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Abstract 
Metal homeostasis plays a crucial role in maintaining human health. Current research on 
neurodegenerative diseases suggests that metal dyshomeostasis actively contributes to the 
pathogenesis and progression of conditions such as Parkinson's and Alzheimer's diseases. 
Excess free metals in the brain can have deleterious effects on the body, including oxidative 
damage through the production of hydroxyl radicals, inflammation, and disruption of 
biological processes due to altered protein and enzyme conformations. 

Systemic metal dyshomeostasis has traditionally been treated with chelation therapy. However, 
this approach presents several challenges for treating brain metal dyshomeostasis, such as the 
need for high chelator doses, which can lead to adverse effects, and the non-localized nature of 
chelation. 

Many neurodegenerative diseases currently lack effective cures, and available treatments 
primarily focus on symptom management. Therefore, the aim of this thesis is to develop a 
chelating material capable of providing localized and specific metal extraction in particular for 
iron. 

To achieve this goal, multiple chelating polymers were synthesized by functionalization with 
chelating groups. These polymers were then used to develop various chelating materials, which 
were thoroughly characterized to assess their mechanical properties and chelating efficacy. 
Finally, in-vivo applications of these materials were evaluated to explore their potential as 
novel treatments for localized metal extraction in neurodegenerative diseases. 
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Résumé 
L'homéostasie des métaux joue un rôle crucial dans le maintien de la santé humaine. Les 
recherches actuelles sur les maladies neurodégénératives suggèrent que la dyshoméostasie des 
métaux contribue activement à la pathogenèse et à la progression d'affections telles que les 
maladies de Parkinson et d'Alzheimer. L'excès de métaux libres dans le cerveau peut avoir des 
effets délétères sur l'organisme, notamment du stress oxidant par la production de radicaux 
hydroxyles, l'inflammation et la perturbation des processus biologiques en raison de l'altération 
des conformations des protéines et des enzymes. 

La dyshoméostasie systémique des métaux est traditionnellement traitée par la therapie de 
chélation. Toutefois, cette approche présente plusieurs difficultés pour le traitement d’une 
dyshoméostasie des métaux dans le cerveau, notamment la nécessité d'administrer des doses 
élevées de chélateurs, ce qui peut entraîner des effets indésirables, ainsi qu’une chélation non 
localisée. 

De nombreuses maladies neurodégénératives n'ont pas encore de remède efficace et les seuls 
traitements disponibles se concentrent principalement sur la gestion des symptômes. L'objectif 
de cette thèse est donc de développer un matériau chélateur capable de fournir une extraction 
localisée et spécifique des métaux, en particulière pour le fer. 

Pour atteindre cet objectif, plusieurs polymères chélatants ont été synthétisés par 
fonctionnalisation avec des groupes chélateurs. Ces polymères ont ensuite été utilisés pour 
développer divers matériaux chélatants, qui ont été caractérisés pour évaluer leurs propriétés 
mécaniques et leur efficacité d’extraction métallique. Enfin, les applications in vivo de ces 
matériaux ont été évaluées afin d'explorer leur potentiel en tant que nouveaux traitements pour 
l'extraction localisée des métaux dans les maladies neurodégénératives. 
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Chelators 
Table 1. Complexation constants of the different chelators mentioned in this work. L 
corresponds to the ligand. 

Chelator Metal Complex type Log β 

PAS 

 

Mn2+ Mn2+ + L2- → (MnL2)2- 17.2 [1] 

EDTA 

 

Mn2+ Mn2+ + L4- → (MnL)2- 14.0 [2] 

Al3+ Al3+ + L4- → (AlL)- 16.7 [2] 

Fe3+ Fe3+ + L4- → (FeL)- 25.1 [2] 

Cu2+ Cu2+ + L4- → (CuL)2- 18.9 [2] 

Zn2+ Zn2+ + L4- → (ZnL)2- 16.9 [2] 

D-penicillamine 

 

Cu2+ Cu2+ + 2L- → (CuL2) 16.9 [3] 

Trientine 

 
Cu2+ Cu2+ + L → (CuL)2+ 20.3 [4] 

Deferiprone 

 

Fe3+ Fe 3+ + 3L- → FeL3 36.7 [5] 

Cu2+ Cu 2+ + 2L- → CuL2 19.1 [5] 

Zn2+ Zn 2+ + 2L- → ZnL2 13.6 [6] 

DFO

 

Al3+ Al 3+ + LH2- → (AlHL)+ 24.1 [7] 

Fe3+ Fe 3+ + LH2- → (FeHL)+ 41.8 [8] 

Fe2+ Fe 2+ + LH2- → (FeHL) 10.0 [9] 

Cu2+ Cu 2+ + LH2- → (CuHL) 14.0 [10] 

Zn2+ Zn 2+ + LH2- → (ZnHL) 11.1 [10] 

Clioquinol 

 

Cu2+ Cu 2++ 2L- → CuL2 10.9 [11] 

Zn2+ Zn 2++ 2L- → ZnL2 7.6 [11] 

PBT2 

 

Cu2+ Cu 2++ 2L- → CuL2 19.6 [12] 
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DOTA 

 

Mn2+ Mn2+ + L4- → (MnL)2- 20.0 [13] 

Fe3+ Fe3+ + L4- → (FeL)- 29.4 [14] 

Cu2+ Cu2+ + L4- → (CuL)2- 22.3 [13] 

Zn2+ Zn2+ + L4- → (ZnL)2- 20.8 [13] 

NTA 

 
 

Mn2+ Zn2+ + L3- → (ZnL)- 7.4 [15] 

Fe3+ Fe3+ + L3- → FeL 15.9 [16] 

Cu2+ Cu2+ + L3- → (CuL)- 13.2 [17] 

Zn2+ Zn2+ + L3- → (ZnL)- 10.7 [15] 

Citric acid 

 

Fe3+ Fe3+ + 2L3-→ (FeL2)3- 15.3 [18] 
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Introduction  
 

The human body is primarily composed of organic elements, namely oxygen, carbon, 
hydrogen, and nitrogen. These elements represent the majority of body mass, with oxygen 
accounting for 61.4%, carbon for 22.9%, hydrogen for 10.0%, and nitrogen for the remaining 
proportion. Additionally, there are seven essential "macro-minerals" crucial for bodily 
functions: sodium (Na) at 0.1%, potassium (K) at 0.2%, calcium (Ca) at 1.7%, magnesium 
(Mg) at less than 0.1%, chlorine (Cl) at 0.1%, phosphorus (P) at 1.1%, and sulphur (S) at 0.2% 
[19].  

Moreover, there are nine essential "trace elements" present in the body in low concentrations: 
iron (Fe), manganese (Mn), copper (Cu), zinc (Zn), selenium (Se), cobalt (Co), nickel (Ni), 
molybdenum (Mo), and iodine (I). In total, there are 23 essential elements crucial for the proper 
functioning of the body [20].  

There are also non-essential metals present in the body such as Aluminium (Al) Lead (Pb) 
Cadmium (Cd) strontium (Sr) rubidium (Rb) titanium (Ti) [19]. These elements are referred to 
as non-essential because they lack any known physiological function in the body. They are 
typically absorbed due to their similarities with essential minerals [21].  

In this work, we focus on metals, hence it is important to evaluate the toxicity of these elements. 
The toxicity of the elements we study may vary depending on their type, dosage, and frequency 
of exposure, or lack thereof [19,20]. For instance, the physiological response of essential 
elements follows the Bertrand diagram depicted in figure 1. When the concentration of these 
elements aligns with physiological conditions, no toxic effects occur [19,20]. However, when 
this concentration range is exceeded or decreased, the body can no longer function normally, 
leading to damages that may result in death [19,20]. 

 

Figure 1. Bertrand diagram, taken from Kaim et al., 2013 [19] 
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In contrast with essential elements, non-essential elements lack a biological function, thus they 
don't possess a defined range of healthy concentrations in the body. Even small doses of non-
essential elements could be hazardous. Instead, there exists a tolerance concentration threshold 
where no negative physiological responses are observed [22]. 

Disruption of the body’s homeostasis can lead to several pathologies, such as iron 
dysregulation in hemochromatosis and copper imbalance in Wilson's disease [23]. In recent 
years, localized brain dyshomeostasis has been linked to multiple neurodegenerative diseases, 
including Parkinson’s disease, Alzheimer’s disease, Friedreich’s ataxia, and Huntington’s 
disease [24]. Elevated levels of essential metals, such as copper, manganese, and iron, as well 
as non-essential metals like aluminium, have been observed in affected regions of the brain 
[25–29]. The accumulation of these metals is a gradual process, which makes it difficult to 
establish a direct causal link between metal build up and the progression of neurodegenerative 
diseases [24].  

In these pathologies, the excess metals found in certain brain areas are often loosely bound to 
proteins or small molecules, unlike healthy metals that are tightly bound to proteins. These 
loosely bound or “free” metals are believed to play a role in the oxidative damage observed in 
neurodegeneration [30–34]. 

Currently, there are no effective treatments to stop or slow the progression of 
neurodegenerative diseases. As a result, the use of chelators to extract harmful metal cations 
has emerged as a promising therapeutic avenue. However, traditional chelation therapy is 
limited in its ability to target metal accumulation in the brain due to the systemic distribution 
of chelating agents, which has led to mixed results in clinical trials [26,28,35]. 

To address the limited localized chelation obtained with classic chelation therapy the project 
ANR-SEMB was established. In this context during my PhD, the use chelating polymers to 
enhance microdialysis localized metal extraction was proposed as a possible solution. In 
addition, I developed chelating, biocompatible, and biodegradable materials using chitosan 
derivatives previously developed by our research team. Moreover, I successfully enhanced the 
iron (III) chelation properties of these materials by functionalizing them with a more potent 
and selective iron (III) chelator. 
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Chapter I: Metal dyshomeostasis and 

neurodegeneration 
1.1. Toxic Mechanisms of Metals 

1.1.1. Oxidative stress 

Oxidative stress is defined as a disturbance in the balance between the production of oxidative 
species and antioxidant defences, which may lead to tissue injury [36]. It is caused by reactive 
oxygen species (ROS), reactive nitrogen species (RNS), or by the products of lipid peroxidation 
[37]. Most of these oxidant species are categorized as free radicals. Free radicals are molecules 
or molecular fragments with one or more unpaired electrons, which gives them considerably 
high reactivity [30,36]. The most common radicals are the hydroxyl radical (HO●), superoxide 
anion (O2

●-), and nitric oxide (NO●) [36]. The superoxide radical does not directly react with 
polypeptides, sugars, or nucleic acids. However, it is considered a primary ROS due to its 
ability to generate secondary ROS, such as hydroxyl radicals. Hydroxyl radicals are among the 
strongest oxidizing agents and can readily attack most biological molecules [36]. They 
generally react by hydrogen abstraction, electron transfer and addition reactions [30]. Cellular 
structures rich in lipids like cell membranes are specially sensible to hydroxyl attacks since 
they can initiate radical chain reactions, ultimately leading to cellular death [30,36]. 

Free radicals are produced naturally in the body by various biochemical processes. 
Additionally, they can be generated in response to electromagnetic radiation from the 
environment and acquired directly from oxidizing pollutants such as ozone and nitrogen 
dioxide [36]. Fortunately, the body has mechanisms to protect against free radical damage by 
producing enzymatic and non-enzymatic antioxidants [30]. One of the most effective classes 
of antioxidants is thiol compounds, such as glutathione, which protect by trapping radicals and 
reducing peroxides [36]. Other examples of non-enzymatic antioxidants include vitamin E, 
which stops the propagation of free radical chain reactions in lipid peroxidation, and vitamin 
C, which also prevents lipid peroxidation [30,36]. In the category of enzymatic antioxidants, 
there are enzymes such as peroxidases and catalases, which reduce hydrogen peroxide into 
water [38].  

The redox properties that make essential metals beneficial for biological processes can also 
have detrimental effects [30,39]. For example, redox-active essential metals such as copper(I), 
iron(II), and manganese(II) can react with naturally produced H2O2 via the Fenton reaction (eq 
3), generating highly reactive hydroxyl radicals. It's important to note that not only essential 
elements but also nonessential elements like chromium(III/IV/V) and vanadium(IV) can 
participate in the Fenton reaction and contribute to the production of radicals (eq 3) [30,33].  

For the continuous production of hydroxyl radicals via the Fenton reaction, metals must be 
reduced. This reduction can occur in the presence of superoxide radicals (eq 1). The combined 
reaction, known as the Haber-Weiss reaction (eq1-3), involves the metal acting as a catalyst 
for hydroxyl radical production [30]. Moreover, metals can also be reduced by biological 
reductants such as ascorbate or thiol compounds [30]. H2O2 is not the only reactant capable of 
producing hydroxyl radicals through metal oxidation. Compounds with the R-OOH structure 
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can also follow Fenton like reactions, where R is the carbon chain of lipids in the case of lipid 
peroxidation (eq 4) [30]. 

Me(n+1)++ O2
●-→ Men++ O2 (1) 

2O2
●-+2H+→H2O2

 + O2 (2) 

Men++ H2O2→ Me(n+1)++ HO●+ HO- (Fenton reaction) (3) 

Men++ R-OOH→ Me(n+1)++ HO●+ RO- (Fenton like reaction) (4) 

 

The Fenton and Haber-Weiss reactions are not the only chemical reactions involving metals 
that produce radicals. Metals such as iron(II) and vanadium(IV) can also react with oxygen to 
generate superoxide radicals (eq 5) [30,32,33]. Additionally, iron(II) can react with R-OOH 
compounds to form highly reactive alkoxy radicals (eq6) [30]. 

Men++ O2→ Me(n+1)++ O2
●- (5) 

Men++ R-OOH→ Me(n+1)+ + RO●+ HO- (6) 

Redox-inactive metals, such as aluminium(III) and lead(II), can indirectly induce oxidative 
stress. These metals can bind to the superoxide radical, enhancing its oxidizing capacity [40]. 
Additionally, aluminium(III) has been shown to facilitate iron-mediated lipid oxidation by 
binding to phospholipids in cell membranes. This binding alters the membrane structure, 
making the acyl chains more susceptible to attack by ROS [40]. Another mechanism by which 
metals can promote a pro-oxidant environment is by strongly binding to antioxidant molecules, 
rendering them inactive. For example, heavy metals like lead(II) have a high affinity for thiol 
groups, particularly those present in the antioxidant glutathione [41]. 

In healthy individuals, essential metals are primarily bound to enzymes and proteins, sterically 
hindering their interaction with other molecules in the environment and preventing undesirable 
side reactions [30]. This is especially crucial for iron, the most abundant redox-active transition 
metal within cells [30]. Approximately 60-80% of iron is bound to haemoglobin (as iron(II)), 
10-20% is stored in ferritin (as iron(III)), 3.5% is bound to myoglobin in muscles (as iron(II)), 
and around 0.1% circulates in the bloodstream as iron(III) bound to transferrin [42,43]. 
Similarly, in the blood, copper is primarily bound to ceruloplasmin, the main copper 
transporter, as well as transcuprein and albumin. Within cells, copper is bound to enzymes like 
superoxide dismutase and cytochrome c oxidase and stored in metallothioneins [31]. In healthy 
patients, only a small proportion of these essential metals exist as free or labile forms, loosely 
bound to proteins or small molecules. These free metal ions are more susceptible to producing 
radicals following the mechanism previously explained [30–34]. Studies have shown that the 
concentration of free iron, also known as non-transferrin-bound iron (NTBI), is very low in 
healthy individuals, often below detectable levels (0-1 µM) [30,44]. Similarly, intracellular 
free copper pools are limited to less than one free copper ion per cell in healthy patients [30]. 
However, in various neurological pathologies associated with metal dyshomeostasis, the levels 
of free metals increase, leading to metal overload and overwhelming the previously mentioned 
regulatory mechanisms. This can result in increased radical production (The specific 
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neurological pathologies associated with elevated free metal pools will be discussed in detail 
later in the text) [25–27]. For instance, excess free iron accumulation in cells can induce 
oxidative stress, leading to ferroptosis, a form of cell death characterized by lipid peroxidation 
and subsequent plasma membrane rupture [45].  Additionally, non-essential metals like 
cadmium(II) are believed to indirectly increase radical production by replacing iron and copper 
in proteins, leading to elevated levels of free metals and, consequently, increased radical 
generation [30].  

1.1.2. Induction of inflammation 

Macrophages (microglia in the case of the central nervous system (CNS)) are a major actor in 
the inflammatory response, displaying remarkable functional diversity, they mostly exist in 
two distinct phenotypes [32,46–48]. M1 macrophages are often referred to as classically 
activated macrophages and are closely associated with the initiation of the pro-inflammatory 
response [46,48]. They play a crucial role in combating invading pathogens by releasing 
inflammatory mediators [46,47]. On the other hand, M2 macrophages, also known as 
alternatively activated macrophages are involved in tissue repair and wound healing. They 
promote the resolution of inflammation [32,46–48]. 

Pro-inflammatory macrophage activation is triggered by stimuli indicating infection or danger, 
including cytokines such as tumour necrosis (TNF-α) and interleukins (e.g. IL-1, IL-6, IL8)  
[46–48]. These pro-inflammatory cytokines suppress the expression of the iron exporter 
ferroportin, leading to intracellular iron sequestration within the macrophage [46]. This iron 
accumulation may serve as a host defence mechanism, limiting its availability to invading 
pathogens [46]. Iron accumulation has been shown to enhance the expression of mitogen-
activated protein kinases (MAPKs), leading to the phosphorylation of kinase 2 (MK2) and 
subsequent TNF-α production promoting the proinflammatory response [46,47]. Iron 
accumulation within M1 macrophages has been implicated in the development of a persistent 
proinflammatory state as observed in autoimmune diseases[32]. Furthermore, the production 
of ROS by physiological process like NADPH oxidase or by metals such as iron, aluminium, 
lead, cadmium, and nickel can disrupt multiple transcription signalling pathways (e.g., MAPK, 
NLRP3-ASC-caspase 1, Src family kinases, and NF-κB) [40,41,47–49]. This disruption can 
also contribute to an increase in the pro-inflammatory response by the macrophage/ microglia, 
marked by the production of cytokines like IL-8, IL-6, and TNF-α [32,40,41,47–49]. 
Additionally, the impairment of antioxidant mechanisms by heavy metals like cadmium and 
lead can further exacerbate the pro-inflammatory state [41].  

1.1.3. Interference with enzyme activity 

As previously explained, some non-essential elements have properties similar to those of 
essential metals. Due to these similarities, non-essential metals can replace essential metals in 
the body, often in an antagonistic manner. For example, cadmium(II) can replace zinc(II), 
lead(II) can replace calcium(II), and aluminium(III) can replace iron(III) [19,50]. 

The replacement of essential metals by non-essential metals can have multiple deleterious 
consequences, such as inhibiting the proper functioning of enzymes. For example, zinc is a 
metal found in many proteins and enzymes. zinc(II) is primarily complexed with cysteine and 
histidine, two amino acids present in these proteins, and serves a structural role [51]. Displacing 
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zinc alters the protein structure, rendering the enzyme inactive, which affects the proper 
functioning of the body [52,53]. Cysteine has a unique feature compared to other amino acids: 
it is one of the four common sulfur-containing amino acids and the only one incorporated into 
proteins that has a sulfhydryl function [54]. This sulfhydryl group exhibits a higher affinity for 
heavy metals such as Cd(II) and Pb(II) due to their classification as "softer" acids compared to 
Zn(II), based on the principles of HSAB theory. Additionally, it demonstrates a comparable 
affinity for both Cu(II) and Zn(II), as they have similar “hardness” (Table 2) [55,56]. 
Consequently, zinc finger structures in DNA repair enzymes are sensitive targets, and the 
displacement of Zn(II) by other transition metals (Cd(II), Cu(II), Ni(II), and Co(II)) results in 
inhibition [52]. Cadmium, for example, has been found to interfere with at least three DNA 
repair pathways: base excision repair, nucleotide excision repair, and mismatch repair [53]. 

The displacement of metals in enzymes is not the only way metals affect enzyme activity. 
Enzymes, especially their catalytically active subunits, contain sulfhydryl and amine functions. 
Exposure to non-essential metals (e.g., Cd(II) and Pb(II)) can lead to the binding of these 
cations to the sulfhydryl group, resulting in enzyme inhibition. This can be observed in Na+/K+-
ATPase and Mg2+-ATPase enzymes when exposed to these heavy metals [57]. Moreover, 
essential metals like Cu(II), Fe(II), and Co(II) can also inhibit enzyme activity by binding to 
the sulfhydryl function in the enzyme's active site. This inhibition depends on the affinity of 
the cation for the protein [57]. 

1.1.4. Neurological effects 

For optimal function, the brain requires a stable chemical environment. This high level of 
sensitivity necessitates multiple mechanisms to safeguard its delicate balance [58]. Two critical 
barriers play this role: Blood-Brain Barrier (BBB): Separates blood circulation from the brain's 
interstitial fluid, strictly regulating the passage of molecules and Blood-Cerebrospinal Fluid 
Barrier (BCB): Separates blood from cerebrospinal fluid (CSF), further protecting the brain 
from harmful substances (Figure 2) [58]. 
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Figure 2. Schematic representation of the blood-brain barrier (BBB) and blood-CSF barrier 
Created with BioRender.com. 

Breaching the brains defence: 

While metals can have diverse effects in the body, here we focus on their potential damage to 
the brain. These toxic metals can be categorized based on their interaction with the brain 
barriers in three different categories, general barrier toxicants, selective barrier toxicants and 
sequestered barrier toxicants [58]. 

General barrier toxicants are considered the most damaging to barrier structures. Examples 
of these metal toxicants include lead, cadmium, mercury, arsenic, and aluminium [49,58–60]. 
They accumulate within the barrier, disrupting its function in several ways [49,58–60]. 
Reducing membrane fluidity as well as increasing its lipophilicity thus hindering proper 
functioning of membrane proteins essential for selective transport [40,49,58,59]. They weaken 
the barriers physical integrity by causing cytoskeletal alterations opening the tight junctions 
and promoting an enhanced pinocytotic activity allowing more toxins to arrive to the CNS 
[40,49,58–60]. 

Unlike general toxicants selective barrier toxicants (including manganese and copper, with 
lead to a lesser extent) don't directly alter barrier permeability [58]. Instead, they selectively 
interfere with specific regulatory functions of the barriers, leading to neurotoxic consequences 
[58]. Manganese, while not directly damaging the barrier, it can disrupt its ability to regulate 
iron homeostasis within the brain [58]. The similar properties of manganese and iron (e.g., 
ionic radius, electron configuration, high affinity towards transferrin) allow manganese to 
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compete with Fe transport mechanisms [61]. Studies show that Mn exposure can decrease 
plasma iron levels while increasing iron concentration in the CSF [58,61]. Similar to 
manganese, copper itself doesn't damage the barriers. However, its presence can also alter iron 
transport into the brain, as evidenced by decreased iron influx in rats fed with a high-copper 
content diet [58]. 

The last category consists of the sequestered barrier toxicants, including iron, zinc, gold, and 
silver. These metals might be deposited or sequestered in the BBB as a defence mechanism 
[58]. The sequestration of these metals in the barriers does not provoke any known harmful 
consequences to the barriers according to the current literature [58].  For instance, when there 
is an increase in iron concentration, endothelial cells of the blood-brain barrier can accumulate 
the excess iron. However, when these storage mechanisms are overwhelmed, iron can enter the 
brain tissue, where it may induce oxidative stress [30,37,58]. 

Metal overload will affect not only the membranes but also the entire CNS. The brain is 
particularly vulnerable to oxidative damage due to its high oxygen consumption, low levels of 
antioxidant defences compared to other cells, and abundance of highly polyunsaturated fatty 
acids that are sensitive to radicals [49]. Following the same radical formation mechanisms 
explained earlier , metals such as manganese(II/III), copper(I/II), iron(II/III), aluminium(III), 
lead(II) and cadmium(II) can increase the production of radicals  [30–33,61]. Moreover, the 
increase in free radicals will activate microglia, inducing a pro-inflammatory response through 
the release of pro-inflammatory factors. The presence of excess metals will further exacerbate 
the inflammatory response, causing additional damage [48,49]. 

Another type of damage caused by metals, which is particularly evident in the CNS, is the 
disruption of neuronal communication. Heavy metals like Pb(II) can substitute for Ca(II) and 
enter neurons through calcium-ATPase pumps, disrupting synapse formation, which is 
essential for brain communication [33,49,62,63]. Cd(II) as well as Pb(II) can disrupt the proper 
proton gradient across the synaptic vesicle membrane, affecting the correct release of 
neurotransmitters such as glutamate and GABA [33,64]. Additionally, the accumulation of 
metals like aluminium(III) can alter the structure of myelin, the fatty sheath that insulates nerve 
fibers, further disrupting nerve impulses [40]. 

