 for all comparison at 5 M and above) (Appendix Figure 53A). At 5 M, 1 TAG-

NH2 showed a 11 fold increase whereas 2 TAG-NH2 exhibited a 23 fold increase. To further characterize 

the interaction of both 1 TAG-NH2 and 2 TAG-NH2, the cellular responses were competitively inhibited 

using unlabelled GalNAc (Appendix Figure 53B). The half-maximal inhibitory concentrations (IC50) for 1 

TAG-NH2 was 750 M [650 M, 870 M] which was significantly higher than the IC50 value for 2 TAG-NH2, 

350 M [320 M, 490 M]. 1 TAG-NH2 exhibited IC50 values almost twice as high as 2 TAG-NH2, suggesting 

of a much tighter interaction with the ASGPR on HepG2 cells. Additionally, in order to assess the non-

specific or ASGPR-independent binding and uptake responses, the binding and uptake were investigated 

in both HepG2 cells maintained on ice to prevent receptor mediated endocytosis (Appendix Figure 53C) 

and an ASGPR negative cell line - HeLa cells (Appendix Figure 53D). Both systems showed similar cellular 

responses with no significant differences between the two small molecule liver targeting systems.  

Given this, 1 TAG-NH2 was conjugated with 1 DFO, TAG-DFO, and the intracellular distribution was 

compared with 1 TAG-NH2 (Appendix Figure 54 and Appendix Figure 55). HepG2 cells were incubated 

with 2 M of either 1 TAG-NH2 or TAG-DFO for either 2 h or 24 h. Lysosomes were identified using anti-

LAMP1 antibodies. The MCCs of 1 TAG-NH2 or TAG-DFO overlapping with LAMP1 were compared. The 

MCCs of 1 TAG-NH2 significantly increased from 27% after 2 h incubation to 52% after 24 h incubation (p 

= 0.0340) whereas the MCCs of TAG-DFO significantly decreased from 42% after 2 h incubation to 18% 

after 24 h (p = 0.0383). 
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Appendix Figure 53. The binding and uptake of small molecular liver targeting systems. (A) The 

concentration profiles for small molecular liver targeting systems were measured in at least 10,000 cells. 

(B) The IC50 values were determined by increasing the concentration of unlabelled GalNAc as a competitive 

inhibitor for ASGP-R. The non-specific or ASGPR-independent binding and uptake of small molecular liver 

targeting systems were investigated in (C) HepG2 cells incubated with polymers at 4C minimizes receptor 

mediated endocytosis and (D) HeLa cells have been used as an ASGPR negative cell line. Error bars show 

standard deviations for a sample size of 3 independent replicates.  
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Appendix Figure 54. The intracellular distribution of 1 TAG-NH2 and TAG-DFO at 2 M incubated for 

either 2 or 24 hours in HepG2 cells. HepG2 cells were incubated with 2 M of 1 TAG-NH2 or TAG-DFO for 

the full duration of either 2 h or 24 h at 37C. At least a 100 cells were acquired and analyzed. Lysosomes 

were immunostained using anti-LAMP1 antibodies (LAMP1). Mander’s Co-localization Coefficients (MCCs) 

were reported as a percentage of small molecule liver targeting systems signal overlapping with LAMP1. 

MCCs were calculated from at least 5 different regions of interest and the error bars show standard 

deviations. A 2-way ANOVA with Sidak’s multiple comparison test was performed to compare differences 

in MCCs for LAMP1 at 2 or 24 h. All statistical analysis were performed using GraphPad Prism. * represents 

p < 0.0500. 
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Appendix Figure 55. Intracellular distribution of fluorescently-labelled small molecular liver targeting 

linkers and their chelator in HepG2 cells. Cells were incubated with 2 M of 1 TAG-NH2 or TAG-DFO for 

either 2 h or 24 h. Images were acquired using confocal laser scanning microscopy with immunostaining 

to identify lysosomes (LAMP1). Nucleus was stained using Hoechst, represented as blue. Lysosomes were 

stained using mouse anti-human LAMP antibodies, represented as red. Polymers were fluorescently 

labelled with carboxyrhodamine, represented as green. At least 100 cells were imaged. Representative 

confocal micrographs are shown here. The scale bar represents 0.5 m.  
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