The diverse mechanisms by which metals exert their toxic effects on the CNS ultimately 
translate into neuronal injury. This damage manifests as a range of neurocognitive 
impairments, including learning and memory deficits [40,49]. A compelling example is the 
established link between blood lead levels and cognitive function in children. Epidemiological 
studies demonstrate that for each 1 µg/ml increase in blood Pb levels within the range of 5-35 
µg/ml, children experience a 2-4 point decrease in IQ scores [40]. Furthermore, growing 
evidence suggests a potential role for heavy metals in the development of neurodegenerative 
diseases like Parkinson's (PD) and Alzheimer's disease (AD) [27,30,37].  

1.2. Metal overload in the brain 

Building upon the discussion of metal toxicity mechanisms in the previous section, we will 
now explore the specific links between metal overload and various neurodegenerative diseases. 
This section will delve into how the different mechanisms outlined earlier contribute to the 
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pathogenesis and progression of diseases where excess free metals play a significant role. 
These diseases include Manganism, Wilson's disease, Friedreich ataxia (FA), and 
neurodegeneration with brain iron accumulation (NBIA). Additionally, we will discuss how 
excess metals could contribute to the progression of diseases where the underlying cause 
remains unclear, such as PD, AD, Huntington's disease (HD) and strokes. For each disease, we 
will discuss the origin of the disease, the role of metals in the disease, current available 
treatments, and exploratory treatments involving metal extraction by chelation therapy 

1.2.1. Neurological disorders directly related to metal dyshomeostasis in the brain 

1.2.1.1. Manganism 

Manganism is a neurological disorder first described by James Couper in Scottish industrial 
workers who were chronically exposed to manganese oxide dust [29,65]. It is characterized by 
elevated levels of manganese in specific brain structures, particularly the basal ganglia, 
including the caudate putamen, globus pallidus, substantia nigra, and subthalamic nuclei [65]. 
Neuroimaging, particularly MRI, is valuable for diagnosing and assessing tissue damage in 
Manganism. Due to its highly paramagnetic properties  and high magnetic susceptibility 
manganese deposits exhibit a characteristic MRI signature, displaying symmetrical 
hyperintensities primarily in the globus pallidus, periaqueductal gray matter, and cerebral 
peduncles. These abnormalities are less pronounced in the putamen and white matter when 
viewed on T1-weighted MRI images (Figure 3) [66,67]. While the neurological symptoms of 
manganism share some similarities with  PD, manganism typically presents with milder and 
less frequent resting tremors, which are often postural or action tremors.  It's important to note 
that there can be significant variability in PD symptoms among patients. [61,68,69]. 
Additionally, people with manganism may experience a tendency to fall backward, excessive 
drooling, and frequent dystonia which is often associated with damage to the globus pallidus 
[61,66,68]. The motor and behavioural effects of manganese toxicity are generally considered 
irreversible, and there is evidence that these effects can even progress after chronic exposure 
has ceased [69,70]. The primary route of manganese exposure leading to manganism is 
inhalation of manganese dust in industrial settings [65,66]. The body typically eliminates 
excess manganese through the gut and liver. However, inhaled manganese particles bypass 
these elimination pathways and can directly enter the brain through the olfactory epithelium. 
Since the brain has limited capacity to remove manganese, it accumulates over time, leading 
to neuronal damage [68]. Manganese-induced neurotoxicity is thought to involve the 
generation of ROS within mitochondria. Manganese can be oxidized from Mn(II) to Mn(III) 
within these organelles. Mn(III) is a potent pro-oxidant, disrupting mitochondrial function and 
increasing apoptosis [29,70,71]. As mentioned earlier, ROS production triggers an 
inflammatory response in the brain. Additionally, manganese exposure can activate glial cells 
to release neurotoxic factors, potentially contributing to the degeneration of dopamine-
producing neurons [29,70,71]. Chronic manganese overexposure can also lead to the 
progressive misfolding of a protein called α-synuclein within neurons. This misfolding further 
contributes to the inflammatory response and neurodegeneration [68]. Furthermore, manganese 
exposure can disrupt the brain homeostasis of other metals, such as iron [58,61,70]. This can 
further increase oxidative stress and contribute to neuronal damage [70]. 
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Figure 3.  Brain MRI of a patient with manganism. Hyperintensities are shown in globus 
pallidus in (a) axial and (b) coronal T1-weighted image (black arrows) taken from Dusek and 
Aaseth, 2016 [66]. 

The first line of therapy for manganese intoxication is to prevent further exposure by removing 
the patient from the source [70]. Treatment strategies then aim to lower the overall body burden 
of manganese in manganism patients. This involves increasing manganese excretion in the 
urine and decreasing manganese concentrations in the blood [70]. One potential treatment 
approach is chelation therapy. EDTA (CaNa2EDTA), an hydrophilic chelator administered 
intravenously, has been used for manganism [66,69,70,72]. However, it shows limited efficacy 
in treating both acute and chronic manganese poisoning [42-45]. Even though EDTA may 
increase urinary manganese excretion, it often fails to improve clinical symptoms 
[66,69,70,72]. This is likely because its structure makes it insufficiently lipophilic to cross the 
BBB [70]. Consequently, EDTA likely chelates manganese primarily in the extracellular fluid 
outside the brain, leaving the manganese accumulated within the brain untouched [70]. 
Research on alternative chelating molecules has yielded promising results. Para-aminosalicylic 
acid (PAS) is one such example [70,73]. A case study reported long-term recovery of normal 
handwriting, significant alleviation of symptoms, and a normal brain magnetic resonance 
imaging in a female patient with chronic manganese exposure who received PAS treatment 
[73]. In addition to its chelating properties, PAS possesses anti-inflammatory effects attributed 
to its salicylate moiety, potentially contributing to its therapeutic benefits [70]. However, PAS 
is associated with gastrointestinal side effects such as vomiting, nausea, and abdominal 
discomfort, limiting its tolerability [70]. Furthermore, high doses of PAS-Na (5000 μM) have 
demonstrated toxicity in primary basal ganglia neurons [70].  
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1.2.1.2. Wilson disease 

Wilson disease is an autosomal recessive genetic disorder characterized by a defect in copper 
metabolism with a prevalence of 1:30000 worldwide [47–51]. This defect arises from 
mutations in the ATP7B gene, which encodes a copper transporter essential for biliary copper 
excretion [28,74–76]. The disease leads to a progressive accumulation of copper, primarily in 
the liver, but also in the brain, cornea, kidneys, and joints [47–51]. The brain is particularly 
vulnerable to copper overload in Wilson disease. The main areas affected are the basal ganglia, 
cortex, and brainstem nuclei, all located within the grey matter [75]. Despite being 
paramagnetic like manganese(II) and iron(III)/(II), copper(II) is less effectively detected by 
MRI due to its lower magnetic susceptibility. This property results in a weaker MRI signal 
compared to manganese(II) or iron(III)/(II) [66,67]. Instead, MRI primarily identifies the 
indirect consequences of metal toxicity on brain tissue. In the case of copper overload, MRI 
typically reveals nonspecific findings such as hyperintensities in the basal ganglia and white 
matter on T2-weighted images. These abnormalities are often attributed to tissue oedema, 
demyelination, and cavitation, which are common features of encephalopathy [66] (Figure 4) 

 

Figure 4. Typical brain MRI findings in Wilson's disease (a) T2-weighted image 
demonstrating symmetric hyperintensities in the putamen (black arrows) and thalamus 
(arrowheads), indicative of demyelination, cavitation, and oedema. (b) T2-weighted image 
showing increased signal in the pontine white matter (black arrow), reflecting demyelination 
from Dusek and Aaseth, 2016 [66]. 

The excess copper is primarily "free copper," unbound to carrier proteins like ceruloplasmin 
[23]. This free copper readily generates ROS, leading to oxidative damage to brain cells. The 
oxidative nature of the damage supports the link between excess copper and neurodegeneration 
in Wilson disease [23,28,74]. Restoring copper homeostasis is the cornerstone of Wilson 
disease treatment. Due to the lifelong nature of the copper accumulation defect, lifelong 
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medical therapy is essential [23,74]. Ideally, treatment follows a two-phase approach: Initial, 
acute de-coppering therapy: This phase aims to rapidly reduce excess copper stores in the body 
[23,74,76]. Maintenance therapy: This long-term phase aims to prevent further copper 
accumulation and maintain normal copper levels [23,74,76]. 

Multiple chelating agents have been developed for copper removal in Wilson disease. These 
include D-penicillamine, trientine, and tetrathiomolybdate [23,28,56,74–76]. Chelating agents 
bind free copper found in blood and tissues to facilitate its excretion and provide a negative 
copper balance [23,28,56,74–76]. 

D-penicillamine (Table 1) is the most common chelating agent used for Wilson disease, acting 
as the first-line treatment [23,28,74]. It works by chelating copper and promoting its excretion 
in the urine. While effective in reducing copper overload, D-penicillamine can cause side 
effects, including neurological worsening, in a significant portion of patients [23,28,74,75]. 
This may be due to the rapid release of copper from the liver, leading to a temporary increase 
in blood free-copper levels and higher exposure to the brain [23,74].  

Trientine (Table 1), another chelator, also promotes urinary copper excretion but is less potent 
than D-penicillamine [23,28]. It serves as an alternative for patients who cannot tolerate D-
penicillamine or as second-line therapy [23,28,56,74]. Similar to D-penicillamine, trientine can 
cause neurological worsening in some patients, although the side effects tend to be milder 
[23,28,74]. 

Tetrathiomolybdate offers an alternative to traditional chelators [28]. It forms complexes with 
copper and protein [23,28]. When taken with food, it reduces copper absorption in the gut. 
Taken between meals, it binds to albumin and free copper for excretion in the bile. This process 
mobilizes copper from tissues into the bloodstream and increases its excretion [23]. Studies 
have shown improvement in tremors for patients using tetrathiomolybdate  [75]. 

Zinc salts are used as preventative therapy for neurological complications and as maintenance 
therapy after chelation therapy [23]. Zinc induces intestinal cells to produce metallothionein, a 
protein that binds dietary copper, preventing its absorption [23]. While slow-acting, zinc has 
minimal side effects [23]. 

Chelation therapy can significantly improve neurological abnormalities in Wilson disease, with 
positive outcomes like reduced dystonia after copper reduction [23,75]. These improvements 
can be sustained with long-term compliance to treatment [75]. However, limitations exist due 
to side effects associated with chelators [23,28,74,75]. Additionally, a partial response to 
chelation therapy in some patients suggests irreversible brain damage [74].  

1.2.1.3. Friedreich’s Ataxia (FA) 

FA is an inherited neurological disease characterized by degeneration of the spinocerebellar 
tracts and cardiomyopathy [27,28,77,78]. Inherited as an autosomal recessive disorder, FA is 
caused by trinucleotide repeat extension in a gene in chromosome 9 leading to frataxin 
deficiency, a small mitochondrial protein crucial for iron-sulfur cluster synthesis [76,77,79]. 
Consequently, labile iron accumulates, particularly within the cerebellum's dentate nuclei 
(Figure 5), promoting oxidative stress and neurodegeneration [27,77–80]. The colocalization 
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of copper, zinc, and iron in affected brain regions suggests potential combined metal toxicity 
[77]. However, the exact role of iron in FA remains complex, with its primary or secondary 
nature in mitochondrial accumulation still under investigation [27,77]. Current therapeutic 
strategies mainly focus on reducing pathological iron accumulation to prevent free radical 
damage and mitochondrial dysfunction [27,77]. 

 

Figure 5. R2* mapping of dentate nuclei in Friedreich's ataxia showing iron accumulation. 
R2* maps of the posterior fossa using a multi-gradient echo sequence done at 1.5T in three 
young Friedreich's ataxia patients and three age-matched controls. Dentate nuclei exhibit 
increased R2* values (brighter signal) in FA patients compared to controls, with smaller, 
irregularly shaped nuclei. The adjacent cerebellum demonstrates consistent R2* values around 
14 s⁻¹, indicating good regional magnetic field homogeneity. Taken from Boddaert et al., 2007 
[80] 

In order to protect the body from the oxidative stress seen in FA, the use of antioxidants has 
been explored as a potential therapy [78]. Idebenone, an antioxidant molecule, has been studied 
with mixed results [77,78]. At low dosage (5mg/kg/day), its therapeutic effect is debated. 
However, a dose-dependent improvement of the International Cooperative Ataxia Rating Scale 
(ICARS) was observed in the IONIA study [78]. Conversely, the MICONOS study did not 
show any neurological improvement measured by the ICARS. Despite the mixed results found 
for idebenone, it continues to be used as a treatment for FA due to its lack of adverse effects 
and accessibility [78]. Other antioxidants tested, like coenzyme Q10, A0001, and EPI-743, 



27 
 

present small neurological improvements in the Friedreich Ataxia Rating Scale (FARS), except 
for coenzyme Q10 where no neurological improvement was observed [78]. 

Regarding the chelation of excess iron, multiple clinical trials have been conducted using the 
chelator deferiprone (NCT00224640 and NCT00530127) [80,81]. Deferiprone an oral 
bidentate chelator with high affinity for iron (III) (Table 1) used in the treatment of iron 
overload [28,82]. Preclinical studies on the effectiveness of deferiprone have shown reduced 
ROS damage to mitochondrial proteins in cells [78]. The first study was conducted on nine 
adolescent patients treated with a low dosage of deferiprone (20-30 mg/kg/day) [80]. 
Deferiprone administration efficiently and progressively decreased iron accumulation in the 
dentate nuclei in 8 out of 9 young FA patients, as shown by IRM R2* analysis. Moreover, 
neurological function slightly improved according to the ICARS, with additional 
improvements observed in gait and balance, dexterity, and mobility [80]. The second study 
involved a larger population (72 individuals) and various dosages (20, 40, and 60 mg/kg/day) 
[81]. Similarly, to the first study, patients treated with low doses of deferiprone (20 mg/kg/day) 
showed an acceptable safety profile; however, no significant improvement was seen using the 
FARS. In contrast, higher doses (>40 mg/kg/day) resulted in decreased neurological function, 
as shown by the ICARS and FARS [78,81]. These results indicate that while iron chelators like 
deferiprone show potential as a treatment for FA, further investigation is necessary to 
determine the optimal dosage, which appears to be low to avoid worsening patient outcomes 
[78,80,81]. In conclusion, no study has successfully achieved its stated endpoint, and results 
remain inconclusive or conflicting [78]. 

1.2.1.4. Neurodegeneration with brain iron accumulation (NBIA) 

NBIA is a heterogeneous group of progressive neurodegenerative disorders characterized by 
extrapyramidal movements and the abnormal accumulation of iron in specific brain regions, 
primarily the basal ganglia [27,83,84]. The concept of NBIA was first proposed by Susan 
Hayflick in the mid-1990s [27]. Pathologically, NBIA syndromes are characterized by the 
degeneration of both neurons and astrocytes. Additionally, spheroid bodies, abnormal protein 
aggregates, are a common feature in many forms of NBIA [83]. 

Several genetic disorders fall under the NBIA umbrella, including: 

• Pantothenate Kinase-Associated Neurodegeneration (PKAN) 
• CoA Synthase-Associated Neurodegeneration (COASY) 
• PLA2G6-Associated Neurodegeneration (PLAN) 
• Mitochondrial Membrane-Associated Neurodegeneration (MPAN) 
• Fatty Acid 2-Hydroxylase (FAHN) 
• Beta-Propeller-Associated Neurodegeneration (BPAN) 
• Aceruloplasminemia 

PKAN is among the most common forms of NBIA [85]. Due to their prevalence and numerous 
clinical trials with chelators, this work will focus on this disorder. 

PKAN 
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PKAN is a rare, autosomal recessive genetic disorder caused by mutations in the PANK2 gene 
located in the chromosome 20. This gene is responsible for producing the enzyme pantothenate 
kinase-2, which is essential for the production of coenzyme A (CoA) [27,83,85–87]. PKAN is 
a major subtype of NBIA, accounting for approximately 40% of cases [85]. It has an estimated 
prevalence of 1-3 cases per million people [87].  

Furthermore, a key characteristic of PKAN is the accumulation of iron in the basal ganglia. 
This is visually represented on neuroimaging as the "eye of the tiger" sign, which consists of a 
central area of hyperintensity surrounded by a hypointense ring within the globus pallidus on 
coronal or axial T2-weighted images (Figure 6) [27,84,85,87]. In some cases, additional 
hypointensities may be observed in the SN, indicating iron deposition in this brain region as 
well [84,85,87]. It is noteworthy that the neuronal damage in PKAN is primarily confined to 
the globus pallidus and, occasionally, the SN [86]. The remaining regions of the brain typically 
appear normal on MRI, without evidence of atrophy, white matter lesions, or increased signal 
intensity outside of the basal ganglia [85,86]. 

There are two primary clinical phenotypes of PKAN: 

• Classic PKAN: This is the most common form representing 75% of PKAN cases, 
typically presenting in childhood, often before the age of six [87]. Symptoms include 
gait abnormalities, postural instability, dystonia, rigidity, and speech difficulties. 
Disease progression is generally rapid [87]. A significant proportion of patients develop 
pigmentary retinopathy, characterized by night blindness, progressive peripheral vision 
loss, and eventually potential blindness [85,87]. Additional ocular symptoms include 
abnormal eye movements, sectoral iris paralysis, and changes in the appearance of the 
retina [85,87]. The pigmentary retinopathy is believed to occur early in the disease 
course, and individuals with normal initial eye exams are less likely to develop it later 
[87]. 

• Atypical PKAN: Onset is later, typically in adolescence or early adulthood with a mean 
onset on age 14 [87]. Symptoms are often milder and may include speech difficulties, 
mild gait disturbance, subtle dystonia, or neuropsychiatric features[87]. Disease 
progression is slower compared to classic PKAN [85,87]. Similarly to classic PKAN 
patient develop motor features later in their disease course with dystonia being the most 
common [87]. 
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Figure 6. T2-weighted MRI scans comparing brain anatomy in a healthy individual (left), a 
patient with PKAN exhibiting the classic "eye-of-the-tiger" sign (centre, arrow), and a patient 
with a non-PKAN form of Neurodegeneration with NBIA displaying hypointensity in the 
globus pallidus, taken from Texel et al. 2012 [27]. 

PANK2 is one of four pantothenate kinase enzymes responsible for catalysing the conversion 
of dietary pantothenate to 4'-phosphopantothenate, a crucial intermediate in the biosynthesis of 
CoA. CoA is a cofactor involved in numerous metabolic pathways [84–87]. Although a 
decrease in CoA levels is generally associated with PANK2 deficiency, interestingly, normal 
total CoA levels have been reported in cells lacking functional PANK2. This suggests that other 
compensatory mechanisms may be involved or that the impact of PANK2 deficiency on CoA 
levels is more complex than initially thought [85]. PANK2 is primarily localized to the 
mitochondria and nucleus [85,87]. While the exact mechanisms underlying the pathogenesis 
of PKAN remain to be fully elucidated, mitochondrial dysfunction is believed to play a central 
role. One of the key functions of CoA within mitochondria is the activation of mitochondrial 
acyl carrier protein (mtACP) [84,86]. 

 CoA-derived 4'-phosphopantetheine is essential for the activation of mtACP, which is 
involved in fatty acid synthesis, iron-sulfur cluster biogenesis, and electron transport [84–86]. 
Notably, this is one of the few reactions where CoA is consumed rather than recycled [86]. It 
is hypothesized that PANK2 deficiency leads to a reduction in CoA availability, resulting in 
impaired activation of mtACP and subsequent disturbances in mitochondrial iron-sulfur cluster 
biogenesis. This disruption in iron metabolism may contribute to the accumulation of iron 
[84,85]. In vitro studies have demonstrated cytosolic iron accumulation in astrocytes and 
neurons, suggesting that excitotoxicity or ferroptosis may contribute to the neurodegeneration 
observed in PKAN [84]. Furthermore, PANK2 dysfunction can lead to the accumulation of its 
substrates, cysteine and pantetheine. Cysteine has iron-chelating properties, and elevated levels 
of intracellular cysteine may contribute to secondary iron accumulation [87]. 

As with other neurodegenerative diseases discussed previously, there is currently no disease-
modifying treatment available for PKAN. The primary medications prescribed for PKAN 
patients aim to manage the symptoms, particularly dystonia, which is often the most disabling 
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motor impairment. Trihexyphenidyl, clonazepam, and baclofen are commonly used for this 
purpose [85,87,88]. In recent years, there has been growing interest in novel therapeutic 
approaches for PKAN. DBS, a technique already used in PD, has shown promise in some cases. 
Additionally, supplementation with pantothenate has been explored, as anecdotal reports 
suggest potential benefits for motor function, speech, cognition, and overall well-being in 
patients with atypical PKAN[87]. 

Chelation therapy has emerged as a promising therapeutic approach for patients with PKAN. 
Initial case reports involving the metal chelator deferiprone, demonstrated promising results 
[89,90]. Both patients were treated with the same dose of 30 mg/kg/day. Both cases showed 
good tolerability to the treatment and a reduction in brain iron accumulation, as evidenced by 
MRI (Figure 7). Additionally, improvements in symptoms, such as gait and dyskinesia, were 
observed [89,90]. 
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Figure 7. T2-weighted FAST-SE MRI scans of NBIA patient A) Despite the presence of 
uncontrolled head movements, which can compromise image quality, the basal ganglia were 
observed to be bilaterally hypointense compared to other grey matter structures. A subtle 
hyperintense rim was also noted surrounding the basal ganglia. Both the hypointensities and 
the hyperintense rim are indicative of iron overload within these brain regions. B) Following 7 
months of iron chelation therapy, the MRI abnormalities observed in the basal ganglia were 
less prominent, suggesting a reduction in iron accumulation, from Forni et al. 2008 [89]. 

The promising findings from initial case reports have prompted the initiation of clinical trials 
to evaluate the safety and efficacy of deferiprone in the treatment of PKAN. A phase II pilot 
trial enrolled nine patients who received 25 mg/kg/day of deferiprone for six months. While 
the treatment was well-tolerated and led to a reduction in iron accumulation in the globus 
pallidus, as measured by MRI, no significant clinical benefits were observed [91]. A 
subsequent trial (NCT00907283) included six patients with NBIA, including five with PKAN, 
who were treated with 30 mg/kg/day of deferiprone for 48 months. Similar to the previous trial, 
the treatment was well-tolerated, and iron levels in the CNS were reduced. However, no clear 
clinical improvements were noted [92]. A third trial five PKAN patients treated with the same 
dosage demonstrated slight motor improvements at 12 months but no sustained benefits at 18 
months [93]. 

A placebo-controlled, double-blind trial (NCT01741532) was conducted to evaluate the 
efficacy of deferiprone in treating PKAN [94]. The study enrolled 86 gene-confirmed patients 
and involved an 18-month treatment phase followed by a single-arm open-label extension 
phase. Participants in the deferiprone group received a daily dose of 30 mg/kg for 18 months. 
MRI analysis revealed a significant reduction in iron concentration within the globus pallidus 
in patients treated with deferiprone. Clinically, during the double-blind phase, deferiprone was 
shown to significantly slow disease progression in patients with atypical PKAN compared to 
placebo. However, no significant benefit was observed in patients with classical PKAN. During 
the open-label extension phase, patients who had previously received deferiprone continued to 
show no change in the rate of disease progression. Interestingly, patients who were switched 
from placebo to deferiprone during this phase experienced a significant slowing of disease 
progression [94]. 

1.2.2. Neurological disorders potentially arising from disrupted metal homeostasis 

within the brain 

Recent studies have implicated metal dyshomeostasis in the pathogenesis of various 
neurodegenerative diseases. Elevated or reduced levels of certain metals have been observed 
in biological fluids and tissues of individuals affected by these disorders [24]. Establishing a 
causal link between metal accumulation and the initiation or augmentation of the 
neurodegenerative disorder is still controversial, increased metal levels may simple be caused 
by tissue loss [71]. In the following section, several neurodegenerative disorders involving 
metal dyshomeostasis will be discussed, with an emphasis on the specific role metals play in 
these conditions. Additionally, the potential use of chelation therapy as a treatment option will 
be explored. 
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1.2.2.1. Parkinson’s disease (PD) 
PD one of the most common neurodegenerative disease second only to Alzheimer disease (AD) 
with an estimated 6.1 million people being diagnosed in 2016 [27,95]. PD is a chronic, 
progressive neurodegenerative disorder primarily affecting the dopamine-producing neurons 
in the substantia nigra (SN) of the brain. Initially described by James Parkinson in 1817, PD is 
characterized by motor symptoms such as resting tremor, rigidity, bradykinesia, and postural 
instability [27,37]. The underlying pathological hallmark of PD is the accumulation and 
aggregation of α-synuclein protein within neurons, leading to progressive neurodegeneration 
[96]. This process ultimately results in dopamine depletion in the striatum, disrupting normal 
brain function [27,37,96]. In the early stages, neuronal loss is predominantly confined to the 
SN, but as the disease progresses, it becomes more widespread [96]. 

Dopaminergic neurons, despite constituting less than 1% of total brain neurons, play a critical 
role in motor behaviour, working memory, mood, addiction, and stress regulation [27]. Their 
degeneration in PD underlies the characteristic motor impairments [27]. These neurons are 
believed to be particularly vulnerable to oxidative stress due to their high metabolic rate, 
limited antioxidant defences, and elevated iron levels [27,96]. Post-mortem studies reveal 
increased oxidative stress in the substantia nigra pars compacta (SNpc), supporting the role of 
oxidative damage in nigral cell degeneration [37]. Additionally, the onset of PD is accompanied 
by the depletion of antioxidant defences, such as glutathione, in the SN, which increases the 
risk of oxidative damage [37].  

The SN exhibits one of the highest iron concentrations in the human body, comparable to that 
of the liver [27]. Post-mortem studies using iron-sensitive high-field MRI with quantitative 
T2* mapping have consistently demonstrated increased iron deposition in the SN of PD 
patients compared to controls (Figure 8) [28,97]. These findings have also been replicated in 
animal models of PD [97]. Thomas et al. 2020 utilized Quantitative Susceptibility Mapping 
(QSM), an emerging MRI technique that detects local variations in iron content, to study 100 
PD patients [98]. They found an excess of iron in brain tissue compared to controls along the 
cortical ribbon in the prefrontal cortex, the right rostral putamen, the right temporal cortex, and 
the SN, but no significant increase at the whole-brain level [98]. Using QSM, they also 
identified a correlation between increased iron in the putamen and poorer motor function. PD 
is characterized by the loss of dopaminergic projections from the SN to the putamen, and the 
putamen has a strong relationship with motor function in PD, as observed in post-mortem 
studies [98]. 

Moreover, since iron overload is thought to occur early in neurodegeneration, differences in 
motor ability may be better explained by QSM variations in regions like the putamen rather 
than the SN, where iron excess is present before a decrease in motor function is observed [98]. 
This is particularly relevant since SN degeneration starts before the onset of motor symptoms 
[96]. 



33 
 

 

Figure 8. A: Post-mortem analysis of the mesencephalon in PD reveals significant 
neuropathological changes. Dopaminergic neurons, which are naturally stained black due to 
dopamine auto-oxidation, are markedly depleted in PD.  B: iron accumulation within the SN 
is evident upon Perls staining. C: QSM allows for the visualization of iron deposits, revealing 
a hyperintense SN in PD compared to controls. D: MRI quantitative T2-weighted imaging 
demonstrates increased signal intensity in the SN of PD patients, indicative of iron overload. 
Images taken from Moreau et al., 2018 [97]. 

Iron is thought to contribute to dopaminergic cell death by catalysing the production of ROS 
from hydrogen peroxide, a by-product of dopamine catabolism [99]. Despite the low 
concentration of iron in the SNpc (25% less iron than adjacent SNpc tissue), iron is still 
considered a factor of oxidative stress due to the colocalization of iron and dopamine. 
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Additional factors, such as the presence of neuromelanin a pigment that can bind and store iron 
may exacerbate iron-mediated oxidative damage [25,27,100]. 

In addition to the increase in iron, certain brain areas of PD patients show alterations in multiple 
key iron homeostasis proteins, including ferritin, transferrin, iron regulatory protein 2, and 
divalent metal transporter 1, providing sufficient evidence of dysregulated iron homeostasis 
[25,100]. This alteration in iron-regulating proteins could explain the accumulation of iron. In 
PD patients, ferritin in the SN shows a decrease in L-ferritin subunits, which may lead to an 
increased efflux of iron [25,27]. Another possible source of excess metal could be the release 
of iron bound to neuromelanin and ferritin by dying neurons [27,76]. Elevated levels of other 
metal ions, such as manganese, zinc, and aluminium, have also been measured in the SN of PD 
patients [28,29,48]. Indeed, manganese levels in blood and CSF suggest manganese is a risk 
factor for the development of PD [29]. Moreover the similarities between manganism and PD 
further support the neurodegenerative role of metals in PD [61,68,69]. Zinc metabolism also 
plays a role in the neurodegenerative cascade of PD [48]. 

Synucleins are a family of redox-active copper-binding proteins. α-Synuclein, in particular, has 
two copper-binding sites, and the increased formation of α-synuclein aggregates is a direct 
consequence of the formation of an α-synuclein-copper complex. However, copper levels are 
decreased in both the serum and SN of PD patients, making the direct implication of copper in 
the pathogenesis of PD unlikely [24,48,74]. On the other hand, iron (II) and iron (III) can also 
bind to α-synuclein, but iron (III) in particular can cause α-synuclein aggregation in the form 
of short, thick fibrils, which differ from the type of fibrils induced by Cu(II) [24,25,27,97,100]. 
In vitro experiments have shown that iron-induced fibrillation changes the protein structure 
from an alpha-helical to a beta-sheet conformation, the same structure observed in Lewy bodies 
[100]. This is not definitive proof, but it supports the hypothesis that increased levels of iron 
are responsible for the aggregation of α-synuclein present in Lewy bodies in PD patients [27]. 
Some of the toxic effects of α-synuclein include impaired endoplasmic reticulum to Golgi 
vesicular trafficking, endoplasmic reticulum stress, sequestration of anti-apoptotic proteins into 
aggregates, and the formation of pores on cellular membranes [37]. Despite the evidence of 
excess metals, particularly iron, in the affected areas of PD patients' brains and the proposed 
mechanisms of these metals in neurodegeneration, whether the increased levels are the cause 
or a consequence of PD progression is still debated [25,71]. 

Currently, there is no drug or treatment capable of curing PD [27,28]. Available treatments 
focus on alleviating the symptoms (both motor and non-motor), but they cannot mitigate the 
progression of the pathological events underlying PD [28,95]. Treatments for motor symptoms 
are primarily dopamine-based, either by enhancing dopamine transmission (levodopa) or 
mimicking the agonist effects of dopamine (dopamine agonists) [27,95]. Initial therapy 
typically includes levodopa, dopamine agonists, and monoamine oxidase-B inhibitors [28,95]. 
Levodopa provides better relief for motor symptoms compared to other treatments and 
generally does not cause serious adverse effects apart from nausea. However, it increases the 
risk of dyskinesia [95]. Dopamine agonists present more adverse effects; more than 40% of 
patients using dopamine agonists experience impulse control disorders, and discontinuation of 
the medication leads to withdrawal symptoms in around 20% of cases [95]. The use of multiple 
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medications is sometimes necessary to achieve complementary benefits and avoid high dosages 
of a single medication. For example, monoamine oxidase-B inhibitors block enzymes that 
degrade dopamine, thereby prolonging the benefits of levodopa [95].  

Most medications used to treat non-motor symptoms in PD target  neurotransmitters other than 
dopamine, and the treatments are often the same as those used for non-PD patients with similar 
symptoms [95]. For dementia, the use of rivastigmine is recommended [95]. Medications used 
for motor symptoms can also have beneficial effects on non-motor symptoms such as 
depression and psychosis. If these symptoms persist, more specific medications are often used 
[95]. A common issue with these drugs is the loss of therapeutic effect after prolonged 
treatment. This is often due to disease progression rather than medication tolerance or reduced 
efficacy. Therefore, there is a need for new treatments, particularly those that can limit disease 
progression rather than just address symptoms [27,95]. 

There are surgical approaches for treating PD symptoms, primarily used when classical 
medications lose effectiveness or the patient experiences dyskinesia [95]. Deep brain 
stimulation (DBS) is a surgical procedure where electrodes are inserted into specific brain 
regions, such as the subthalamic nucleus, thalamus, and globus pallidus interna in the case of 
PD [95,101]. This technology is also used to treat other neurological and psychiatric disorders 
[101]. Despite its effectiveness in reducing motor symptoms, DBS may worsen non-motor 
symptoms and increase the risk of falls [102]. Additionally, it is not suitable for all PD patients. 
Ideal candidates include those experiencing severe motor fluctuations or medically 
unresponsive tremor, without significant cognitive or psychiatric complications [101,102]. 

Given the possible involvement of metals, particularly iron, in the neurodegeneration seen in 
PD, and the potential of chelators to decrease metal-induced oxidative stress and α-synuclein 
aggregation chelation therapy appears to be a promising treatment for PD [28,103]. One of the 
chelators considered for PD treatment is deferiprone due to its high affinity for ferric iron, 
ability to scavenge mitochondrial iron, and capacity to cross the BBB [97,104]. Its potential as 
a PD therapy is supported by promising results in multiple clinical trials for the treatment of 
Friedreich's ataxia [78,80,81].  

Encouraged by preclinical findings, a double-blind, placebo-controlled trial was initiated to 
evaluate the efficacy of deferiprone in early-stage PD (NCT00943748). Patients were 
randomized to receive deferiprone (30 mg/kg/day) for 12 months or placebo for 6 months and 
deferiprone for the other 6 months, followed by a randomized 6-month drug cessation period 
for all participants. All patients received optimized dopaminergic therapy (levodopa or 
dopamine agonists) throughout the study [104]. MRI imaging demonstrated a reduction in iron 
deposition within the SN following several months of daily chelation treatment, without 
affecting iron levels in unaffected brain regions or causing systemic iron imbalances [104]. 
Importantly, iron levels rebounded upon treatment cessation, emphasizing the ongoing need 
for chelation therapy to maintain its beneficial effects. [104]. Motor function, assessed by the 
Unified Parkinson's Disease Rating Scale (UPDRS), demonstrated improvement following six 
months of treatment, which persisted at the 18-month mark. However, this improvement 
gradually diminished over time compared to the initial response. Importantly, patients 
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continuously treated with DFP maintained significantly better motor function than those who 
discontinued treatment [104]. 

A separate randomized, double-blind, placebo-controlled trial investigated the effects of 
deferiprone (30 or 20 mg/kg/day) in early-stage PD patients over a short (6 months) period 
(NCT01539837) [105]. All participants received standard dopaminergic therapy. Similar to the 
previous study, deferiprone did not adversely affect cognitive function or overall quality of life. 
Deferiprone treatment (20 or 30 mg/kg/day) effectively reduced iron accumulation in the 
dentate and caudate nuclei of Parkinson's disease patients as demonstrated by increased T2* 
MRI values and no generalised removal of brain iron nor redistribution was evidenced. In 
contrast to the previous study, iron reduction in the SN was observed in only three patients 
[105]. This difference might be attributed to the stronger binding of iron to neuromelanin 
compared to ferritin within the SN, rendering it less susceptible to chelation [105]. 
Consequently, a longer treatment duration, similar to the initial trial, may be required to achieve 
significant iron removal from this brain region. Unlike the previous study, this trial did not 
demonstrate significant motor improvement in the deferiprone group compared to placebo 
assed by the UPDRS. While a trend towards better motor function was observed in patients 
receiving the 30 mg/kg/day dose compared to the placebo and 20 mg/kg/day groups, this 
difference did not reach statistical significance. This is likely related to the higher number of 
patients using a higher dose of deferiprone (30 mg/kg/day) in the first study as well as the 
difference in the initial UPDRS score and the recruitment difference of patients [105]. 

While the initial findings are promising, a definitive link between iron chelation and clinical 
benefit in PD has yet to be established. To address this, another trial following the first 
presented was initiated focusing on newly diagnosed PD patients without prior exposure to 
dopaminergic medications (NCT02655315) [106]. Patients received the same dose of total 
deferiprone as in the previous trial (30 mg/kg/day). While both treatment groups experienced 
a decline in motor function as assessed by the UPDRS after 36 weeks, the deterioration was 
more pronounced in the deferiprone group [106]. Contrary to expectations, deferiprone 
treatment did not halt disease progression but instead correlated with worsening motor and 
non-motor symptoms. Paradoxically, MRI evaluations revealed a reduction in iron 
accumulation within the SN despite the clinical decline and no evidence of systemic iron 
imbalance was observed during treatment [106]. One possible explanation proposed by the 
authors for the worsening of motor and non-motor symptoms during deferiprone treatment is 
a direct adverse effect of the drug itself rather than an acceleration of disease progression [106]. 
This hypothesis suggests that iron chelation reduces tyrosine hydroxylase activity, a key 
enzyme in dopamine synthesis. Consequently, as dopamine typically inhibits prolactin release, 
decreased dopamine production leads to increased prolactin levels which is consistent with the 
evolution of prolactin plasma levels on patients treated with deferiprone [106].  

Deferoxamine (DFO), an FDA-approved chelator with a high affinity for ferric iron (Table 1), 
is the most widely used iron chelator in haematology over the past 30 years [6,56,107,108]. 
DFO is a potential therapeutic agent for Parkinson's disease (PD) due to its established use in 
treating iron overload disorders [107,108]. Its mechanism of action involves binding ferric iron 
and completely occupying its coordination sphere, rendering it metabolically inactive 



37 
 

[107,109]. Additionally, by being an electron donor DFO exhibits antioxidant properties by 
scavenging free radicals such as hydroxyl radicals and superoxide anions [110]. DFO has 
demonstrated neuroprotective effects in mice models. When administered 
intracerebroventricularly, DFO protects against dopamine neuron loss induced by 6-OHDA 
and prevents neurotoxicity caused by iron and MPTP [28,99]. However, its poor blood-brain 
barrier penetration [28], low oral bioavailability [28], and rapid degradation (short half-life in 
plasma, 5–10 min [56]), coupled with significant cerebral and ocular side effects [108], limit 
its clinical utility. 

Chelators like VK28 and M30 are also considered potential therapeutic agents for Parkinson's 
disease due to their potent iron(III) chelating abilities, comparable to deferoxamine. These 
compounds have shown promising neuroprotective effects in preliminary studies, along with 
selective brain distribution [28]. 

1.2.2.2. Alzheimer’s disease (AD) 
AD is recognized by the WorldHealth Organization as a global public health priority [111]. It 
has emerged as the leading neurodegenerative disease worldwide, accounting for 
approximately 75% of dementia cases. Currently, it is estimated that over 44 million people 
worldwide are affected by dementia [100,111]. It is primarily a condition of later life, roughly 
doubling in prevalence every 5 years after age 65 [111].  It is a progressive neurodegenerative 
disorder characterized by the gradual deterioration of memory, thinking, and behaviour 
[27,111,112]. While most cases of AD occur sporadically, a small percentage (<0.5%) is 
inherited as a familial form (FAD) due to mutations in the amyloid precursor protein (APP), 
presenilin 1, or presenilin 2 genes. Onset of symptoms in FAD typically occurs earlier, often 
between the ages of 30 and 50 [113]. Unlike FAD, the more common late-onset AD is attributed 
to a complex interplay of genetic and environmental factors. Genetic predisposition accounts 
for approximately 70% of AD risk [114].  

Histopathologically, AD is characterized by the presence of senile plaques, composed of 
extracellular amyloid-beta (Aβ) protein aggregates (Figure 9), and neurofibrillary tangles 
(NFTs) formed by hyperphosphorylated tau protein, a highly soluble microtubule-associated 
protein in normal conditions [37,99,111,112]. The accumulation of Aβ and tau protein 
aggregates ultimately leads to widespread neurodegeneration, characterized by synaptic loss, 
neuronal death, subsequent brain atrophy and the development of dementia [27,111]. 
Additional pathological hallmarks contributing to AD progression include altered metal 
homeostasis, inflammation, oxidative stress, impaired autophagy and lysosomal function, 
mitochondrial dysfunction, and glial cell dysfunction [100]. While AD is often considered a 
primary pathology, it frequently co-occurs with other age-related brain changes. The complex 
interplay between these pathological processes remains uncertain [111]. 
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Figure 9. Florbetapir amyloid PET scans comparing a healthy control (left) and an Alzheimer's 
disease patient (right). Warmer colours represent higher amyloid accumulation, taken form 
Lane et al. 2018 [111]. 

Amyloid plaques are extracellular deposits primarily composed of aggregated of misfolded Aβ 
peptides with 40 or 42 amino acids (Aβ40 and Aβ42 respectively), which are derived from the 
cleavage of the a transmembrane protein APP by secretase enzymes [27,111,115]. While Aβ40 
is more abundant, Aβ42's higher propensity for fibrillization and hydrophobicity make it the 
predominant component of plaques [27,111,115]. Aβ aggregation is a dynamic process 
involving the rapid formation of higher-order oligomers from smaller assemblies. While Aβ 
plaque formation is a hallmark of AD, accumulating evidence suggests that soluble Aβ 
oligomers have a higher toxicity [28,111]. It has been suggested that the plaques act as 
“reservoir” from which amyloid oligomers diffuse [111]. In addition, the accumulation of 
amyloid plaques is believed to activate microglia, triggering an inflammatory response [115]. 
Aβ-induced neuronal damage and dysfunction in AD may be attributed to direct Aβ toxicity 
and disruption of axonal transport  [115]. 

Tau, a microtubule-associated protein primarily located in the axons of healthy neurons, plays 
a critical role in neuronal health by regulating microtubule assembly and stability [115]. In AD 
tau undergoes abnormal post-translational modifications, leading to hyperphosphorylation and 
detachment from microtubules. This results in the formation of NFTs, causing the loss of 
microtubule stabilization, blockage of axonal transport, and even axonal disintegration, 
ultimately resulting in neuronal death [27,37,111,115]. NFTs initially accumulate in the medial 
temporal lobe and gradually spread to other brain regions as the disease progresses [111]. While 
NFTs are closely linked to neuronal loss and clinical symptoms, tau pathology is not exclusive 
to AD [27,111]. The amyloid cascade hypothesis, which suggest that Aβ plaques initiate a 
cascade of events (NFT formation, oxidative stress, inflammation, vascular dysfunction, and 
ultimately, neurodegeneration) leading to AD, has been challenged due to the presence of Aβ 
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plaques in cognitively normal individuals and the failure of anti-amyloid therapies in clinical 
trials [37,111,116]. This has led to the exploration of alternative hypotheses, suggesting that 
Aβ may be a by-product rather than the primary driver of AD pathology [27,37].  

One of the alternative hypotheses that will be discussed in this work is that metals play a 
significant role in disease progression. Previous studies have reported altered brain metal 
homeostasis, involving both essential elements and elevated heavy metal concentrations, in AD 
brains. For instance, higher levels of copper (400 µM) and zinc (1 mM) have been found in 
amyloid plaques and AD neuropil regions compared to healthy brains (70 µM copper and 350 
µM zinc), suggesting a potential link between metal dysregulation and disease pathogenesis 
[27,35,115–117]. Furthermore, there is a progressive accumulation of metals in the brain as 
AD progresses from moderate to severe. Notably, this metal accumulation varies at different 
stages of the disease, primarily in the frontal cortex and hippocampus. Divalent cation 
accumulation tends to increase in the early stages, while trivalent metal ions accumulate during 
later stages of AD [35]. Additionally, recent evidences shows a lack of toxicity from Aβ in the 
absence of metals, implying that the oxidative damage caused by Aβ is related to the presence 
of redox-active metals [37].  

Elevated iron levels have been observed in AD-vulnerable brain regions, such as the 
hippocampus and cerebral cortex, with iron co-localization with Aβ plaques and NFTs [27]. 
Aβ has specific histidine and tyrosine residues capable of binding iron, and iron bound to Aβ 
has been shown to promote Aβ aggregation as well as the production of ROS, most likely by 
reducing  iron (III) [27,37,100,116,117]. While also influencing amyloid precursor protein 
processing, iron stimulates β-secretase, promoting the amyloidogenic cleavage of APP 
[100,116]. Furthermore, iron can also bind to tau, promoting its aggregation in iron-rich 
environments (Figure 10) [100,116,117]. Parallelly, iron has been proven to cause tau 
phosphorylation, which may be attributed to the activation of cyclin-dependent kinase 5 and 
glycogen synthase kinase 3β [116,117]. Tau protein accumulation within NFTs induces haem 
oxygenase-1 expression, potentially exacerbating oxidative stress through iron release from 
haem catabolism [100]. Elevated ferritin levels in CSF correlate with cognitive decline further 
supporting the involvement of iron dysregulation in AD [100]. However, AD patients with high 
pathology but no clinical signs of AD did not show iron accumulation, implying that iron 
dysregulation occurs concurrently with cognitive impairment. This suggests that iron 
dysregulation is a concurrent pathological feature rather than the sole driver of AD [116]. 

Copper, similar to iron, interacts with tau, Aβ and APP through histidine and tyrosine residues, 
promoting Aβ oligomerization and plaque formation [24,37,115–117]. This notion is supported 
by the ability of copper chelators, such as trientine and D-penicillamine, to redissolve Aβ from 
post-mortem AD brain tissue [118].  The complex copper- Aβ42 interacts with cell membranes 
increasing its permeability [116]. Furthermore, Cu(II) increases the neurotoxicity of Aβ by 
generating hydroxyl radicals through Fenton’s reaction (eq 7) [30,37]. Additionally, the 
reduction of Aβ-Cu(II) is believed to be mediated by electrons originating from the C-terminal 
methionine. While this reaction may initially appear thermodynamically unfavourable, electron 
transfer between MetS and Aβ-Cu(II) can be facilitated by the subsequent exergonic 
deprotonation of MetS•+, resulting in the formation of the 4-methylbenzyl radical. This makes 
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the reaction viable in vivo [30,37]. MetS•+ may also undergo rapid reactions with superoxide 
radicals, yielding methionine sulfoxide, which has been found in AD senile plaques (eq 8) 
[30,37]. 

Aβ-Cu(I)+ H2O2→ Aβ-Cu(II) + HO●+ HO- (Fenton reaction) (7) 

 

MetS•+ + 2O2
●+ Met →2MetSO (8) 

Reduction of Aβ-Cu(II)  mediated by external sources of biological reductants like cholesterol, 
ascorbate, dopamine and fatty acids are also proposed mechanisms [30,37]. High copper 
concentrations are also linked to tau hyperphosphorylation [116]. While elevated serum copper 
levels have been observed in AD patients, brain copper levels exhibit a more complex pattern, 
with both increased and decreased concentrations reported in different brain regions [115–117]. 
Notably, copper deficiency can lead to Cu(II) accumulation in lipid rafts specially in the 
binding domain of cell membranes, Aβ accumulation in these zones create ion channels 
disrupting calcium homeostasis [116]. 

Zinc has been a metal of interest in AD due to its highest concentration in the brain compared 
to other organs and its fundamental role in neurotransmission as an antagonist of glutamate 
NMDA receptors [115,117]. Like copper and iron, zinc has been colocalized with NFTs and 
Aβ aggregates. It has been shown that zinc binds to Aβ, changing its conformation, promoting 
its aggregation, and reducing its solubility [24,37,115–117]. However, zinc-induced Aβ 
aggregation might be a protective mechanism since zinc is not a redox-active metal; by binding 
to Aβ, zinc can compete with harmful redox-active metals, preventing the formation of toxic 
metal-Aβ complexes [30,37,116]. Nonetheless, by binding to Aβ, zinc becomes bio-
unavailable, thus contributing to changes in synaptic plasticity and cognitive decline in AD 
[117]. Zinc also protects against oxidative stress by preventing the oxidation of sulfhydryl 
groups [116]. Despite zinc's seemingly protective role, excessive zinc release induced by 
oxidative stress could have deleterious effects, as shown by the flooding of the vesicular pool, 
causing neuronal network dysfunction due to undue interactions with glutamate and GABA 
receptors [37,116]. Moreover, zinc also binds to tau, promoting phosphorylation of tau proteins 
and NFT formation [115,116]. In in vitro experiments, zinc has demonstrated a toxic ability to 
trigger tubulin aggregation, causing neurodegenerative morphological changes; however, this 
occurs at zinc concentrations much higher than those found under physiological conditions 
[116]. 
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Figure 10. Perls’ stain reveals intense iron deposition within cells and processes associated 
with senile plaques (left panel). Additionally, diffuse iron staining surrounding the plaques is 
evident (right panel) taken from Texel et al., 2012 [27]. 

Non-essential metals, particularly aluminium, have also been linked to AD due to their 
accumulation in the brain (Figure 11) [48,115]. This prolonged retention could potentially lead 
to toxic NFTs deposits over time [116]. Aluminium exacerbates AD pathology by intensifying 
amyloid plaque and NFT formation, as aluminium(III) binds strongly to phosphorylated 
proteins. This is especially true in FAD, where patients exhibit abnormally high extracellular 
aluminium deposition [115,116]. The implication of aluminium in AD is further supported by 
studies showing localized neurodegenerative effects that mimic AD in rabbit, rat, cat, dog, and 
monkey models following the injection of aluminium salts [116]. Despite evidence linking 
aluminium to increased AD risk, a definitive causal relationship has yet to be established 
[115,116]. Heavy metals, including lead and cadmium, have been implicated in pathogenesis 
due to their potential interactions with Aβ and NFTs, which may influence their production and 
aggregation [24,48,115,117]. While research suggests a link between heavy metal 
accumulation and AD risk, the exact role of these metals in disease initiation and progression 
remains unclear due to conflicting data on their distribution within the brain [24,115,117]. 

 

Figure 11. Modified Shaw's staining of sporadic AD brain tissue revealed prominent 
intracellular aluminium accumulation within cortical neurons, indicated by arrows taken from 
Das et al., 2021 [116]. 
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Currently, there is no curative treatment for AD, and therapeutic strategies primarily focus on 
symptom management without altering disease progression [28,111,112,119–121]. 
Pharmacological treatments for AD could be resumed in two categories cholinesterase 
inhibitors and N-methyl-D-aspartate (NMDA) receptor antagonist [112,119,120]. 
Cholinesterase inhibitors constitute the first-line treatment for mild to moderate AD. These 
drugs elevate acetylcholine levels, a neurotransmitter depleted in AD, by inhibiting its 
breakdown enzyme, cholinesterase [112,119,120]. While multiple cholinesterase inhibitors 
exist (donepezil, galantamine, rivastigmine), their efficacy is comparable [112,119,120]. They 
all present slightly reduced short-term cognitive decline [112,119,120]. Although these drugs 
provide modest short-term cognitive benefits, they often cause adverse effects such as anorexia, 
nausea, vomiting, diarrhea, abdominal discomfort, dizziness, fatigue, and muscle cramps, these 
side effects are mostly dose dependants [112,119,120]. Treatment switching is possible and 
advisable in cases of intolerance or lack of clinical response [120]. Non-adherence to 
cholinesterase inhibitor therapy is common in AD patients, influenced by factors such as 
polypharmacy and medication side effects [119]. Memantine, a non-competitive NMDA 
glutamate receptor antagonist, reduces excessive glutamatergic activity [112,120]. While 
beneficial effects on cognition have been observed in moderate to severe AD, memantine has 
shown limited efficacy in mild AD [112,119,120]. Generally well-tolerated, with infrequent 
side effects such as dizziness, headache, somnolence, and confusion, memantine is often used 
in combination with cholinesterase inhibitors [112,112,120]. 

Given the limited efficacy of current treatments and the absence of disease-modifying 
therapies, there is a pressing need for novel approaches to AD. Many emerging treatment 
strategies focus on addressing Aβ deposition and accumulation [112,119,120]. One strategy is 
enhancing clearance of Aβ by active and passive immunization. Passive immunization therapy 
includes monoclonal humanized antibodies like aducanumab, BAN2401, gantenerumab,  with 
all showing some level of effectiveness reducing the burden of Aβ plaque in patients with AD 
[119,120]. Active immunization includes vaccines like AN172 but a phase I clinical trial was 
prematurely halted due to serious adverse events, including aseptic meningitis, affecting 6% of 
participants. This adverse immune response was linked to the activation of cytotoxic T cells 
[120]. Additional therapeutic targets for AD include inflammation, oxidative stress, and 
mitochondrial dysfunction, although clinical benefits remain elusive. While mitochondrial 
stabilization was initially promising with latrepirdine (dimebon), phase III trials failed to 
replicate the positive results from earlier studies [120] 

Given the potential involvement of metals in AD pathogenesis through interactions with Aβ 
and tau proteins, chelation therapy has emerged as a therapeutic strategy [26,28]. DFO, known 
for its iron (III) and aluminium (III) chelating properties, was the first chelator tested in an AD 
clinical trial [122]. This study involved 48 patients with probable AD receiving 250 mg of DFO 
intramuscularly daily for two years, resulting in a 50% reduction in cognitive decline rate 
compared to the control group. Despite this positive outcome, the treatment was associated 
with side effects such as weight loss, loss of appetite, and increased monoamine oxidase 
metabolite levels [122]. The study's limitations include potential participant selection bias and 
the possibility that DFO's antioxidant properties, rather than solely its chelation ability, 
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contributed to the observed benefits [110,122]. No other clinical studies investigating DFO 
administration has been conducted to date [26,99]. 

Like for PD, deferiprone has also gain interest in the AD treatment. A phase II clinical trial in 
prodromal and mild AD patient was conducted (NCT03234686) but no results have been 
published to date [123]. 

Copper and zinc chelators, such as clioquinol, have also been investigated for AD treatment 
due to their ability to bind to these metals and to cross the BBB. Clioquinol, a small lipophilic 
molecule, forms stable complexes with copper(II) (Table 1) [26]. Promising preclinical results 
demonstrating reduced Aβ deposition in animal models led to a phase II clinical trial involving 
18 patients with moderately severe AD [26,115,124]. Patients received increasing doses of 
clioquinol (250-750 mg) for 36 weeks. While clioquinol treatment increased plasma zinc 
levels, copper levels remained unchanged. Notably, Aβ42 levels decreased in the clioquinol 
group compared to placebo after week 20, accompanied by reduced cognitive decline, 
especially in more severely affected patients [124]. The mechanism of action of clioquinol is 
thought to involve the chelation of copper and zinc in Aβ, facilitating Aβ disaggregation and 
clearance from the brain. Unlike other chelators, clioquinol's modest affinity for copper(II) and 
zinc(II) prevents the depletion of these essential elements in other tissues [124]. Prana 
Biotechnology, the developer of clioquinol, discontinued its development after identifying 
unacceptable levels of mutagenic "di-iodo" clioquinol impurities within the manufacturing 
process [26]. 

PBT2, a derivative of clioquinol, was evaluated in a phase IIa clinical trial involving 78 AD 
patients (NCT00471211) [125]. Participants were randomized to placebo, PBT2 50 mg, or 
PBT2 250 mg daily for 12 weeks. Both PBT2 doses were well-tolerated, with common side 
effects including headache, dizziness, nasopharyngitis, and fatigue. The higher PBT2 dose 
significantly reduced CSF Aβ42 levels in a dose-dependent manner compared to placebo, 
suggesting a potential effect on central Aβ clearance. While executive function improved in 
the higher-dose group, overall cognitive outcomes were inconsistent. Importantly, PBT2 did 
not impact serum copper or zinc concentrations, the results concerning copper and zinc levels 
in CSF were inconclusive [125].  

Despite numerous clinical trials and the use of various chelators, no significant therapeutic 
effect has been observed in AD. While chelation therapy remains a potential therapeutic option, 
further research is needed to elucidate the roles of different metals in AD pathogenesis and 
progression to select the most appropriate chelators. For example, divalent chelators like 
clioquinol or PBT2 might be more suitable for early-stage AD patients, as their use in severe 
AD cases could potentially deplete essential divalent metal cations. Conversely, trivalent 
chelators like deferoxamine or deferiprone may be more relevant options for treating severe 
AD where increasing concentrations of trivalent cations are found [35]. 

1.2.2.3. Huntington disease (HD) 

HD is an autosomal dominant neurodegenerative disorder characterized by a triad of motor, 
cognitive, and psychiatric symptoms [126]. Chorea, involuntary jerky movements, is a 
hallmark feature that typically begins with subtle movements and gradually increases in 
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frequency and amplitude as the disease progresses [126]. The underlying pathology involves 
the formation of intracellular protein aggregates (inclusion bodies) and neuronal loss primarily 
within the striatum and cerebral cortex [126,127]. HD has a prevalence of approximately 12.3 
per 100,000 individuals [126]. Onset typically occurs in adulthood, around the age of 40, and 
the disease progresses irreversibly over 15-20 years, with pneumonia being a common cause 
of death [126,127]. HD is caused by an abnormal expansion of the CAG trinucleotide repeat 
within exon 1 of the huntingtin (Htt) gene, located on the short arm of chromosome 4. This 
expansion results in an elongated polyglutamine (polyQ) tract at the N-terminus of the mutant 
Htt protein [126,127]. In the human population, the number of CAG repeats typically ranges 
from 7 to 26, with an average of 18 [126]. Individuals with 40 or more CAG repeats in the 
huntingtin gene are almost certain to develop HD However, those with 36-39 repeats may 
experience a delayed onset or may never develop symptoms [126,127]. Interestingly there have 
been shown a correlation between the CAG repeat length and the disease progression after 
motor onset [126].   

Htt protein is a large protein with an estimated molecular weight of 350 kDa that is mainly 
expressed in the CNS [126,127]. it has many interaction sites that help it to coordinate to other 
proteins and cellular functions suggesting it is a scaffolding protein [126]. The N-terminal 
region is the most active region of the protein and following this domain is where the expansion 
occurs in HD [127]. The expansion of Htt results in a dysfunctional conformational flexibility 
of the N-terminal region thus disrupting protein-protein interactions [126,127]. Mutant Htt 
acquires toxic properties that disrupt cellular processes. These toxic functions include 
transcriptional dysregulation, impaired calcium homeostasis and metabolism, activation of 
proteolytic enzymes, and stimulation of microglial and immune responses [126,127]. Mutant 
Htt increases the sensitivity of neurons to NMDA receptor activation, leading to a surge in 
intracellular calcium levels [127]. Extra-synaptic NMDA receptor activation triggers 
neurotoxic pathways, that can sumoylate mutant Htt, potentially reducing its aggregation 
propensity and increasing the levels of toxic soluble mutant Htt. Mutant Htt is known to 
associate with mitochondria [127]. This association releases intracellular calcium activating 
neuronal nitric oxide synthase (nNOS), which binds to NMDA receptors, leading to the 
production of nitric oxide (NO). NO can directly modify receptor subunits, altering their 
signalling [127]. Excessive NO can react with superoxides to form peroxynitrite radicals, 
contributing to oxidative stress. Calcium-activated nNOS binds to the divalent metal 
transporter 1, facilitating the influx of iron at the plasma membrane and endosomal level. This 
excessive free iron can facilitate the production of ROS [127]. 

Multiple studies have found an increase in iron levels specifically in the putamen, pallidum and 
occipital cortex [128–130]. Parallelly with the increased iron signal in the pallidum, caudate, 
and putamen, there were reported elevations in zinc levels within the pallidum and a reduction 
in manganese concentrations in the superior frontal region [130]. Copper on the other hand has 
been seen in elevated levels only in the putamen. These neurochemical alterations correlated 
with the severity of the disease [130]. As observed in PD and AD, metals such as copper and 
iron can bind to proteins, altering their conformation and promoting aggregation 
[24,25,27,37,97,100,115–117]. Similarly, both in vivo and in vitro studies in HD have 
demonstrated that iron and copper can interact with the mutant Htt protein and facilitate polyQ 
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aggregation [128,129]. Moreover, Htt possesses the ability to reduce copper(II) and, to a lesser 
extent, iron(III), further implicating metals in the pathogenesis of HD [128,130]. 

Unfortunately, there are currently no effective cures or disease-modifying treatments available 
for HD. As with other neurodegenerative disorders discussed in this section, the available 
treatments are primarily symptomatic, aimed at managing the disease's symptoms rather than 
halting its progression [126,131]. Chorea may not be particularly bothersome for patients and 
may not necessitate treatment. However, if the involuntary movements significantly impair 
daily activities, such as manual dexterity or balance, medication should be considered [126]. 
Chorea in HD is primarily treated with dopamine-depleting agents such as tetrabenazine and 
deutetrabenazine. While deutetrabenazine offers a more favourable pharmacokinetic profile 
compared to tetrabenazine, both medications can potentially induce or exacerbate depression 
[126,131]. Atypical neuroleptics like olanzapine, risperidone, and quetiapine can also be 
considered for the treatment of chorea in HD [126,131]. These medications are particularly 
beneficial for patients who exhibit psychiatric comorbidities, including irritability, agitation, 
and anxiety [126]. Current research efforts aimed at developing treatments for HD are targeting 
various factors implicated in disease progression. Some of the therapeutic strategies under 
investigation include mitigating mitochondrial dysfunction, preventing excitotoxicity, 
addressing transcriptional deregulation, and inhibiting huntingtin protein aggregation 
[126,131]. Chelation therapy, particularly targeting metal ions involved in protein aggregation, 
is a promising avenue of research. However, to date, only one chelator (PBT2) has been 
evaluated in clinical trials for HD [131]. 

A randomized, double-blind, placebo-controlled phase II clinical trial (NCT01590888) 
evaluated the safety and efficacy of PBT2 in 109 participants with HD [132]. Two doses of 
PBT2 (100 mg/day and 250 mg/day) were administered over 26 weeks. PBT2 was found to be 
safe and generally well-tolerated. Importantly, patients receiving the higher dose (250 mg) 
demonstrated improvements on the Trail Making Test Part B, a cognitive test assessing set-
shifting abilities. However, neither dose of PBT2 showed significant improvements in the 
composite cognition Z-score, the primary endpoint of the study, when compared to placebo 
[132]. 

1.2.2.4. Stroke 

Stroke is a leading cause of death and disability worldwide, ranking as the second leading cause 
of death globally. There are two primary types of stroke: haemorrhagic stroke, caused by 
bleeding within the brain, and ischemic stroke, resulting from a blood clot blocking a cerebral 
artery. Haemorrhagic stroke accounts for approximately 15% of all stroke cases, while 
ischemic stroke comprises the remaining 85% [133–135]. Stroke risk factors can be categorized 
as modifiable or non-modifiable. Modifiable factors include smoking, hypertension, diabetes, 
unhealthy diet, and other environmental influences, while non-modifiable factors are primarily 
genetic [133]. After a stroke, patients can develop a variety of neuropsychiatric disorders, 
which may negatively impact their social functioning, overall quality of life, and recovery 
[136]. Post-stroke depression is the most common of these disorders, affecting approximately 
35% of stroke survivors. Additionally, it has been reported that nonpsychiatric physicians 
underdiagnose post-stroke depression in 50%–80% of cases [136]. 
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1.2.2.4.1. Haemorrhagic stroke: 

Intracranial haemorrhage (ICH) has a 1 year mortality up to 60% and a high morbidity, with 
only 20% of patients living independently after 6 months [137]. Risk factors for haemorrhagic 
stroke include uncontrolled hypertension and the inappropriate use of anticoagulants or 
antiplatelet agents [99,138]. Haemorrhagic volume is a critical determinant of outcome in ICH. 
Large hematomas, exceeding 150 mL, often result in fatal cerebral perfusion pressure loss. 
Conversely, patients with hematomas smaller than 140 mL typically survive the initial event 
[138]. Multiple imaging modalities, including CT scans and MRI, are employed to assess the 
extent of brain damage caused by haemorrhage (Figure 12) [139]. Injury following 
haemorrhage can be categorised into primary injury and secondary injury. Primary injury is 
sustained during the initial haemorrhage. It is a result from a rapid raise in brain volume and 
intracranial pressure due to the haematoma formation [133,138,140,141]. Despite initial 
haemorrhage stabilization in approximately two-thirds of patients, hematoma expansion occurs 
in roughly one-third of cases. Post-ictus hematoma expansion can lead to rapid neurological 
decline. While the exact mechanisms driving hematoma growth remain unclear, the majority 
of rebleeding events occur within the first 24 hours [138]. On the other hand, secondary injury 
refers to subsequent and long-term damage that develops due to the physical effects of the 
initial haemorrhage, an inflammatory response to the hematoma, and the release of blood 
breakdown products. This can result in severe neurological deficits and sometimes delayed 
fatality [133,138,140,141]. ICH can be classified as primary or secondary. Primary ICH occurs 
spontaneously, often due to hypertension, while secondary ICH results from an underlying 
condition such as a brain tumour [141]. Although primarily a brain-based pathology, ICH is 
significantly influenced by systemic factors, particularly systemic iron levels. Patients with 
higher iron levels tend to have poorer outcomes [142]. Following ICH, ruptured microvessels 
release blood components, including erythrocytes, into the brain parenchyma (Figure 13). 
Erythrocyte lysis occurs rapidly within minutes but can persist for several days post-
haemorrhage, contributing to sustained iron release and its deleterious effects on surrounding 
neurons, astrocytes, and other cells [140,142]. 
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Figure 12. Acute hypertensive hemorrhage appears as a hyperdense lesion on CT scans (left) 
obtained within 12 hours of symptom onset. MRI, specifically gradient-echo (GRE) sequences 
(right), reveals a characteristic hypointense rim surrounding the hematoma core, taken from 
Kidwell and Wintermark, 2008 [139]. 

Perihematomal oedema develops rapidly within three hours of symptom onset and peaks 
between 10 and 20 days post-haemorrhage. While its contribution to ICH-induced neurological 
deficits remains controversial, it is a significant component of secondary brain injury 
[138,140,141]. Perihematomal oedema occurs in three phases. The initial ionic oedema phase, 
lasting several hours, is characterized by hydrostatic pressure and clot retraction leading to 
serum accumulation in the surrounding tissue. This is followed by early vasogenic oedema 
within the first two days, associated with the coagulation cascade and thrombin generation. 
Finally, delayed vasogenic oedema occurs, believed to be induced by blood breakdown 
products [138,140].  

Haemoglobin, a released component following erythrocyte lysis, is neurotoxic and contributes 
to oedema formation by disrupting the BBB [140]. The impairment of BBB function allows 
increased access to brain of iron carrying molecules (Figure 13) [142]. Haptoglobin rapidly 
binds to haemoglobin, forming a redox-inactive complex. This complex is subsequently 
internalized by macrophages and monocytes via the CD163 receptor [140,141]. Contrary to its 
protective role, recent findings suggest haptoglobin may exacerbate neuronal vulnerability to 
haemoglobin-mediated iron toxicity. haptoglobin appears to facilitate neuronal uptake of 
haemoglobin-bound iron via the CD163 receptor [141]. Following endocytosis, the 
haemoglobin-haptoglobin complex is degraded into haem which is then degraded by haem-
oxygenase into carbon monoxide, biliverdin and iron(II). Iron is then stored in ferritin [140–
142]. Following intracerebral ICH, ferritin levels increase as a compensatory response to 
elevated free iron. Although ferritin serves a protective role by sequestering iron, elevated 
serum ferritin levels have been associated with poorer patient outcomes [143]. Excessive iron 
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storage leads to ferritin breakdown within lysosomes, resulting in haemosiderin deposition. 
While haemosiderin is generally considered a relatively stable iron storage form, its potential 
redox activity cannot be entirely excluded, suggesting a possible role in cellular damage 
[140,141]. Haemosiderin deposition is also a characteristic feature of the neurodegenerative 
condition superficial siderosis [144].  Additionally, neurons possess lower ferritin levels 
compared to glial cells, limiting their capacity to buffer iron released from haemoglobin 
breakdown [141]. Unbound haemoglobin, following erythrocyte lysis, undergoes degradation, 
releasing haem. Haem is associated with the production of pro-inflammatory mediators and 
ROS within the CNS, which are associated with poorer prognosis [141,142]. To protect the 
brain from haem toxicity, haem is bound by haemopexin, a glycoprotein typically not expressed 
in the brain but induced after an ICH. The haem-haemopexin complex can then be internalized 
and metabolized by haem oxygenase as previously explained [141]. Despite multiple iron-
regulatory mechanisms in the brain, including haptoglobin and haemopexin, the massive influx 
of iron and iron-carrying molecules following ICH overwhelms homeostatic capacity 
[133,140–142]. This iron overload contributes to ROS production as well as the depletion of 
antioxidant mechanisms like glutathione, exacerbating neuronal damage. The similarities 
between ferroptosis cell death and neuronal injury following ICH underscore the pivotal role 
of iron in this pathophysiology [140–142]. Moreover, the release of iron from dying neurons 
further amplifies the vicious cycle of iron accumulation and oxidative stress (Figure 13) [140–
142]. Additionally, in cases of traumatic brain injury, iron deposition has been linked to 
neurodegeneration, as evidenced by cognitive impairment and an increased risk of developing 
post-traumatic seizures [140,142]. 
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Figure 13. Role of iron as an aggravating factor of oxidative stress in intra cranial 
haemorrhage. Created with BioRender.com. 

Currently there is no gold standard treatment for ICH, multiple strategies focused on 
management of the haemorrhage [133,137,138,140,141]. Despite compelling evidence linking 
clot-derived factors to ICH-induced brain injury, clinical trials evaluating surgical clot removal 
as a therapeutic strategy, such as the STICH trial, where no difference in outcome was seen 
between optimal medical management versus surgery have yielded inconclusive results [145]. 
While early clot removal appears intuitively beneficial, the optimal therapeutic window for this 
intervention remains uncertain [137,138,140]. Surgical interventions, such as craniotomy 
within four hours of ictus, are associated with increased risk of rebleeding and mortality [137]. 
Surgical intervention itself can exacerbate brain injury by releasing additional haemoglobin, 
potentially compromising the efficacy of clot removal procedures [138]. Minimally invasive 
techniques, such as stereotactic and endoscopic aspiration, have emerged as alternatives to 
open craniotomy for ICH management. These approaches offer potential advantages including 
reduced surgical time, blood loss, and the avoidance of general anaesthesia [137]. Other 
methods investigated for the removal of hematomas include the use of tissue plasminogen 
activators (tPA). These molecules generate plasmin, which digests the fibrin-containing 
complex of coagulated proteins in a blood clot, showing promising results. However, tissue 
plasminogen activators have also been associated with promoting oedema in a mouse model 
[137,138].  

Due to evidences suggesting iron's possible involvement in brain injury following a cerebral 
haemorrhage, chelation therapy could be a promising option. For instance, the chelator DFO 
has been shown to reduce oedema and neurological deficits in animal models [146,147]. Based 
on promising preclinical data, multiple clinical trials have investigated the use of DFO for the 
management of ICH. A phase I clinical trial (NCT00598572) evaluated the safety, tolerability, 
and feasibility of daily DFO infusions up to 62 mg/kg/day. This study reported mild blood 
pressure-lowering effects associated with DFO administration [148]. This positive result lead 
to a phase II trial (NCT01662895)[149] however, the trial was terminated prematurely due to 
increased pulmonary toxicity associated with continuous DFO infusion at 62 mg/kg/day for 
five days [150].  Another double-blind, placebo-controlled phase II trial (NCT02175225) was 
conducted with a lower dosage of DFO (32 mg/kg/day for 3 days) and a larger number of 
patients (144 treated with DFO and 147 in the placebo group) [150]. The study provided 
evidence that an intermediate dosage of DFO at 32 mg/kg/day for 3 days is well-tolerated by 
ICH patients and does not increase the rates of serious adverse events, major disability, or 
death. However, the trial showed that treatment with DFO did not significantly reduce the 
extent of oedema, contrary to findings in animal models, nor did it significantly improve the 
chances of a good outcome at three months post-ICH. Nonetheless, secondary and exploratory 
results suggest that DFO might improve outcomes at six months [150]. 

Zeng et al., 2018 reviewed two clinical studies investigating DFO administration in ICH 
patients, despite the relatively small sample sizes of 42 and 29 participants, respectively. These 
studies provided preliminary insights into the potential therapeutic effects of DFO in ICH 
[151]. The first study involving 42 patients administered intravenous DFO (32 mg/kg/day) for 
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three days demonstrated reduced oedema and hematoma volume after 15 days. However, no 
significant improvements in neurological scores were observed at the 15 day nor at the 30-day 
follow-up [151]. The second study involving 29 patients where the treated group received a 
lower DFO dose (20 mg/kg/day) for three days. This group exhibited reduced relative oedema 
volume at days 7 and 14, with improved neurological function compared to controls at these 
time points. However, no significant differences in neurological function persisted at the 90-
day follow-up, consistent with findings from the previous studies [151]. 

In a non-randomized study of traumatic ICH with a total of 94 participants [152]. Patients in 
the treated group were administered intravenous DFO (20 mg/kg/day) for 5 days. While 
oedema volumes were significantly lower in the treatment group on days 3, 7, and 14 compared 
to the control group, the overall hematoma absorption process was not significantly altered 
between the two groups over the 14-day study period. Notably, there were no statistically 
significant differences in outcome between the experimental and control groups [152]. 

Minocycline, an antibiotic that has been found to have iron chelation properties, has also been 
of interest in the potential treatment of ICH [153]. In animal models, it has been shown to 
reduce brain swelling, neurological deficits, and neuronal loss [154–156]. A randomized, open-
label pilot study involving 95 acute stroke (ischemic and haemorrhagic stroke) patients 
evaluated the efficacy of intravenous minocycline (100 mg every 12 hours for five doses) 
initiated within 24 hours of stroke onset. While minocycline was well-tolerated, no significant 
therapeutic benefits were observed in terms of clinical outcomes [157]. 

A randomized controlled trial (NCT01805895) evaluated minocycline in 16 patients with 
intracerebral haemorrhage [158]. Participants in the experimental group (8 patients) received 
an initial intravenous dose of 400 mg followed by 4 days of oral minocycline (400 mg daily). 
While the regimen was safe and achieved neuroprotective serum concentrations, oral 
administration resulted in delayed drug absorption, limiting its utility in acute settings requiring 
rapid therapeutic onset [158]. 

A pilot study involving 20 patients with ICH administered intravenous high doses of 
minocycline (10 mg/kg/day) within 12 hours of onset and continued for a total of 5 days 
(NCT03040128) [159]. The study found no difference in functional outcomes or hematoma 
volumes between the treatment and control groups. However, matrix metalloproteinase-9 
(MMP-9) levels were lower in the minocycline group. MMP-9 is suggested to play a role in 
secondary injury in ICH through remodelling of the extracellular matrix and breakdown of the 
BBB. Patients tolerated minocycline without adverse events [159]. 

1.2.2.4.2. Ischemic stroke: 

An ischemic stroke occurs when there is a temporary reduction in cerebral blood flow, resulting 
in a localized depletion of oxygen and glucose [142,160,161]. Similar to haemorrhagic stroke, 
imaging techniques such as CT and MRI are invaluable tools for diagnosing and assessing the 
severity of ischemic stroke (Figure. 14) [162,163]. There are two distinct areas affected after 
an ischemic stroke: the core of the infarction and the surrounding zone known as the ischemic 
penumbra [161]. In the core area, there is a significant reduction in blood flow, leading to the 
failure of energy-dependent processes essential for cell survival and disrupting ion 
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homeostasis, which results in cell death within minutes and ultimately causes neuronal injury 
[160,161]. Additionally, this leads to the failure of mitochondrial membrane integrity, 
exacerbating cellular energy depletion [160]. Severe nutrient deprivation within the ischemic 
core results in irreversible tissue necrosis [160]. In the penumbra, blood flow is also impaired 
but to a lesser degree compared to the core. Although metabolism and structure are maintained, 
neurophysiological functions are lost [160,161]. Cells in the ischemic penumbra undergo both 
apoptosis and autophagy [160]. The blood flow in this area is too low to sustain electrical 
activity, even though it is sufficient to preserve ion channel activity [161]. The ischemic 
penumbra can comprise up to 50% of the initial infarct volume. Neurological decline often 
correlates with the expansion of this vulnerable brain tissue [161]. The energy deficit after the 
onset of ischemia leads to a drop in pH and depletion of ATP, causing Na+/K+ pump 
dysfunction [160,161]. This results in membrane depolarization and activation of calcium 
channels, which in turn leads to an excessive release of excitatory amino acids, particularly 
glutamate, into the extracellular space [142,160,161]. This hyperstimulation of glutamate 
receptors leads to excitotoxic neuronal death [142,161]. Notably, elevated glutamate levels in 
plasma and CSF correlate with poor outcomes in ischemic stroke patients [135,161]. The 
receptor disturbance caused by excessive glutamate results in ion homeostasis disruption, 
leading to a passive influx of water, which causes cell swelling and ultimately oedema. This 
oedema is a primary factor contributing to neurological deterioration following the initial 
stages of stroke. [161]. Moreover, the signalling pathways activated during excitotoxicity 
trigger a proinflammatory response (production of TNF-α and interleukins), as well as 
migration of macrophages and monocytes to the ischemic penumbra further contributing to 
ischemic injury [161]. 

 

Figure 14. A: Axial cranial CT 7 h after stroke onset. Arrows indicate the margins of the 
infarction. B: Axial diffusion-weighted MRI in the acute phase of malignant middle cerebral 
artery infarction taken from Huttner and Scwab, 2009 [163]. 

While the clinical impact of iron-mediated neurotoxicity in ischemic stroke is not fully 
understood, evidence suggests a potential role for iron in disease pathogenesis. Iron 
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accumulation and deposition in various brain regions and the correlation between elevated 
ferritin levels in plasma and cerebrospinal fluid with poor outcomes support this hypothesis 
[135,142,161]. Due to the reduced blood flow, brain oxygen requirements increase during an 
ischemic stroke, creating a higher demand for iron transport [135]. An increase in transferrin 
and transferrin receptor expression has been observed after ischemic stroke; however, its role 
in either increasing neurodegeneration or providing protection is still controversial [142]. 
Additionally, the drop in brain tissue pH decreases transferrin's affinity for iron, releasing it 
and thus increasing the amount of free iron that can produce ROS following the Fenton reaction 
(Figure 15) [135,141]. Further evidence of iron dyshomeostasis is shown by the upregulation 
of hepcidin in the blood within the first six hours of ischemic onset. Hepcidin, the main 
regulator of iron homeostasis, acts by binding to ferroportin, causing its internalization and 
degradation. This inhibits ferroportin-mediated iron release, preventing a further increase in 
free iron [142]. Although ferritin is associated with defence mechanisms against oxidative 
stress by storing iron and reducing its reactivity, thereby protecting cells from iron-mediated 
oxidative stress, excess ferritin is considered a primary source of free iron in iron-induced 
oxidative stress [161]. Like in haemorrhagic stroke, ferritin is also upregulated 
[135,141,142,161]. The mechanisms by which iron is released by ferritin are still unclear; 
however, it is known that lysosomal activity induces iron release [161]. Additionally, ferritin-
bound ferric iron can be released through reduction to ferrous iron, a process facilitated by 
reactive species such as superoxide, acidosis, catecholamines, and nitric oxide, which are 
abundant during ischemic conditions [135]. Following artery occlusion, an initial 
compensatory increase in transport occurs across the intact BBB. Subsequently, a pathological 
breakdown of the BBB results in increased permeability and leakage (Figure 15). This BBB 
disruption, characterized by the aberrant exchange of molecules between blood and brain, 
occurs early in the ischemic cascade, often within the first few hours post-stroke onset, 
exposing the brain to the systemic labile iron pool [142]. It has been observed in animal models 
and patients that subjects with systemic iron overload have a poor prognosis during the early 
phase of ischemic stroke, further suggesting the importance of iron [142,161]. Furthermore, 
iron overload has been associated with an increased risk of haemorrhagic transformation in 
animal models [142]. Excitotoxicity, primarily driven by excessive glutamate, is a key 
mechanism underlying neuronal death in ischemic stroke. Glutamate accumulation depletes 
antioxidant glutathione, rendering neurons vulnerable to oxidative stress. This oxidative 
environment, coupled with growing evidence of iron's involvement in oxidative stress, supports 
the involvement of ferroptosis in ischemic stroke [142,160]. 
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Figure 15. Role of iron in triggering oxidative stress during ischemic stroke. Created with 
BioRender.com. 

Another metal suspected to play a role in ischemic injury is zinc. Zinc accumulation in neurons 
following ischemic stroke, coupled with a correlation between zinc localization and cell death, 
further supports the hypothesis that zinc contributes to neuronal demise [164,165]. 
Accumulating evidence suggests that intracellular zinc stores can be depleted following 
oxidative stress, releasing zinc into the cytoplasm. Additionally, zinc can be imported from the 
extracellular environment into cells under these conditions [164]. Zinc overload is thought to 
be implicated in mitochondrial dysfunction. Normally, zinc is compartmentalized within 
mitochondria [164]. Sustained accumulation of zinc within mitochondria can induce the 
production of reactive ROS. This process is believed to occur through the inhibition of complex 
III in the electron transport chain or by disrupting the function of complex I and α-ketoglutarate 
dehydrogenase [164]. Synaptic vesicles are considered a primary source of released zinc. It has 
been shown that zinc is co-released with glutamate from these vesicles. Consequently, 
excessive glutamate release seen in ischemic stroke is often accompanied by excessive zinc 
release. This surplus zinc can be subsequently internalized by mitochondria, leading to zinc 
overload [164,165]. 

Current therapeutic strategies for ischemic stroke focus on restoring normal blood flow. To 
date, the only approved treatments are thrombolytic therapy, which dissolves the blood clot, 
and endovascular mechanical thrombectomy, which physically removes the clot 
[162,166,167]. Intra-arterial thrombolysis, achieved by positioning a microcatheter near the 
arterial occlusion, has demonstrated higher recanalization rates compared to intravenous 
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thrombolysis. Approximately 40% of patients experience complete arterial recanalization, 
while another 35% achieve partial recanalization [166]. Alteplase, the recombinant form of 
tPA, has a short half-life of 4-6 minutes due to rapid degradation by plasminogen activator 
inhibitor [162]. To minimize haemorrhagic risk, alteplase must be administered within 4.5 
hours of stroke onset. Successful treatment with alteplase can reduce the likelihood of disability 
at three months by approximately 30% [162,167]. The composition of the blood clot appears 
to be a significant factor in determining the efficacy of thrombolytic therapy. For instance, clots 
that are rich in platelets may be more resistant to thrombolysis, whereas thrombi that are rich 
in red blood cells tend to have higher sensitivity to alteplase [162].  

On the other hand there is mechanical thrombectomy which is becoming the gold standard for 
ischemic stroke treatment [162]. It is a minimally invasive procedure involving the insertion 
of a catheter through the groin into the blocked cerebral artery to physically remove the clot, 
thereby restoring blood flow to the brain. There are primarily two types of mechanical 
thrombectomy: one using a stent retriever (stentriever) and the other using an aspiration 
catheter [162]. Mechanical thrombectomy extends the therapeutic window for intervention 
compared to the window for tPA, with some studies suggesting it can be effective up to 24 
hours after stroke onset [162,167]. However, the availability of mechanical thrombectomy 
services remains limited compared to thrombolytic therapy, which can be administered in most 
stroke units on a 24/7 basis [162]. The optimal initial treatment for patients with ischemic 
stroke remains controversial, with ongoing debate regarding the prioritization of thrombolytic 
therapy or immediate mechanical thrombectomy given the advancements in endovascular 
procedures [162]. Despite advancements in ischemic stroke management, reperfusion therapy 
carries the risk of reperfusion injury, potentially worsening outcomes. This injury is attributed 
to the generation of ROS upon re-establishing blood flow to previously ischemic tissue [167]. 
Similar to haemorrhagic stroke, severe cerebral oedema following ischemic stroke can elevate 
intracranial pressure to critical levels, necessitating surgical decompression as a potentially 
life-saving intervention [166]. 

Metal dyshomeostasis is a hallmark of ischemic stroke and has prompted investigation into 
chelation therapy as a potential neuroprotective strategy. Similar to its exploration in 
haemorrhagic stroke, DFO has been considered for ischemic stroke treatment. To date, only 
one clinical trial (NCT00777140) has evaluated DFO in this context. This phase II study 
employed a double-blind, randomized, placebo-controlled design to assess the safety and 
tolerability of intravenous DFO in a total of 62 ischemic stroke patients receiving intravenous 
tPA [168]. Participants received either placebo or a single 10 mg/kg bolus of DFO followed by 
a 72-hour continuous infusion of escalating DFO doses (20, 40, and 60 mg/kg/day). Treatment 
initiation coincided with tPA infusion. Iron saturation of transferrin decreased in DFO-treated 
groups compared to controls, except for those receiving the lowest dose. In the highest dose 
group, this reduction became evident after 24 hours, indicating a decrease in systemic iron 
levels. Intriguingly, a subgroup analysis of patients with moderate to severe ischemic stroke 
revealed a trend towards improved neurological function at 90 days in patients treated with 
higher DFO doses (40 and 60 mg/kg/day). Additionally, the proportion of patients with 
favourable outcomes increased with DFO dose at both 7 and 90 days [168]. 
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In addition to its investigation as a neuroprotective agent for haemorrhagic stroke, minocycline 
has also been studied for its potential benefits in ischemic stroke. A study involving 152 
patients with acute ischemic stroke evaluated the efficacy of 200 mg/day minocycline initiated 
within an average of 12.64 hours post-stroke onset. Minocycline was administered for a total 
of 5 days. The minocycline group demonstrated improved National Institutes of Health Stroke 
Scale (NIHSS) scores at day 90 compared to baseline, with these differences evident as early 
as day 3. These findings suggest a potential benefit of early minocycline administration in acute 
stroke [169]. 

A subsequent study (NCT0063039) evaluated minocycline safety, tolerability, and 
pharmacokinetics in a dose-escalation trial involving acute ischemic stroke patients [170]. 
Intravenous minocycline administration at doses ranging from 3 to 10 mg/kg daily for three 
days was well-tolerated and achieved serum concentrations known to exert neuroprotective 
effects in preclinical models [170]. 

Given the potential implication of zinc toxicity in ischemic stroke, clinical trials involving zinc 
chelators have been initiated. For instance, the lipophilic chelator DP-b99 underwent multiple 
phase I and II trials demonstrating favourable safety profiles [171,172]. Although a phase IIb 
study did not reveal significant differences in NIHSS scores at 90 days, secondary endpoints 
indicated a substantial improvement in the 90-day recovery rate when compared to placebo 
[171]. These findings prompted a phase III trial (NCT00893867) to assess the therapeutic 
efficacy of DP-b99 in ischemic stroke [173]. A total of 446 patients with acute ischemic stroke 
participated in a randomized, double-blind, placebo-controlled trial. Intravenous DP-b99 (1 
mg/kg/day) was administered within nine hours of symptom onset for four consecutive days. 
Patients did not receive alteplase. Treatment was well-tolerated, but the study failed to 
demonstrate any clinical benefit of DP-b99 [173]. 

1.2.2.5. Superficial siderosis 

Superficial siderosis of the CNS is a rare disease typically caused by chronic or intermittent 
bleeding into the subarachnoid space. Common underlying causes include recent or previously 
resected CNS tumours, CSF cavitary lesions (meningocoele, pseudomeningocoele), vascular 
malformations, CNS trauma, subarachnoid haemorrhage, intracranial or spinal surgery, and 
brachial plexus or nerve root injury [144,174–176]. However, in approximately one-third of 
cases, the source of bleeding remains unidentified [176]. The most common clinical 
manifestations of superficial siderosis are deafness and cerebellar ataxia, which occur in 
approximately 90% of patients [144]. A hallmark of this condition is the deposition of 
haemosiderin, which is visualized on MRI as a hypointense rim surrounding the surface of the 
brainstem, cerebellum, and sometimes cortical fissures (Figure 16) [144,174–176]. 
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Figure 16. T2 weighted MRI scans showing haemosiderin deposition (arrows) along cerebellar 
folia, brainstem, cerebral surfaces (a) and cervical spinal cord (b) from Nanda et al., 2010 [176] 

Iron is implicated in neurodegeneration, particularly in conditions characterized by axon 
degradation. This correlation is supported by the observation of preserved neural tissue at the 
core of the spinal cord, where iron accumulation is less pronounced [174]. The mechanism 
underlying iron overload in these conditions is thought to be similar to that seen in 
haemorrhagic stroke. Chronic bleeding leads to the release of erythrocytes, which, upon lysis, 
release their contents, including haem and iron [174]. Haem is degraded by haem oxygenase, 
generating carbon monoxide, biliverdin, and iron(II), which is subsequently stored in ferritin. 
As a protective response to iron overload, ferritin expression is upregulated in the brain [174]. 
Continuous free iron exposure leads to an increase in ferritin L subunits production. L subunits 
allows the long-term storage of iron as hemosiderin deposits [176]. However, it is hypothesized 
that hemosiderin may release stored iron, increasing the pool of free iron within the brain and 
contributing to oxidative stress [174,176]. 

The current treatment for superficial siderosis primarily focuses on addressing the underlying 
cause of bleeding [144,175]. Once the source of bleeding has been identified, surgical 
intervention is often considered. This may involve closing dural defects using sutures, patches, 
collagen sponge, fibrin glue, or muscle/fat grafting. However, despite surgical intervention 
disease may progress, especially in cases of longstanding superficial siderosis, where 
irreversible neural tissue damage may limit the potential benefits of surgery [175]. 

Chelation therapy, particularly using deferiprone, has been investigated as a potential treatment 
for superficial siderosis. However, the majority of clinical experience with deferiprone in this 
context is based on relatively small patient populations. A common dosage regimen is 30 
mg/kg/day, which was established following a pilot safety trial involving 10 patients. This 
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dosage has been shown to be safe and effective in reducing hemosiderin deposition, as 
demonstrated by MRI studies [177]. 

Several studies have reported similar findings, with patients receiving 30 mg/kg/day of 
deferiprone showing reductions in hemosiderin deposition and neurological stabilization. In 
some cases, slight clinical improvements have been observed [178–180]. The largest study to 
date, involving 38 patients, has also reported positive outcomes [181]. One study 
(NTC00907283) involving 5 patients suggested that early initiation of deferiprone treatment, 
before the development of severe symptoms and advanced neurodegeneration, may be 
associated with better clinical outcomes [178]. However, it is important to note that another 
study involving 10 patients reported poor tolerability to the medication, with 40% of patients 
discontinuing treatment due to neutropenic sepsis. Furthermore, no significant clinical or 
radiological benefits were observed in this study [182]. 

1.3. Chelation therapy mechanisms 

Having explored the diverse toxicity mechanisms of metals and their contribution to various 
health problems, particularly their impact on brain health, we now turn our attention to potential 
therapeutic interventions. Chelation therapy has emerged as a promising approach for 
removing excess metals from the body [20].  We will discuss its mechanisms of action as well 
as the factors that determine its effectiveness for removing metals in the case of metal 
dyshomeostasis.  

Chelation therapy has a historical origin, with the development of BAL a dithiol compound as 
an antidote for the war gas dichlorovinyl arsine during World War II, it competes with protein 
sulfhydryl groups for arsenic compounds forming a stable complex with arsenic (III) [20,183]. 
Chelation therapy operates on the principle of using small molecules to bind and remove toxic 
metals from the body. These molecules reduce metal toxicity by either converting the metals 
into less harmful compounds or relocating them from the sites where they exert their toxic 
effects to areas where they cannot cause harm, without disrupting the balance of essential 
metals [12,20,28]. In the context of neurodegenerative diseases, the principle of preserving 
essential elements becomes even more critical. The goal is to selectively extract labile essential 
ions, which are believed to contribute to the deleterious effects associated with these diseases 
[12,28,35]. In the following section the different requirements for an effective a chelator in the 
context of neurodegenerative diseases are discussed in detail. 

1.3.1. Thermodynamic factors 

1.3.1.1. Stability 

One of the most critical parameters for an effective chelator is its stability [56,107,184]. This 
stability is defined by the formation constant (β) of the metal-chelator complex (equation 10). 
The formation constant reflects the equilibrium between free metal ions and the bound complex 
(equation 9) [56]. A higher formation constant (β) indicates a greater affinity of the chelator 
for a specific metal ion [56]. For example, a complex denoted as MepLqHr (where Me is the 
metal, L is the ligand in its full deprotonated state, p, q, and r represent the stoichiometric 
coefficients) [56]. 

Complex formation equation: pMe + qL + rH → MepLqHr (9) (charges omitted for simplicity) 
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𝛽 = [𝑀𝑒𝑝𝐿𝑞𝐻𝑟][𝑀𝑒]𝑝[𝐿]𝑞[𝐻]𝑟  (10) 

 
The protonation constants of the chelating agent significantly influences complex formation. 
This is because protons compete with metal ions for binding sites on the ligand [56]. 
Additionally, the environmental pH plays a crucial role. For instance, human body pH varies 
considerably: extracellular pH is around 7.4, intracellular pH is about 6.8, and the 
gastrointestinal tract ranges from pH 1 to 6 [56]. Furthermore, the affinity of a chelator for a 
specific metal depends on both the nature of the metal cation and the coordinating groups 
within the chelator molecule [56,184]. This relationship is governed by the HSAB theory, 
which dictates that "hard" acids prefer to bind to "hard" bases, and vice versa[55,56]. Chelators 
with oxygen-containing coordinating groups will have a higher affinity for "hard" metal ions 
like iron (III) or aluminium (III) compared to chelators with sulfhydryl groups, which favour 
"softer" cations like cadmium (II) or lead (II) (Table 2) [55,56]. Chelators can be classified 
based on their denticity, which refers to the number of donor atoms in the molecule that can 
bind to the target metal ion [56]. For instance, bidentate chelators possess two donor groups 
that can simultaneously bind a metal ion [56,185]. As a general rule, chelators with higher 
denticity form more stable complexes with metal ions compared to those with lower denticity 
[107,185,186]. This enhanced stability is attributed to the chelate effect [185].  

As previously discussed in the different presented pathologies, iron (III), copper (II), 
manganese (II), and aluminium (III) are the primary metals suspected of contributing to disease 
progression. Chelators like deferiprone, deferoxamine, and, to a lesser extent, DOTA and 
EDTA, exhibit high denticity and affinity for iron (III) (Table 1). For softer metals such as 
copper (II) and manganese (II), penicillamine, trientine, DOTA, EDTA, and PAS appear to be 
more suitable chelator options based on their complexation constants (Table 1). 

Table 2. Categorization of metal ion and coordination group according to the HSAB principle 
taken from Crisponi and Nurchi 2016 [56]. 

Metal ions Coordinating groups 

Hard Intermediate Soft Hard Intermediate Soft 

Li+, Na+, 
K+, Be2+, 
Mg2+, Ca2+, 
Sr2+,Mn2+, 
Al3+, Ga3+, 
Cr3+, Fe3+, 
Sn4+, 
(CH3)2Sn2+, 
UO2

2+, 
VO2

+ 

Fe2+, Co2+, 
Ni2+, Cu2+, 
Zn2+, Pb2+, 
Sn2+, Sb3+, 
Bi3+ 

Cu+, Ag+, 
Au+, Hg+, 
Pd2+, Cd2+, 
Pt2+, Hg2+, 
CH3Hg+, 
Pt4+ 

H2O, OH−, 
F−, RCOO−, 
Cl−, RO−, 
NH3, RNH2 

RNH2 R2S, 
RSH, 
RS− 

 

While chelator complexation with a metal ion is a desired outcome, it may not entirely prevent 
unintended interactions [56,107,109]. For example, iron complexed with chelators like EDTA 
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or citrate can still coordinate with H2O2 if present, leading to its participation in Fenton’s 
reaction and the generation of free radicals [107,187]. To minimize unwanted interactions with 
biological molecules, an ideal chelator should strive to fully saturate the coordination sphere 
of the target metal ion while avoiding ligand exchange with other molecules in the 
environment. Unlike EDTA-iron (III), where a seventh coordination site is occupied by water, 
this water molecule is capable of exchanging with oxygen or H2O2 specially at high H2O2 

concentrations (100 H2O2 per iron ion), leading to redox activity  [56,107,109,187]. 

Excess metals in the body are rarely found free. Instead, they are often bound to small proteins 
like albumin or small molecules like citrate, as seen in patients with iron overload [32]. 
Therefore, for a chelator to effectively extract metals from the body, the chelator's affinity for 
the metal ion must be greater than the affinity of the metal ion for these biological molecules 
[20].  

1.3.1.2. Selectivity 

The selectivity of a chelator is critical for its effectiveness in medical applications [28]. 
Selectivity determines whether the complex formed with the targeted toxic metal ion is 
sufficiently stable compared to complexes formed with other essential metal ions naturally 
present in the body [28,56,186]. Since these essential metals are often found at much higher 
concentrations than the targeted toxic metal, a good chelator must efficiently bind the toxic 
metal without significantly interfering with other cations to avoid disrupting metal homeostasis 
[56,186]. 

The selectivity of a chelator also relies on thermodynamic parameters, as discussed previously 
regarding the stability of complexes [56,184]. For a chelator to exhibit high selectivity for a 
specific metal, its complexation constant with the target metal should be several orders of 
magnitude greater than those for other ions [184]. This ensures that the chelator preferentially 
binds the toxic metal, minimizing interactions with essential metals and thereby maintaining 
the body's metal balance [184]. For example, both DFO and deferiprone exhibit iron (III) 
complexation constants that are several orders of magnitude higher than their respective 
complexation constants for other essential metals, such as copper (II) or zinc (II) (Table 1), 
making them highly selective iron (III) chelators. 

Chelation therapy for essential elements present in excess, like iron overload in 
hemochromatosis and potentially in some neurodegenerative diseases, presents a unique 
challenge in terms of selectivity. The ideal chelator must be effective at extracting enough of 
the excess element to achieve a therapeutic effect, yet minimally disruptive to avoid causing a 
deficiency [28]. This delicate balance is crucial because strong metal chelators, while effective 
at competing with metal-binding proteins in the body, can lead to unintended consequences. 
These consequences include altered metal distribution, where excess chelator removes 
essential metals from their intended locations. Additionally, chelation can inhibit essential 
metal-containing enzymes by removing their metal cofactors, disrupting critical biological 
processes [28,186]. These drawbacks are all the more present in neurovegetative diseases 
where the excess metal is found in specific brain parts, thus making systemic chelation therapy 
not a suitable option.  
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1.3.2. Kinetic factors 

Other important aspect to consider for the choice of a good chelator for chelation therapy is the 
kinetics, three kinetic factors have been identified. First the pharmacokinetic behaviour of the 
chelating agent, the kinetic behaviour of the toxic metal and the rate of interaction between the 
chelating agent and the metal-ion [56]. 

1.3.2.1. Pharmacokinetic properties 

Pharmacokinetic properties, significantly impact the frequency and route of chelator 
administration [56]. Ideally, a chelator would possess a prolonged half-life within the body to 
maintain its activity for an extended duration [56]. However, in reality, chelators undergo 
metabolic processes that render them inactive [56]. Examples of these processes include 
disulfide bond formation in thiol-containing chelators, N-acetylation of amines, and 
glucuronidation of hydroxypyridinones [56]. A common strategy to address chelator 
inactivation is to administer a dose exceeding the stoichiometric amount required for metal 
complexation [186]. This approach aims to compensate for the loss of chelator activity due to 
metabolism [186]. However, excessive chelator concentrations within the body can disrupt 
normal physiological functions [6,186,188]. In the case of a local metal overload by targeting 
chelator delivery to the affected region, the circulating time during which the chelator can be 
metabolized and rendered inactive is reduced, enhancing its effectiveness in chelating the target 
metal. The different strategies to achieve a local or targeted administration of chelator are 
discussed in detail at the end of the chapter in the section local chelation.  

Another factor influencing the circulation time of chelators is their ease of excretion by the 
body. Classical chelators like DFO (5-10 min half-life in blood) often have a short half-life 
within the body due to their low molecular weight (<45 kDa), which facilitates rapid renal 
elimination [56,189]. To extend their half-life, recent strategies have focused on increasing 
their molecular weight by grafting chelators to macromolecules such as proteins, polymers, or 
nanoparticles. This approach can prolong the circulation time of the chelator, potentially 
reducing the required number of doses and mitigating potential side effects [109,189,190]. 

1.3.2.2. Kinetics of the toxic metal 

The kinetic behaviour of the toxic metal in the body plays a critical role in determining the 
success of chelation therapy [56]. This behaviour is governed by the metal's biodistribution, 
which encompasses the processes of absorption, circulation throughout the body, and 
ultimately, accumulation in specific organs [56]. In classical chelation therapy, the chelator 
primarily reaches its peak concentration within the blood [56,190]. Consequently, the rate of 
metal clearance from blood becomes a crucial factor [56]. If metal removal from plasma is too 
rapid, the chelator's effectiveness can be diminished due to a limited window of action [56]. 
Ideally, a chelator should not only effectively remove the metal from blood but also exhibit the 
ability to follow the metal ion into target tissues and promote chelation at those sites [56]. 
Therefore, in the case of neurodegenerative diseases, toxic metal biodistribution appears to be 
confined to the CNS. Therefore, effective chelation therapy requires the chelating agent to 
reach peak concentrations and be specifically targeted to the CNS. 
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1.3.2.3. Exchange rate between chelating agent and metal ion 

The rate of interaction between a chelating agent and a metal ion, regardless of whether 
the metal is free or bound to transport proteins in the blood, is a critical factor for effective 
chelation therapy [56]. The metal extraction by the chelator from the biological molecule has 
to be faster than the rate of chelator and/or  the metal disappearance from the bloodstream [56]. 
Even if thermodynamic parameters favour complexation with the chelating agent, slow 
interaction kinetics can hinder chelation from occurring [56]. Due to their redox-active nature 
and loose binding to proteins and small molecules, the targeted metals in the studied 
pathologies are more labile and prone to ligand exchange. To prevent complex dissociation and 
avoid the redistribution of toxic metals, the chelating agent should form a kinetically inert 
complex. Chelating agents with higher denticity and cyclic structures tend to be less labile than 
those with lower denticity and linear structures. For example, bidentate hydroxamates are more 
labile compared to hexadentate chelating agents like DFO [56,107]. 

1.3.3. Chelator Bioavailability for Neurological Applications 

For a chelating agent to effectively treat neurological disorders, it must reach its target, the 
metal ions within the brain at sufficient concentrations [28]. This necessitates good 
bioavailability, which translates to the chelator's ability to cross various biological membranes, 
particularly the BBB [28,56,107]. Three key parameters significantly influence a compound's 
ability to permeate a lipid membrane like the BBB: 

Lipophilicity: Highly lipophilic chelators like hydroxypyridinones readily cross the BBB 
[28,56,107]. However, they can also cross other critical barriers such as the placental barrier 
leading to enhancing potential toxic side effects [107]. 

Ionization State: Neutral molecules generally penetrate cell membranes more efficiently than 
charged molecules [107]. In the context of chelator design, a neutral chelator might be 
preferable for enhanced BBB permeability [28]. Furthermore, excretion is also favoured for 
neutral molecules [56]. Therefore, a neutral chelator-metal complex is generally preferable for 
efficient elimination from the body [56,107]. 

Molecular Size: As mentioned earlier, increasing a chelator's molecular weight can improve 
its half-life in the body [109,190]. However, for oral bioavailability, there's a size limitation. 
Chelators with a molecular weight exceeding 500 Da typically exhibit poor oral absorption 
[56,107]. 

1.3.4. Local chelation  

Unlike other metal overload diseases like hemochromatosis or Wilson's disease, 
neurodegenerative diseases often exhibit localized metal overload confined to the brain or even 
specific brain regions. Traditional chelation therapy is designed for systemic metal chelation. 
To address neurodegenerative diseases, novel strategies and properties are required for targeted 
brain metal chelation without interfering with systemic metal homeostasis. The following 
section will explore various strategies aimed at increasing the uptake of chelators by the brain. 
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One strategy to enhance the delivery of chelators to the brain is to increase their lipophilicity, 
thereby facilitating their ability to cross the BBB. This can be achieved by grafting hydrophilic 
compounds like isopentyl groups or acetoxymethyl moieties [191]. 

Leveraging the brain's high nutrient demands, it's possible to enhance the uptake of chelators 
into the brain. For example, by functionalizing glucose with chelating moieties, the brain's 
natural glucose transport mechanisms can facilitate the delivery of chelators across the BBB. 
Furthermore, masking the chelating groups with glucose moieties can prevent premature metal 
binding until enzymatic cleavage of the sugar occurs, ensuring that chelation takes place within 
the brain [191]. 

Grafting chelators with neutral amino acids that are naturally transported into the brain can 
enhance their uptake. For example, functionalization with L-DOPA or alanine amino acids has 
been explored for this purpose [191,192]. To achieve more targeted delivery, functionalizing 
neuropeptides with metal-chelating groups is a viable option. The peptide NAP, composed of 
eight amino acids (Asn-Ala-Pro-Val-Ser-Ile-Pro-Gln), can cross the blood-brain barrier and 
exhibits neuroprotective properties. This peptide could be functionalized with chelating groups. 
A similar strategy could involve functionalizing brain receptor-specific peptides with chelating 
groups to target the brain [191]. 

The use of prochelators can also provide localized chelation. Prochelators are molecules that 
lack intrinsic metal-chelating properties but acquire these properties upon exposure to an 
external stimulus. Ideally, this stimulus should be present only in the brain to ensure localized 
chelation within that region. One approach involves using photoreactive groups like ortho-
nitrobenzyl, which inhibit chelating properties until activated by UVA light [191]. However, 
this method requires brain irradiation with UVA light, which can be challenging, especially in 
deep brain regions. Alternative prochelators can be activated by oxidative stress. For example, 
BSIH, a molecule without intrinsic chelating properties, can release a boric ester upon reaction 
with H2O2. This transformation yields SIH, which exhibits iron-chelating properties. Moreover, 
by reacting with H2O2, BSIH can also protect tissues from oxidative stress (Figure 17) [191].  
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Figure 17. BSIH, a prochelator, exhibits no chelating properties in its original form. However, 
upon reaction with hydrogen peroxide, it transforms into SIH, which possesses iron-chelating 
properties. Taken from L.R. Perez and K.J. Franz, 2009 [191]. 

Nanoparticles ranging in size from 10-1000 nm have been shown to cross the BBB via receptor-
mediated transport systems. Grafting chelators onto nanoparticles can reduce their toxicity and 
enable the use of hydrophilic chelators that would otherwise be unable to penetrate the BBB 
[191,193].  Additionally, nanoparticles offer the advantage of allowing for multiple targeting 
strategies. For example, functionalizing nanoparticles with brain-targeting peptides can 
enhance their delivery to the brain [194]. 

Another strategy for localized chelation involves the use of chelating hydrogels. These 
hydrogels, loaded with chelating molecules, offer the advantage of sustained drug release 
[195,196]. Alternatively, direct functionalization of the hydrogel with chelating groups can 
confer chelating properties to the material itself. Due to their slow degradation, these hydrogels 
can provide long-lasting localized chelation [197]. For brain chelation, this approach 
necessitates direct deposition of the hydrogel within the brain tissue. This strategy will be 
discussed in detail in the following chapters. 
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Chapter II: Development of chelating polymers 
 

To overcome the limitations of small-molecule chelating agents for treating brain pathologies, 
the use of biopolymers has been explored. These polymers serve as an initial matrix that can 
be functionalized with chelators, creating chelating polymers [190,198–201]. This approach 
increases the overall molecular weight of the chelator, potentially extending its half-life in the 
body after direct administration [190]. Furthermore, the utilization of polymers presents the 
opportunity to develop materials specifically tailored for the desired application. For instance, 
natural polymers like chitosan, alginate, and hyaluronic acid, as well as synthetic polymers 
such as polyacrylamide and poly(ethylene glycol) dimethacrylate, are commonly employed as 
building blocks for hydrogels [202–204]. By grafting chelators onto these polymers, the 
resulting chelating material can provide localized chelation, which is particularly advantageous 
for treating neurodegenerative diseases where metal dyshomeostasis occurs in specific areas of 
the body. Furthermore, depending on the size of the final polymer, it could also be employed 
in dialysis or microdialysis. A notable example is the MEXBRAIN start-up, which combines 
these two technologies for the treatment of systemic metal overload through haemodialysis 
(Figure 18). This innovative technology is currently undergoing two clinical trials, the first 
being MEXWILLS (NCT05917327) which aims to evaluate the medical device (a soluble 
chitosan functionalised with DOTAGA) safety and capacity to extract free copper from blood 
in patients with Wilson disease. The second clinical trial (MexACLF NCT06340269) evaluates 
the safety and capacity to extract free iron from patients with acute on chronic liver failure. The 
treatment is based on the principle that the large chelating polymer located in the dialysate is 
unable to permeate the dialysis membrane due to the higher molecular weight compared to the 
cut-off of the dialysis membrane While, metal ions bound to small molecules and proteins, can 
pass from the blood to the dialysate. These metal ions are subsequently captured by the 
chelating polymer, resulting in a concentration of metal ions within the dialysate and enhancing 
metal extraction compared to simple diffusion [198]. It's important to note that the 
MEXBRAIN technology, designed for haemodialysis, chelates metals in a non-localized 
manner. However, when combined with brain microdialysis, chelation can be targeted 
specifically to CSF surrounding the brain, avoiding systemic chelation and minimizing the risk 
of systemic metal depletion.  
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Figure 18. Schematic representation of the chelating polymer-dialysis system developed by 
MEXBRAIN. The red dots symbolize the targeted loosely bound metal ions. 

The first polymer chosen to be functionalized is a polyethylene glycol (PEG) derivative called 
star-like 8-arm-polyethylene glycol (8-arm-PEG) with terminal amine functions in each arm 
(Figure 19). PEG is approved by the FDA as a pharmaceutical polymer material, and it has 
been used in many products due to its properties of increasing the biocompatibility and the 
solubility of multiple compounds [205–207]. Additionally, PEG and PEG derivatives are 
available with a diverse range of terminal functional groups, including amine, alcohol, 
carboxylic acid, azide, and thiol, which facilitates their conjugation with various molecules 
[206]. 

Star-like PEG derivatives are characterized by having at least three linear arms connected to a 
central core. These arms are equivalent in size and structure. There are primarily two synthesis 
strategies for producing multi-arm PEG. The most common approach is the "core-first" 
strategy, where glycerol, pentaerythritol, or D-sorbitol cores are used as initiators to promote 
the polymerization of each arm. In contrast, the "arm-first" strategy involves crosslinking linear 
PEG chains with a multi-functional core to create the star-shaped polymer. [206,208]. 
Compared to linear PEG with a similar molecular weight, multi-armed PEG offers several 
advantages, including lower solution viscosity due to reduced arm entanglement [208]. 
However, the most significant benefit in this context is the increased number of terminal 
functional groups available for conjugation, which enhances the drug loading or functional 
capacity per polymer molecule [206,208]. 
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Figure 19. Chemical structure of 8-arm-PEG. 

The second polymer chosen for functionalisation is chitosan (Figure 20). Chitosans are a family 
of linear copolymers composed D-glucosamine linked to N-acetyl-D-glucosamine through a β-
(1→4) bond. The fraction of N-acetyl-glucosamine units is called the degree of acetylation 
(DA) [209–213]. Chitosans are derived from chitin, through alkaline deacetylation of chitin 
[209,212,213]. Chitin is a natural polymer found in crustaceans shells, insect’s cuticles, and 
fungi cell walls. However, natural chitosan can be derived from fungal sources [213]. 
Industrially, the primary source of chitosan is crustacean shells, which makes it a cheap and 
readily available source [211,213]. 

 

Figure 20. Chemical Structure of Chitosan polymer family (x =DA i.e. degree of 
acetylation). 

Chitosans are versatile polymers with multiple properties valuable in the medical field. 
Chitosan's biocompatibility is attributed to its macromolecular structure, which resembles 
extracellular matrix glycosaminoglycans [210]. Additionally, its biodegradability is facilitated 
by enzymes, which catalyse the hydrolysis of beta (1->4) linkages between the different 
residues. Vertebrates are believed to primarily degrade chitosan using lysozyme and bacterial 
enzymes found in the colon [214]. Additionally chitosan has been found to have antibacterial 
and antifungal properties, making it a promising polymer for biomedical applications 
[210,214]. The DA and molecular weight distributions of chitosan are two key factors that 
influence its properties. However, this work will focus on the impact of DA, while the effect 
of molecular weight will not be fully addressed. Increasing the DA enhances chitosan's 
hydrophilicity and solubility in the deprotonated state [213,215]. Biodegradability is also 
influenced by DA, with higher DAs leading to faster degradation rates [213,214]. Protonated 
chitosan with a low DA exhibits a high density of protonated amine groups, which brings 
hydrophilicity, solubility and facilitates interactions with cell membranes and enhances muco-
adhesion. Increasing the molecular weight further increases these interactions per polymer 
chain, further promoting muco-adhesion [213]. Like the selected 8-arm-PEG (Figure 19), 
chitosan possesses amine groups (in N-glucosamine) (Figure 20) enabling further chemical 
modifications to tailor its characteristics for specific applications [216,217]. At low pH, the 
amine groups of chitosan become protonated, rendering it a water-soluble cationic 
polyelectrolyte. As the pH increases, deprotonation of the amine groups occurs, resulting in 
chitosan insolubility for DA<40%. This transition between soluble and insoluble chitosan 
occurs at the pKa of its amine groups, which is typically in the range of 6.2 to 6.5 [213,218]. 
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Neutralization of concentrated chitosan solutions induces hydrogen bonding and hydrophobic 
interactions, resulting in the formation of a physical hydrogel without requiring additional 
crosslinkers [219]. Neutralized chitosan exhibits chelating abilities for metallic cations such as 
Cu²⁺, Zn²⁺, Fe²⁺, Fe³⁺… [220,221]. However, unmodified chitosan metal complexes have 
unsaturated metal coordination spheres [221]. This can lead to redox reactions and non-specific 
transmetallation due to similar complexation constants for various metal cations, limiting its 
effectiveness for specific iron chelation in therapeutic contexts [222–224]. 

Iron is a primary target for chelation therapy in neurodegenerative diseases due to its frequent 
association to disease pathogenesis as seen in the previous chapter. Consequently, a strong 
iron-specific chelator is desirable. A previous collaboration between ILM, IMP, and the start-
up MEXBRAIN successfully grafted a chelator onto chitosan by using a DOTA derivative 
(DOTAGA anhydride). A low DA chitosan (6%) achieved a grafting rate of  ~17% DOTAGA, 
while a reacetylated chitosan (DA~30%) had a lower grafting rate of ~7% DOTAGA 
[198,225]. DOTA can chelate iron (III), as evidenced by its complexation constant (Table 1).  

However there are chelators who have higher complexations constants with iron(III) such as 
deferiprone or DFO (Table 1). Moreover, both chelators are commonly used to treat iron 
overload and have been previously evaluated in clinical trials for neurodegenerative diseases, 
as discussed in the preceding chapter, whereas DOTA isn’t. 

Additionally, the difference in complexation constants between iron (III) and copper (II) or 
iron (III) and zinc (II) is more pronounced for DFO and deferiprone than for DOTA (see Table. 
1) rendering deferiprone and DFO specific iron chelators. However DFO complexes iron (III) 
with a 1:1 iron-to-chelator stoichiometry whereas deferiprone chelates iron (III) in a 3:1 ratio 
[5,8]. This implies that a DFO-functionalized polymer will exhibit greater iron binding capacity 
per functionalized group compared to its deferiprone counterpart. Therefore, for 
functionalization of polymers for iron (III) extraction, the chosen chelator was DFO. 

 2.1. DFO functionalised polymer synthesis  

To graft DFO onto the polymer via its amine group, the DFO derivative p-NCS-Bz-DFO (N1-
hydroxy-N1-(5-(4-(hydroxy(5-(3-(4-isothiocyanatophenyl) thioureido) pentyl) amino)-4-
oxobutanamido) pentyl)-N4-(5-(N-hydroxyacetamido) pentyl) succinimide (provided by 
Chematech) was selected. The isothiocyanate moiety of p-NCS-Bz-DFO reacts with the 
polymer's amine group, forming an isothiourea bond between the chelator and the polymer 
backbone [226]. Nevertheless, p-NCS-Bz-DFO is a hydrophilic compound soluble exclusively 
in DMSO, thus, the reaction medium will need to be optimized. 

2.1.1. Synthesis of 8-arm-PEG@DFO 

Eight-arm polyethylene glycol (8-arm-PEG) is solubilized in DMSO at a concentration of 
0.9%(w/w) (0.25 mM) at 40°C. After complete dissolution, NCS-Bz-DFO powder is added 
with stirring to achieve a final concentration of 0.069 %(w/w) (0.92 mM). The mixture is stirred 
continuously at 40°C for four hours. The reaction mixture is subsequently diluted tenfold with 
water and purified through tangential filtration (membranes with cut-off 40kDa) using a 
volume of water fifteen times that of the initial reaction mixture. The purified product is then 
lyophilized. 
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2.1.2. Chitosan functionalisation with DFO (DA40@DFO4) 

The coupling reaction between an amine and an isothiocyanate moiety is more efficient at 
higher pH values, however, low DA chitosan is not soluble in this range of pH [226]. Therefore, 
a first step of reacetylation of chitosan is necessary in order to extend the solubility range of 
chitosan, in particular to obtain a chitosan soluble at neutral pH. The synthesis is then 
performed in two steps (Figure 21). 

 

 

Figure 21. Synthesis pathway of DA40@DFO4 from chitosan, x corresponds to degree of 
acetylation (DA), y is the grafting ratio (substitution degree) of p-NCS-Bz-DFO. 

Reacetylation step: 

Chitosan reacetylation was performed using acetic anhydride as the reagent in a water/1,2-
propanediol mixture (Figure 21). Detailed procedures can be found in the "Materials and 
Methods" section of Chapter III in the paper "Chitosan-based hydrogel for iron (III) chelation 
in biological conditions”. Briefly, a 1.5% (w/w) low DA chitosan solution was prepared in 1% 
acetic acid. To achieve a chitosan concentration of 1.25% (w/w), 1,2-propanediol was added. 
1,2-propanediol limited water content, thereby reducing acetic anhydride hydrolysis risk. 
Acetic anhydride, diluted to 3% (v/v) (0.32M) in 1,2-propanediol, was added under stirring 
until the chitosan concentration reached 1% (w/w). For DA determination, the mixture was 
purified through tangential filtration using a volume of ultrapure water fifteen times the initial 
reaction mixture volume, followed by lyophilization. 

DA was determined according to Hirai's method by calculating the ratio between the peak area 
corresponding to the CH3 protons of the acetyl moiety and the peak area corresponding to the 
six protons of chitosan (excluding the anomeric protons) (Figure 22) [227]. x is equivalent to 
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the DA, in this case the DA of the reacetylated chitosan is equal to 40± 0.5%. In the following, 
the reacetylated chitosan with DA of 40% will be referred to as DA40. 𝐴𝑟𝑒𝑎3.00−4.55 𝑝𝑝𝑚𝐴𝑟𝑒𝑎2.45 𝑝𝑝𝑚 =  

63𝑥 = 2𝑥 

 

Figure 22. Representation and 1H RMN spectrum of reacetylated chitosan DA40. Analysis 
performed at 0.5% (w/w) in D2O at 70°C at the NMR platform in Axel’One Campus. 

Functionalisation step: 

Chitosan, unlike PEG, is not soluble in organic solvents whereas p-NCS-Bz-DFO is insoluble 
in water therefore it is necessary to found a common reaction solvent. Multiple synthesis tests 
were done in order to find proper solubility conditions (Table 3). 

Ideally, the acetylation and functionalization steps should be conducted in a single one-pot 
reaction. The initial reaction medium will then consist of a mixture of water, 1,2-propanediol 
and DMSO since p-NCS-Bz-DFO is only soluble in DMSO. Following the acetylation step, 
the reaction mixture contains 1% (w/w) chitosan in 30% (v/v) 1,2-propanediol. For all synthesis 
experiments, the final concentrations are maintained at 0.5% (w/w) polymer thus there will 
always be a minimum of 15% (v/v) 1,2-propanediol. Similar to its role in the acetylation step, 
1,2-propanediol helps to reduce the water content of the reaction mixture, minimizing the risk 
of isothiocyanate hydrolysis. The reaction between amines and isothiocyanates is favoured 
when the amine is deprotonated, so the pH of the reaction mixture should be maintained, if not 
above the pKa of chitosan's amine groups (6.2-6.5), close to it in order to have available free 
amines for coupling [218,226]. The solvent proportions for each synthesis test can be find in 
Table 3.  

In the first synthesis experiment, p-NCS-Bz-DFO was solubilized in DMSO at a 
concentration of 1% (w/w) and added dropwise to the reaction mixture. The solution became 
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cloudy after approximately 27% of the total volume of p-NCS-Bz-DFO was added (Figure 23 
#1). 

For the second experiment, the same protocol was followed, but the reaction mixture was 
heated to 30°C. Cloudiness was observed after the addition of approximately 36% of the total 
p-NCS-Bz-DFO solution (Figure 23 #2). In both experiments, the water fraction was still too 
high to ensure complete solubility of p-NCS-Bz-DFO.  

Therefore, in experiment 3, the proportion of DMSO was increased from 11% (v/v) to 25% 
(v/v) by diluting the initial p-NCS-Bz-DFO solution 2.3-fold with DMSO. Under these 
conditions, the entire volume of p-NCS-Bz-DFO solution could be added without cloudiness. 
However, the solution became cloudy approximately 30 minutes after the addition of p-NCS-
Bz-DFO (Figure 23 #3). 

In experiment 4, instead of diluting the p-NCS-Bz-DFO solution, extra DMSO was added 
directly to the reaction mixture prior to the addition of the 1% (w/w) p-NCS-Bz-DFO solution. 
The resulting solution was largely transparent, with only small suspended residues visible after 
one hour. The presence of DMSO in the reaction mixture prior to the addition of DFO ensures 
a higher concentration of DMSO within the reaction media when p-NCS-Bz-DFO is added 
compared to simply diluting the p-NCS-Bz-DFO solution (as in experiment 3). This elevated 
DMSO concentration enhances the solubility of p-NCS-Bz-DFO (Figure 23 #4). 

In the 5thth experiment, the same protocol as used in the fourth experiment was followed, 
with the exception of adjusting the pH of the solution to 6.5 prior to the addition of p-NCS-Bz-
DFO. This modification did not alter the final outcome compared to the fourth experiment 
(Figure 23 #5). It was observed that maintaining a pH closer to 7 resulted in the precipitation 
of DA40 even before the addition of the 1% (w/w) p-NCS-Bz-DFO solution. Therefore, the 
reaction should be conducted at a pH below 7 to prevent chitosan precipitation in this mixture 
of water/1,2-propanediol/DMSO. 

For synthesis experiments 6 and 7, the amount of 1,2-propanediol was doubled while other 
parameters were maintained constant. Synthesis 6 was conducted at pH 5.5, while synthesis 7 
was performed at pH 6.5. Synthesis 6 resulted in a transparent solution (Figure 23 #6), whereas 
synthesis 7 yielded a slightly cloudy and viscous solution (Figure 23 #7). It is hypothesized 
that the higher pH in synthesis 7 decreased the solubility of DA40 in the reaction medium. While 
reducing the DMSO concentration could potentially improve DA40 solubility, the final DMSO 
proportion should be maintained above 11% to avoid the solubility issues encountered in 
previous experiments. 

Therefore, in the final synthesis test, the DMSO concentration was reduced to 18% instead 
of 25%. This modification resulted in a transparent solution that is purified through tangential 
filtration against 7.5 volumes of 0.1 M acetic acid, followed by 7.5 volumes of ultrapure water. 
(Figure 23 #8). The resulting polymer will be designated as DA40@DFO4. While this polymer 
is soluble in water at physiological pH, it precipitates under isotonic conditions, rendering it 
unsuitable for direct administration as a solution. However, DA40@DFO4 can be utilized in the 
development of chelating hydrogels, as further explored in Chapter III presented as an article 
entiteled "Chitosan-based hydrogel for iron (III) chelation in biological conditions".  
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Table 3. Summary of each synthesis test conditions showing the synthesis pH, temperature, 
variations in 1,2-propanediol and DMSO proportions in the reaction mixture. 

Number pH 
Theoretical 

DFO grafting 
rate % 

T° 
Final 

DMSO % 
(v/v) 

Final 1,2-
propanediol 

% (v/v) 

#1 5,5 5 
Room 

temperature 
11,1 15 

#2 5,5 5 30°C 11,1 15 
#3 5,5 5 30°C 25 15 
#4 5,5 5 30°C 25 15 
#5 6,5 5 30°C 25 15 
#6 5,5 5 30°C 25 30 
#7 6,5 5 30°C 25 30 
#8 6,5 5 30°C 18 30 

 

 

Figure 23. Images of the synthesis experiments in different solvent ratios (Water/1,2-
propanediol /DMSO), the experiment number correspond to table 3. 

2.1.3. Double-functionalized chitosan (DA29@DOTAGA9@DFO5) 

To create a chelating polymer with both high physiological solubility and iron specificity, DFO 
was grafted onto chitosan derivative with a DA of 29% and grafted DOTAGA 
(DA29@DOTAGA9) (Figure 23). Due to the hydrophilic nature of DOTAGA, the 
DA29@DOTAGA9 polymer exhibits excellent solubility at physiological pH and remains 
soluble in a solution containing 18% (v/v) DMSO, 30% (v/v) 1,2-propanediol, and 52% (v/v) 
water at pH 6.0±0.5 at a concentration of 0.5% (w/w). These conditions are identical to those 
used for the synthesis of DA40@DFO4. Unlike chitosan with a DA of 29% (DA29) without 
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DOTAGA, which precipitates under these conditions. The grafting of DOTAGA onto chitosan 
enhances its solubility, enabling the subsequent functionalization of DA29@DOTAGA9 with 
p-NCS-Bz-DFO, even at lower degrees of acetylation than 40%. The synthesis of this double-
grafted polymer involves three main steps, as previously described by Grange et al., 2023 
(Figure 24) [199].  

 

Figure 24. Synthesis pathway of DA29@DOTAGA9@DFO5 from chitosan, x corresponds to 
degree of acetylation (DA), y is the grafting ratio (substitution degree) of DOTAGA and z the 
grafting ration of p-NCS-Bz-DFO. 

1. Reacetylation: Starting with low DA chitosan, a reacetylation step is performed using the 
same parameters as those employed for the synthesis of DA40, with the exception of acetic 
anhydride concentration, which is diluted to 2.4% (v/v) (0.24 M) in 1,2-propanediol. 

2. DOTAGA Grafting: The reaction mixture is diluted with 1,2-propanediol to achieve a final 
concentration of 50% (v/v) to minimize hydrolysis. DOTAGA anhydride is then added to a 
final concentration in the reactor of 6% (w/w). The product is purified by tangential filtration 
against a volume of acetic acid 0.1M 7.5 half times the volume of the reactional mixture, and 
then against 7.5 half times the volume of the reactional mixture of ultrapure water. 

3. p-NCS-Bz-DFO Grafting: The purified DA29@DOTAGA9 polymer is dissolved in ultrapure 
water at a concentration of 1% (w/w). The subsequent grafting of p-NCS-Bz-DFO is performed 
under the same conditions as those used for the synthesis of DA40@DFO4 being pH 6.0±0.5 
and 52%/30%/18% the proportions of solvent (water, 1,2-propanediol, DMSO respectively) 
after addition of the p-NCS-Bz-DFO 1%(w/w) DMSO solution. 
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Further details on the synthesis can be found in the material & methods of the article draft 
“Development of chitosan-based hydrogels with tailored hydrophilicity and swelling 
characteristics” in chapter III.  

Unlike DA40@DFO4, DA29@DOTAGA9@DFO5 is able to stay soluble at pH 7.4 in isotonic 
conditions (0.7% (w/w) NaCl) without precipitation at a concentration of 0.5% (w/w). This 
property makes it suitable for applications where the polymer must be in solution, such as 
dialysis fluids [199]. The observed difference in behaviour between these two DFO-grafted 
polymers can be attributed to their distinct hydrophobicity/hydrophilicity balances. While p-
NCS-Bz-DFO itself is a hydrophobic molecule, increasing its grafting ratio on the polymer can 
enhance its overall hydrophobicity. In contrast, increasing the DA or grafting with DOTAGA 
can improve hydrophilicity in the deprotonated state. However, the addition of DOTAGA 
appears to have a more pronounced effect on hydrophilicity, likely due to the introduction of 
several negative charges from each DOTAGA moiety due to its multiple carboxylic acid 
functions (pKa1:2.4, pKa2:4.3, pKa3:4.6, pKa4:9.7 and pKa5:11.9 [13]), whereas acetylation 
only promotes hydrophilicity in the deprotonated state. This results in a higher solubility of the 
double grafted DA29@DOTAGA9@DFO5 polymer compared to DA40@DFO4’s solubility. 

 2.2. Polymer characterisations 

Characterizing the physico-chemical properties of the polymers was essential for 
understanding their behaviour. The article entitled "Chitosan-based hydrogel for iron (III) 
chelation in biological conditions", we briefly discuss some of these techniques for 
DA40@DFO4. However, given the primary focus of the article on chelating hydrogel 
development, these techniques will be described in more detail in this section. 

2.2.1. Characterization of 8-arm-PEG@DFO 

 1H NMR  

The comparison of the NMR spectra of the initial 8-arm-PEG (Figure 25) and the final DFO-
grafted product (Figure 26) reveals that new peaks in the latter correspond to the grafted Bz-
DFO moiety. Furthermore, the disappearance of the triplet at 2.8 ppm, attributed to the protons 
adjacent to the amine function in the original 8-arm-PEG spectrum (Figure 19), provides 
additional evidence for the successful conjugation of DFO to the polymer via amine coupling. 
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Figure 25. Representation and 1H RMN spectrum of 8-arm-PEG. Analysis done at 1.5% 
(w/w) in D2O 25°C at the NMR platform in Axel’One Campus. 

Table 4. Attribution of 1H RMN signal of 8-arm-PEG in figure 25. 

Chemical shift (ppm) Attribution 

3.4-3.9 H1-H4 (in black) 
2.8 H5 (in grey) 

 

 

Figure 26. Representation and 1H RMN spectrum of 8-arm-PEG@DFO. Analysis done at 1.5 
(w/w) in D2O at 25°C at the NMR platform in Axel’One Campus. 
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Table 5. Attribution of 1H RMN signal of 8-arm-PEG@DFO in figure 26. 

Chemical shift (ppm) Integration Attribution 

7.3 4 H
n,
 Hn’ (in green) 

3.4-3.9 6 +all PEG protons  H
e
, H

l 
,H

1
-H

5
 (in black) 

3.1 6 H
a
H

h 
(in orange) 

2.7 4 H
f 
(in blue) 

2.4 4 H
g 
(in cyan) 

2.1 3  
H

m 
(in pink) 

1.8-1.2 18 H
b
, H

c
, H

d
, H

k,
 H

i,
 H

j 
(in red) 

 

Determination of DFO grafting rate in 8-arm-PEG@DFO by UV/Vis titration 

The complex DFO-Fe(III) has a maximum absorption at around 430 nm, DFO alone and iron 
(III) doesn’t not absorb light at that wavelength (figure 27). Therefore, the iron-chelating 
capacity of the 8-arm-PEG@DFO was evaluated by measuring its iron (III) binding capacity 
through a UV/Vis dosage of the DFO-iron (III) complex. 

 

Figure 27. UV-Vis Absorption spectrum of commercial DFO mesylate at 0.08mM (red), iron 
(III) at 0.08mM (black) and a solution of DFO mesylate and iron (III) both at 0.08mM (blue). 
All solutions were prepared in a 0.1M AcOH / 0.1M AcONH4 buffer solution (acetate buffer) 
to keep the pH stable at 4.5. 
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Material and methods Multiple solutions of 8-arm-PEG@DFO were prepared at a fixed 
concentration (0.01 (w/w)) in an acetate buffer solution ammonium acetate (0.1 M)/acetic acid 
(0.1 M) (pH 4.5), and increasing amounts of iron (III) were added (0-16 µM) and the 
absorbance measured (figure 28A). As the DFO moieties on the polymer chelate iron (III) ions, 
a complex is formed, resulting in an increase in absorbance at 430 nm, a characteristic peak for 
DFO-Fe(III) [228]. After this increase, a plateau effect is observed once all DFO binding sites 
on the polymer are saturated with iron (III). 

Results and discussion A plot of iron concentration (mmol per gram of polymer) versus 
absorbance at 430 nm for each sample can be used to determine the grafting rate (figure 28B). 
The crossover between the two linear regimes in this plot corresponds to the transition from 
unsaturated to saturated DFO binding sites. In this experiment, the grafting rate (CDFO) was 
determined to be 0.08 mmol of DFO per gram of 8-arm-PEG@DFO. Additionally, the initial 
slope of the plot provides the molar absorption coefficient of the DFO-Fe(III) complex, which 
in this case was ε = 2500 L⋅mol⁻¹⋅cm⁻¹, consistent with values reported in the literature (ε = 
2300 mol-1.cm-1) [228]. 

 

Figure 28. Dosage of a solution of 8-arm-PEG@DFO by Fe (III) in acetate buffer 0.1 M pH 
4.5. A: UV- Visible spectrum of DA40@DFO4 at 0.01 (w/w) with increasing iron concentration 
(0 µM, 2 µM, 4 µM, 6 µM, 8 µM, 10 µM, 14 µM, 16 µM). B: Absorbance at 429 nm plotted 
against mmol of iron per g of 8-arm-PEG@DFO. Red lines correspond to linear regressions. 
The dotted line represents the crossover concentration corresponding to the saturation of DFO 
with iron. 

 

In order to determine how many arms are functionalized with DFO  

The mass fraction of arms of the 8-arm-PEG@DFO being functionalised correspond to w 𝑤 = 𝑛𝐷𝐹𝑂 × 𝑀𝑥𝑚8−arm−PEG@DFO = 𝑥 × 𝑀𝑥𝑥 × 𝑀𝑥 + 𝑎 × 𝑀𝑎 
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Where nDFO is the mole number of DFO grafted arms, 𝑚8−arm−PEG@DFO is the mass of PEG. 𝑀𝑥 is the molar mass of a PEG arm grafted with DFO, x corresponds to the molar fraction of 
grafted arms, 𝑀𝑎 is the molar mass of an ungrafted PEG arm and a corresponds to the molar 
fraction of ungrafted arms.  Since:   𝑎 = 1 − 𝑥 𝑤 = 𝑥 × 𝑀𝑥𝑥 × 𝑀𝑥 + (1 − 𝑥) × 𝑀𝑎 

𝑥 = 𝑤 × 𝑀𝑎𝑀𝑥 + 𝑤(𝑀𝑎 − 𝑀𝑥) 

Furthermore 𝐶𝐷𝐹𝑂 = 𝑛𝐷𝐹𝑂𝑚8−arm−PEG@DFO 

Hence  𝑥 = 𝐶𝐷𝐹𝑂 × 𝑀𝑥 × 𝑀𝑎𝑀𝑥 + 𝐶𝐷𝐹𝑂 × 𝑀𝑥(𝑀𝑎 − 𝑀𝑥) 𝑀𝑎 = 5000 𝑔. 𝑚𝑜𝑙−1     𝑀𝑥 = 5752.9 𝑔. 𝑚𝑜𝑙−1 

This results in x = 43%, or in other words, on average, 3.4 out of the 8 arms are grafted with 
DFO. 

2.2.2. Characterization of DA40@DFO4  
1H NMR 

By comparing the 1H NMR spectra of DA40 (Figure 22) and DA40@DFO4 (Figure 29), the 
characteristic peaks of DFO are clearly seen in the functionalized polymer. Specifically, the 
phenyl peak at 7.8 ppm corresponds to four protons, and the three broad peaks between 1.6–
2.2 ppm correspond to 18 protons from DFO's carbon chain. These peaks can be used to 
determine the degree of substitution of DFO, referred to as y, by calculating the ratio of one of 
these specific DFO peaks to the resonances of chitosan in the 3.4–4.5 ppm range, which 
correspond to six protons from chitosan (excluding anomeric protons) and 12 protons from 
DFO. This ratio, calculated using either the phenyl peak (equation 2) or the three broad peaks 
(equation 3), consistently yields a value of y = 3.8 ± 0.2%. Once y is determined, the same 1H 
NMR spectrum can be used to determine the DA using a modified version of Hirai’s method. 
This method accounts for the overlap of signals from the DFO peaks with those of chitosan 
and the acetyl group. As expected, from equation (4) below, the DA of chitosan remains close 
to 40% (equation 4). 𝐴𝑟𝑒𝑎 3.7−4.5𝐴𝑟𝑒𝑎 7.8   =  6+12𝑦4𝑦   (2) 
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𝐴𝑟𝑒𝑎 3.7−4.5𝐴𝑟𝑒𝑎 1.6−2.2  =  6+12𝑦18𝑦   (3) 

 𝐴𝑟𝑒𝑎 3.00−4.55 𝑝𝑝𝑚𝐴𝑟𝑒𝑎 2.3−2.5   =  6+12𝑦3(𝑦+𝑥)  (4) 
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Figure. 29. NMR 1H spectrum of DA40@DFO4 in D2O at 0.5 % w/w at 70°C at the NMR 
platform in Axel’One Campus and labelling for attribution of 1H NMR signal of DA40@DFO4. 

Table 6. Attribution of 1H NMR signals of DA40@DFO4 (x: acetylation degree, y: DFO 
grafting) in figure 29. 
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Chemical shift 

(ppm) 
Integration Attribution 

7.8 4y Hn et Hn’ (in green) 
4.9-5.5 1 H1 (in black) 

4.5-3.5 6 + 12y 
H2, H3, H4, H5, H6,7, Ha, He, Hl, Hh (in 

orange) 
3.2 4y Hf (in cyan) 
2.9 4y Hg (in cyan) 

2.3-2.6 3y + 3x Hac, Hm (in pink) 

1.6-2.2 18y Hb, Hc, Hd, Hk, Hi, Hj (in red) 

 

Determination of DFO grafting rate in DA40@DFO4 by UV/Vis titration 

Material and methods Similar to 8-arm-PEG@DFO, the iron-chelating capacity of the 
polymer can be determined using UV/Vis spectroscopy. Multiple solutions of DA40@DFO4 
with a consistent concentration of 0.1% (w/w) are prepared, with increasing iron concentrations 
up to 150 µM (Figure 30A). By plotting the absorbance of these solutions at 430 nm, which 
corresponds to the absorption wavelength of the DFO-iron(III) complex, against the iron 
content (in mmol of iron per gram of polymer), the saturation point of DFO can be identified 
from the change in slope. For further details on the experimental protocol, please refer to the 
article entitled “Chitosan based hydrogel for iron (III) chelation in biological conditions” found 
in the chapter III. 

Results and discussion This analysis yields a DFO content (CDFO) of 0.135 mmol per gram of 
polymer (Figure 30B). The grafting rate can then be determined using the following equations.  

The mass fraction of DFO-grafted repeat unit, 𝑤, is defined as  𝑤 = 𝑛𝐷𝐹𝑂 ∙ 𝑀𝑦𝑚𝐶ℎ𝑖𝑡𝑜𝑠𝑎𝑛 =  𝑦 ∙ 𝑀𝑦𝑥 ∙ 𝑀𝑥 + 𝑦 ∙ 𝑀𝑦 + 𝑔𝑙𝑢𝑐 ∙ 𝑀𝑔𝑙𝑢𝑐 

Where 𝑛𝐷𝐹𝑂 is the mole number of DFO-grafted repeat unit, 𝑚𝐶ℎ𝑖𝑡𝑜𝑠𝑎𝑛 is the (dry) mass of 
dissolved DA40@DFO4 in solution, 𝑥 is the molar fraction of N-acetyl glucosamine repeat 
units, 𝑦 = 𝑛𝐷𝐹𝑂/𝑛𝑇𝑂𝑇  is the molar fraction of the DFO-grafted repeat units and 𝑎 is the molar 
fraction of the glucosamine repeat units. Accordingly,  𝑀𝑥  is defined as the molar mass of N-
acetyl repeat units, 𝑀𝑦 is the molar mass of DFO-grafted repeat units and 𝑀𝑔𝑙𝑢𝑐 the molar mass 

of glucosamine residue. 

Since 𝑔𝑙𝑢𝑐 = 1 − 𝑥 − 𝑦 the equation above becomes 𝑤 = 𝑦 ∙ 𝑀𝑦𝑥 ∙ (𝑀𝑥 − 𝑀𝑔𝑙𝑢𝑐) + 𝑦 ∙ (𝑀𝑦 − 𝑀𝑔𝑙𝑢𝑐) + 𝑀𝑔𝑙𝑢𝑐 

Therefore 
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𝑦 =  𝑤 ∙ (𝑥 ∙ (𝑀𝑥 − 𝑀𝑔𝑙𝑢𝑐) + 𝑀𝑔𝑙𝑢𝑐)𝑀𝑦 − 𝑤 ∙ (𝑀𝑦 − 𝑀𝑔𝑙𝑢𝑐)  

By computation, 𝑀𝑥 = 𝑀𝑔𝑙𝑢𝑐−𝑁𝑎𝑐 = 203.19 𝑔. 𝑚𝑜𝑙−1 , 𝑀𝑦 = 914.06 𝑔. 𝑚𝑜𝑙−1, 𝑀𝑔𝑙𝑢𝑐 = 161.16 𝑔. 𝑚𝑜𝑙−1
 

 

Using 𝑚𝑇𝑂𝑇 = 1 g of hydrated DA40@DFO4 dissolved in solution, from the UV titration with 
Fe (III), we find: 𝐶DFO𝑚𝑇𝑂𝑇 = 𝑛𝐷𝐹𝑂 = 0.14 𝑚𝑚𝑜𝑙 

 

In order to evaluate the mass fraction 𝑤, we evaluated a water content of 𝑤c = 8.2% (w/w) in 
the lyophilized DA40@DFO4 powder by thermogravimetric analysis, measuring the mass loss 
between 25 and 200°C under helium flow. Then, 𝑤 = 𝑛𝐷𝐹𝑂 ∙ 𝑀𝑦𝑚𝑇𝑂𝑇 ∙ (1 − 𝑤𝑐) 

 

Hence, the final equation is: 𝑦 =  𝐶DFO ∙ (𝑥 ∙ (𝑀𝑥 − 𝑀𝑔𝑙𝑢𝑐) + 𝑀𝑔𝑙𝑢𝑐)(1 − 𝑤𝑐) − 𝐶DFO ∙ (𝑀𝑦 − 𝑀𝑔𝑙𝑢𝑐)  

From 1H-NMR, 𝑥 = 40% 

This results in 𝑦 = 3% 

 

Figure 30. Dosage of a solution of DA40@DFO4 by Fe (III) in acetate buffer 0.1 M pH 4.5. A: 
UV- Visible spectrum of DA40@DFO4 at 0.1% w/w with increasing iron concentration (0 µM, 
13 µM, 25 µM, 50 µM, 75 µM, 100 µM, 125 µM, 150 µM, 200 µM, 250, µM and 300 µM). 
B: Absorbance at 430 nm plotted against mmol of iron per g of DA40@DFO4. Red lines 
correspond to linear regressions. The dotted line represents the crossover concentration 
corresponding to the saturation of DFO with iron. 
 

HPLC SEC MALLS 
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To determine the molecular weight of the functionalized chitosan DA40@DFO4 and compare 
it to the molecular weight of the initial DA6 polymer, high-performance liquid chromatography 
(HPLC) coupled with multi-angle laser light scattering (MALLS) was employed. Analysis 
were done at the institute Ingénierie des Matériaux Polymères (IMP) by Ms Agnès Crépet.  
 
Materials and methods Chromatographic analysis was performed using a 1260 Infinity 
Agilent Technologies pump connected to two TSK gel G2500 and G6000 columns (Tosoh 
Bioscience) in series. A Dawn EOS MALS detector (Wyatt Technology) operating at 664 nm 
was coupled online to a Wyatt Optilab T-Rex differential refractometer. Sample solutions were 
prepared at a concentration of 1 mg/mL and eluted in 0.2 M acetic acid/0.15 M ammonium 
acetate buffer (pH 4.5). Prior to injection, the solutions were filtered through 0.45 µm pore size 
membranes (Millipore). The eluent flow rate was maintained at 0.5 mL/min. 
 
Results and discussion The molecular weight of chitosan DA40@DFO4 increases compared 
to the molecular weight of chitosan DA6 which confirms the functionalisation of the polymer. 
Moreover, by calculating the degree of polymerization 𝐷𝑃𝑤 for an average chain size of 216 
kDa obtained by HPLC-MALLS (Table 7).  𝐷𝑃𝑤 = 𝑀𝑊𝑖𝑀𝑟𝑒𝑝𝑒𝑎𝑡 𝑢𝑛𝑖𝑡 ≈ 1300 

Where MWi is the weight-average molecular weight of DA6 determined by HPLC-MALLS and 
Mrepeat unit is the average molecular weight of the mean repeat unit of the chitosan polymer 
considering its DA. The calculation of Mrepeat unit is as follows: 

 𝑀𝑟𝑒𝑝𝑒𝑎𝑡 𝑢𝑛𝑖𝑡 = 𝑥 × 𝑀𝑥 + (1 − 𝑥) × 𝑀𝑔𝑙𝑢𝑐 = 163.68 𝑔. 𝑚𝑜𝑙−1  

 
The theorical molecular weight of the functionalised DA40@DFO4 (MWf) is then calculated 
as follows:  𝑀𝑊𝑓 = [𝑥𝑀𝑥 + 𝑦𝑀𝑦 + (1 − 𝑥 − 𝑦)𝑀𝑔𝑙𝑢𝑐]𝑁 ≈ 270𝑘𝐷𝑎 

 
The experimentally determined molecular weight of 250 kDa for DA40@DFO4 (Table 7) , as 
measured by HPLC-MALLS, is consistent with the estimated value. Moreover, the 
hydrodynamic radius (Rw) of 46 nm for DA6 and 43 nm for DA40@DFO4 (Table 7), 
respectively, indicates that the increase in DA from 6% to 40% and the grafting of DFO (4%) 
have a minimal impact on the polymer conformation. 
 
Table 7. Weight-average molecular weight (MW) and hydrodynamic radius (Rw) of the raw 
chitosan (DA6) and the functionalised chitosan (DA40@DFO4) determined by HPLC-MALLS. 

Polymer MW (kDa) Rw (nm) 
DA6 216 ± 2 46 ± 1 

DA40@DFO4 250 ± 2 43 ± 1 
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2.3. Chelation performance assessment 

2.3.1. Iron (III) chelation in solution proof of concept. 

The objective of this study is to evaluate the iron extraction performance of the chelating 
polymers presented in this chapter against the potent iron (III) chelator deferiprone and to 
compare their extraction performance to that of the first chitosan-based chelating polymer 
(DA29@DOTAGA9) developed by the ILM research team [198]. 

Materials and methods The tested polymers DA40@DFO4, DA29@DOTAGA9@DFO5, 
DA29@DOTAGA9, and 8-arm-PEG@DFO were solubilized in ultra-pure water at a 
concentration of 0.1% (w/w). A stock solution of deferiprone was prepared at 72 µM, and a 
stock solution of iron (III) at 18 µM in HCl 0.01 was prepared from a standard solution of Fe 
(III) in 5% HNO₃ (ICP Standard 50090 µg mL⁻¹, SCP Science, ref: 140-041-265). Detailed 
characterisation of DA29@DOTAGA9@DFO5 and DA29@DOTAGA9 can be found of the 
article draft “Development of chitosan-based hydrogels with tailored hydrophilicity and 
swelling characteristics” in chapter III. 

Using these stock solutions, 20 mL samples were prepared with the following concentrations: 
0.001% (w/w) for each polymer (DA40@DFO4, DA29@DOTAGA9@DFO5, 
DA29@DOTAGA9), and iron (III) at 0.45 µM. This resulted in a ratio of grafted chelator to the 
amount of iron (III) of 3:1, 11:1, and 8:1 for DA40@DFO4, DA29@DOTAGA9@DFO5, and 
DA29@DOTAGA9, respectively. The concentration of deferiprone was set at either to 1.8 µM 
or 14.4 µM, resulting in a deferiprone-to-iron(III) ion ratio of 4:1 for the lower concentration 
and 32:1 for the higher concentration. The deferiprone-iron complex consists of three 
deferiprone molecules per iron (III) ion. A phosphate buffer (10 mM; Na₂HPO₄ 7.5 mM, 
KH₂PO₄ 2.5 mM, pH 7.4) was used to maintain the prepared samples at physiological pH. The 
samples were prepared in the following order to avoid the precipitation of iron (III) at 
physiological pH: iron (III) was added first, followed by deferiprone, then the phosphate buffer, 
and finally, the polymer. The samples were stirred at room temperature for 1 hour. 1 mL of 
each sample was collected for ICP-MS analysis, and the remaining 19 mL was centrifuged in 
a Vivaspin with a membrane cut-off of 100 kDa until 2 mL remained in the supernatant. During 
centrifugation, the polymers remained in the supernatant, while small molecules (deferiprone-
iron complexes and free deferiprone) passed through the membrane and were found in the 
undernatant (Figure 31). Moreover, no interaction between the deferiprone-iron complex and 
the membrane was observed, as confirmed by the minimal difference between the initial iron 
concentration of the solutions and the iron concentration in the undernatant after centrifugation 
of the reference samples without polymer (% Recovery in undernatant close to 100%) (Table 
8). 

For the polymer 8-arm-PEG@DFO and DA29@DOTAGA9, a similar experiment was 
conducted with a total sample volume of 100 mL and an iron (III) concentration of 0.18 µM. 
This resulted in a chelator-to-iron (III) ratio of 5:1 and 19:1 for 8-arm-PEG@DFO and 
DA29@DOTAGA9, respectively. Deferiprone concentrations were set at either 1.4 µM or 7.2 
µM, yielding deferiprone-to-iron (III) ratios of 3:1 for the lower concentration and 16:1 for the 
higher concentration. 3 mL of each sample was collected for ICP-MS analysis. The remaining 
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97 mL was centrifuged using a Vivaspin filter with a membrane cut-off of 30 kDa until 20 mL 
remained in the supernatant. Reference samples were also prepared, containing only the 
polymer or the iron (III)-deferiprone complex. 

ICP-MS analysis was performed on the supernatant, the undernatant, and the initial solutions 
of both the samples and the reference samples. The analyses were conducted using a Perkin 
Elmer NexION 2000 ICP-MS equipped with Syngistix software (Version 2.3), using an ESI 
SC-FAST sample introduction system in Kinetic Energy Discrimination (KED) mode. KED 
mode was used in order to avoid the interference between iron most common isotope 56Fe and 
40Ar16O+ formed by the plasma. In KED mode the larger interference ions (40Ar16O+) are 
filtered allowing only the analyte ion (56Fe) to arrive to the detector. The samples were prepared 
by diluting them in an aqueous solution of 1% (v/v) HNO₃. 

 

Figure 31. Experimental setup for assessing the iron extraction efficiency of polymers vs 
deferiprone by Vivaspin®. With a membrane cut-off of 100 kDa for the experiments done with 
DA40@DFO4, DA29@DOTAGA9@DFO5, DA29@DOTAGA9 at an iron (III) concentration of 
0.45 µM, two deferiprones concentrations 1.8 µM or 14.4 µM , and a membrane cut-off of 30 
kDa for the experiments with 8-arm-PEG@DFO and DA29@DOTAGA9, an iron (III) 
concentration of 0.18 µM and two deferiprone concentrations 1.4 µM or 7.2 µM. 

Table 8. Iron concentrations of the initial solution prior centrifugation and the undernatant after 
centrifugation measured by ICP-MS in samples without polymer. 
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Deferiprone 
(µM) 

1.8 14.4 1.4 7.2 

Replicates 1 2 3 1 2 3 1 1 
[Fe] in initial 
solution (ppb) 

27.95 27.74 25.66 27.41 28.44 27.96 10.9 10.8 

[Fe] in 
undernatant 

(ppb) 
27.81 28.9 30.36 29.8 30.26 29.58 9.9 10.5 

% Recovery 

in 

undernatant 

99.5% 104.2% 118.3% 108.7% 106.4% 105.8% 90.8% 97.2% 

Results and discussion. The different polymers tend to adhere to the membrane after 
centrifugation; therefore, the results presented are based on measuring the amount of iron that 
passed through the membrane into the undernatant and comparing it to the initial iron 
concentration. In both iron concentration experiments, and regardless of the deferiprone 
concentration, the polymers grafted with DFO consistently outperformed the polymers with 
DOTAGA as the sole chelator (Figure 32), this can be explained by the difference in 
complexation constants for iron (III) between DFO, Deferiprone and DOTA ( LogDFO 
β(FeHL)+ > LogDeferiprone β(FeL3) > logDOTA β(FeL)- Table 1). DA29@DOTAGA9 was unable 
to extract more than 20% of the iron under any tested condition and even extracted 0% in the 
experiment with the lowest iron concentration and the highest deferiprone-to-iron ratio (Figure 
32B). 

In contrast, DA29@DOTAGA9@DFO5 extracted nearly all the iron, regardless of the 
deferiprone concentration (90.7 ± 10.1% at the lowest deferiprone concentration and 92.4 ± 
5.0% at the highest). DA40@DFO4 also demonstrated high iron extraction capacity; however, 
its efficiency decreased from 87.8 ± 5.4% in the experiment with 1.8 µM deferiprone 
(statistically similar to the extraction capacity of DA29@DOTAGA9@DFO5) to 70.7 ± 3.9% in 
the experiment with a higher deferiprone concentration (14.4 µM) (Figure 32A). This decrease 
in iron (III) extraction with the increase of deferiprone concentration could be attributed to the 
lower amount of grafted chelator, specifically DFO, in DA40@DFO4 (0.14 mmol/g) compared 
to DA29@DOTAGA9@DFO5 (0.33 mmol of DOTAGA per g of polymer and 0.16 mmol of 
DFO per g of polymer), thus making the increase on deferiprone concentration have a more 
significant impact on the extraction performance on the low grafted DFO polymer. A similar 
effect was observed with 8-arm-PEG@DFO (0.08 mmol of DFO/gram), where the polymer's 
extraction capacity decreased from 77.8% to 38.0% when the deferiprone concentration was 
increased fivefold (Figure 32B). 
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Figure 32. A: Percentage of iron extracted by ● DA29@DOTAGA9, ■ DA40@DFO4, and ▲ 

DA29@DOTAGA9@DFO5 in a solution containing iron (III) (0.45 µM) and deferiprone (1.8 
µM or 14.4 µM) in a 10 mM phosphate buffer at pH 7.4. B: Percentage of iron extracted by 
DA29@DOTAGA9 (blue) and 8-arm-PEG@DFO (black) in a solution containing iron (III) 
(0.18 µM) and deferiprone (1.8 µM or 14.4 µM) in a 10 mM phosphate buffer at pH 7.4. All 
results were calculated based on ICP-MS measurements of the undernatant. 
 

2.3.2. Aluminium (III) chelation in solution proof of concept 

In addition to essential metals like iron, there are non-essential metals such as aluminium that 
have been associated with neurodegenerative diseases [115,116]. Consequently, using an 
aluminium chelator as a potential treatment for these diseases could be promising. DFO is not 
only a potent iron (III) chelator but also an effective aluminium (III) chelator, with a 
complexation constant of Log β(AlHL)+ = 24.14 [7]. It has already been successfully used to 
treat aluminium overload in patients, yielding positive results [229,230]. The efficacy of 
aluminium (III) extraction by the chelating polymers was assessed by comparing them to 
EDTA, which has a complexation constant of  Log β (AlL)-=16.7 [2]. Additionally, EDTA 
played a secondary role in this experiment by preventing the precipitation of aluminium (III) 
at physiological pH. 

Materials and methods. For these experiments, stock solutions of the polymers 
(DA29@DOTAGA9, DA40@DFO4, DA29@DOTAGA9@DFO5, and 8-arm-PEG@DFO) were 
prepared at a concentration of 1% (w/w) in ultra-pure water. A stock solution of EDTA at 52 
µM was also prepared in ultrapure water. The aluminium stock solution was prepared at a 
concentration of 371 µM by diluting a standard Al (III) solution (1000 µg mL⁻¹ in 5% HNO₃, 
ICP Standard, SCP Science, ref: 140-051-130) with 0.01 M HCl. 

Using the stock solutions samples were prepared with the following concentrations: 0.1% 
(w/w) for each polymer (DA29@DOTAGA9, DA40@DFO4 and DA29@DOTAGA9@DFO5), 
and aluminium (III) at 7.4 µM. This resulted in grafted chelator-to-aluminium (III) ratios of 
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47:1, 67:1, and 18:1 for DA29@DOTAGA9, DA40@DFO4 and DA29@DOTAGA9@DFO5, 
respectively. EDTA was used at a concentration of 8.1 µM, resulting in a 1.1:1 ratio of EDTA 
to aluminium (III). All samples were prepared in Tris-HCl buffer (10 mM, pH 7.4) to maintain 
physiological pH. As in the experiments with iron, the solutions were added in the following 
order: aluminium (III), then EDTA, followed by the Tris-HCl buffer, and finally, the polymer. 
Control samples containing only the polymer, or aluminium (III) with EDTA, were also 
prepared. All samples were stirred at room temperature for 1 hour before analysis. Samples 
were analysed at the ILM with a Perkin Elmer NexION 2000 ICP-MS coupled to Perkin - 
Elmer Flexar LC. Separation was accomplished by a size exclusion column (Polysep 4000) at 
a flow rate of 0.4 mL/min. A 50 mM ammonium bicarbonate solution (pH 7.4) was used as the 
eluent. ICP-MS was operated in KED mode for the analysis to avoid interference between 27Al, 
12C15N and 12C14NH. The resulting chromatograms are shown in figure 33. 

 

Figure 33. Chromatograms showing the intensity of aluminium (27Al) in counts per second 
(cps) for the experimental samples (polymer + 7.4 µM aluminium(III) and 8.1 µM EDTA in 
10 mM Tris-HCl) compared to the control chromatogram (7.4 µM aluminium(III) and 8.1 µM 
EDTA in 10 mM Tris-HCl) in black A. DA29@DOTAGA9 in blue B. DA40@DFO4 in red C. - 

DA29@DOTAGA9@DFO5 in green. 

Results and discussion. The first broad peak, observed between 11 and 19 minutes, 
corresponds to the polymer, while the second peak at 22 minutes corresponds to the Al(III)-
EDTA complex. The high noise-to-signal ratio makes it challenging to precisely determine the 
exact elution time of the polymer peak. Since the Al(III)-EDTA complex peak is better defined, 
the analysis focused on measuring the area of this peak. To quantify the amount of aluminium 
chelated by the polymer, the areas of the Al(III)-EDTA complex peaks were compared between 
the control sample (Al(III)-EDTA without polymer) and the experimental sample. As shown 
in figure 33, no polymer peak is visible, and the area of the Al(III)-EDTA complex peak did 
not decrease in comparison to the control. In contrast, the chromatograms of the samples with 
DFO-grafted polymers showed a distinct polymer peak and a reduction in the Al(III)-EDTA 
complex peak, corresponding to 43% and 63% of the total aluminium (III) being extracted by 
DA40@DFO4 and DA29@DOTAGA9@DFO5, respectively. Comparing the chromatograms 
clearly indicates that only the DFO-grafted polymers are capable of chelating aluminium(III), 
which is consistent with the complexation constants of the Al(III)-DFO and Al(III)-EDTA 
complexes. The apparently superior extraction of aluminium (III) by 
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DA29@DOTAGA9@DFO5 could be attributed to the higher amount of DFO grafted onto this 
polymer, as observed in its better performance in the iron extraction experiments. However, 
due to the high noise-to-signal ratio, obtaining precise quantitative results was difficult. 

2.4.  Conclusion 

To utilize chelating agents in a microdialysis setup, it is essential to prevent the chelator from 
passing through the membrane. For the chelating agent to remain in the dialysate, it must have 
a larger molecular size than the membrane’s cut-off. This necessitates increasing the molecular 
weight of the chelator. By functionalizing two aminated polymers, 8-arm PEG and chitosan, 
the molecular weight of the iron (III) chelator DFO was successfully increased. 

The DFO derivative p-NCS-Bz-DFO, being hydrophobic and soluble only in DMSO, was 
employed to functionalize the polymers. 8-arm-PEG, being completely soluble in both water 
and DMSO, presented no obstacles in the synthesis of the functionalized polymer 8-arm-
PEG@DFO in 100% DMSO. The resulting polymer, with, on average, 3.4 out of its 8 arms 
grafted (0.08 mmol DFO/g), remained soluble in water at physiological conditions, making it 
suitable for its use in microdialysis applications.  

Chitosan, being exclusively soluble in acidic aqueous solutions, presented challenges for 
grafting the p-NCS-Bz-DFO moiety. To overcome this, the raw chitosan (DA6) was acetylated 
to a DA of 40% using acetic anhydride. This modification increased the hydrophilicity of the 
deprotonated chitosan, making it soluble at near-neutral pH, which is more favourable for the 
coupling reaction. A mixture of water, 1,2-propanediol, and DMSO (52%/30%/18%, 
respectively) at pH 6.0±0.5 was used to achieve a common solubility for chitosan and p-NCS-
Bz-DFO. Under these conditions, the reaction between p-NCS-Bz-DFO and DA40 resulted in 
the functionalized chitosan DA40@DFO4 with a DFO grafting of 0.135 mmol/g. However, 
unlike 8-arm-PEG@DFO, DA40@DFO4 is not soluble at physiological conditions making it 
not suitable for microdialysis applications. 

Moreover, grafting the DOTAGA moiety to chitosan also increased its hydrophilicity, leading 
to the synthesis of the double-grafted chelating polymer DA29@DOTAGA9@DFO5. This 
polymer exhibited higher solubility than DA40@DFO4 under physiological conditions and had 
a higher amount of grafted DFO (0.16 mmol/g compared to 0.14 mmol/g for DA40@DFO4). 

The chelation performance of the DFO-functionalized polymers was evaluated by quantifying 
their ability to extract iron (III) from solution at physiological pH, in competition with the 
strong iron (III) chelator deferiprone. The results demonstrated that all polymers could extract 
the majority of iron (III) from the solution, even when an iron (III) chelator (deferiprone) was 
present in excess relative to the iron (III) concentration. Notably, the polymer 
DA29@DOTAGA9@DFO5 exhibited the best performance. 

Furthermore, these experiments revealed that DFO-functionalized polymers outperformed 
DA29@DOTAGA9, highlighting that the grafting of DFO significantly enhances iron (III) 
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extraction capabilities. Additionally, it was shown that among the three tested chitosans 
(DA29@DOTAGA9, DA29@DOTAGA9@DFO5, and DA40@DFO4), the DFO grafting enabled 
the extraction of aluminium from [EDTA-Al(III)]- complexes something that the DOTAGA-
functionalized polymer (DA29@DOTAGA9) alone could not achieve. 

Due to the solubility issues exhibited by DA40@DFO4 in physiological media (neutral pH and 
isotonic conditions), as well as the gelation properties inherent to chitosan, the next chapter 
will focus on the development of biomaterials incorporating chelating chitosan derivatives. 
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Chapter III: Development of chitosan-based 

hydrogels 
 

A gel is a soft, solid-like material with a significant liquid component relative to the solid 
components [231]. Gels retain their shape under their own weight. Hydrogels a subcategory of 
gels, are three-dimensional crosslinked networks of polymers with high water content, typically 
exceeding 70%. This high water content, resembling natural living tissues, contributes to their 
excellent biocompatibility [202,203,232,233]. Due to this property, the use of biocompatible 
polymers in the development of hydrogels has led to their widespread research for medical 
applications like tissue engineering and drug delivery [204,225,232,234,235]. Hydrogels can 
be formed through chemical and physical crosslinking. Chemical crosslinking involves 
creating covalent bonds between functional groups within the polymer using crosslinking 
agents to form a 3D network [204,232]. In contrast, physical crosslinking relies on physical 
interactions such as van der Waals forces, electrostatic interactions, or hydrogen bonding to 
construct the 3D network, resulting in hydrogels with different mechanical properties 
compared to chemically crosslinked hydrogels [203,204,232,236]. 

As previously discussed, the amine functional group present in chitosan enables its 
functionalization with crosslinking agents to form chemical hydrogels. Additionally, chitosan 
can form physical hydrogels through the deprotonation of its amine groups in concentrated 
polymer solutions [232,236,237]. While crosslinking agents can be used to create chitosan 
hydrogels, this approach may have some drawbacks for specific applications. Crosslinking 
agents can be cytotoxic, react with the functional groups of grafted chelators, and increase the 
cost of hydrogel synthesis due to the additional reactants involved [202,204,232] and the 
precautions needed to remove unreacted crosslinkers. For these reasons, the following chapter 
focuses on the development of physical hydrogels with chelating properties. 

Chelating chitosan-based hydrogels have primarily been developed for water purification 
applications due to chitosan's intrinsic metal-complexing properties [220,221,238]. However, 
recent advances in functionalizing chitosan with chelators like EDTA or DOTAGA have led 
to the exploration of these hydrogels for other applications, such as medical applications 
[225,239]. 

3.1. Development of iron(III) chelating chitosan based hydrogels, "proof of concept" 

publication. 

The development of chitosan-based chelating polymers led to the publication of the article 
"Chitosan-based hydrogel for iron (III) chelation in biological conditions" in the journal 
Carbohydrate Polymers. Supplementary information can be found in the annexes.  
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3.2. Complementary study of interactions between chitosan metal complexes and salts in 

solution. 

Non-functionalized chitosan, with its amine and hydroxyl functional groups, exhibits inherent 
metal complexation properties. Furthermore, chitosan hydrogels are known for their ability to 
interact with and adsorb a large variety of molecules. These characteristics have led to 
extensive research on chitosan hydrogels for water purification or drug delivery. 

In the previous article, under section 3.3 "Chelation Experiments," it is mentioned that the 
metal extraction properties of chitosan-based hydrogels (i.e. based on 
chitosan/chitosan@chelatant mixes) are influenced not only by the metal ions but also by all 
other chemical species present in the solution. Additionally, it is noted that the addition of salts 
can mitigate some of the interactions between chitosan and metal complexes. In the following 
section, we will explore in more details how these interactions affect the metal extraction 
properties of chitosan hydrogels. Furthermore, the mechanisms behind these interactions will 
be evidenced, categorizing them into two types: direct chelation of the metal ion by chitosan, 
or indirect chelation via an intermediary chelatant. Therefore, to study these interactions, 
chitosan-based xerogels were submerged in various metal solutions containing different 
complexing agents, including EDTA, citrate, and deferiprone.  

To investigate the role of electrostatic interactions between metal complexes and chitosan, it 
was necessary to employ a technique that could disrupt these interactions without affecting the 
chelation process. There are multiple techniques to prevent interactions between molecules in 
solution and chitosan, known as desorption agents, which are typically used for "washing" 
chitosan after metal extraction [240,241]. Some of these techniques include acid desorption, 
basic desorption, chelating agent desorption, and salt desorption. Acid and base desorption 
were not suitable for our experiments due to the need to maintain physiological pH for accurate 
evaluation of the chelating materials. Moreover, acidic conditions could lead to the release of 
metals chelated by the grafted chelator within the hydrogels. Using chelating agents was also 
not feasible since the added chelating agents can interact with chitosan. Therefore, the 
technique used here is salt desorption. This method works by weakening the interaction 
between the adsorbed anion and chitosan through electrostatic interactions [240]. Thus, Na2SO4 
was chosen due to the higher interaction of SO4

2- with protonated amine groups, compared to 
other non-interacting salts like NaCl [242]. 

3.2.1. Na2SO4 iron (III) mediated release from chitosan based hydrogels previously 

exposed to an iron (III) citric acid solution at physiological pH. 

Materials and methods A preliminary experiment was conducted by submerging two xerogel 
pellets, prepared from precursor solutions with the following formulations, in 20 mL of a 
metallic solution: 15% DA6, 5% DA6 9.5% DA6@DOTAGA17, 0.5% DA40@DFO, 5% DA6 

9.2% DA6@DOTAGA17, 0.8% DA40@DFO, and 5% DA6 8% DA6@DOTAGA17 2% 
DA40@DFO. The xerogels were prepared following the same procedure shown in the article 
“Chitosan-based hydrogel for iron (III) chelation in biological conditions” involving a first 
acidic precursor solution, followed by a gelation in 3M bath and subsequent washing and 
drying 
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The metallic solution contained iron (III) (0.45 mM), citric acid (4.48 mM) to prevent iron 
precipitation, and HEPES 10 mM (pH 7.4). The solutions were stirred for 24 hours. One pellet 
from each formulation was extracted from the iron solution and submerged in 20 mL of a 
second solution containing Na2SO4 at 7 mM in HEPES 10 mM (pH 7.4) (Ratio chitosan amines 
: Na2SO4 ~1:0.8). The second pellet of each formulation was also extracted from the iron 
solution but this time they were submerged in only a HEPES 10 mM (pH 7.4) solution (control 
samples). Samples were stirred at room temperature for 24 hours after which all hydrogels were 
extracted from their solution and dissolved in 3 mL of 69% (w/w) HNO₃ by microwave. The 
resulting samples were diluted to 1% (w/w) HNO₃ and analysed by ICP-MS in kinetic energy 
discrimination (KED) mode.  

Results and discussion By reducing the proportion of DA6@DOTAGA17 from 9.5% w/w to 
8% w/w and increasing the DA40@DFO4 from 0.5% to 2% in the precursor solution, the total 
amount of chelator (DOTAGA and DFO) present in the hydrogel decreases. This, in turn, 
results in a decrease in iron(III) extraction. However, it's important to note that the formulation 
solely composed of low DA chitosan (15%DA6) is also capable of extracting iron(III) from the 
citric acid-iron(III) solution. (Figure 34). This suggests that chitosan, on its own, can interact 
with iron(III) and/or the metallic complex. This result is coherent with literature where chitosan 
metal (copper (II)) extraction increases in the presence of citrate-copper (II) complex [243].  

Additionally, when hydrogels are submerged in a Na2SO4 solution, a portion of the iron within 
the hydrogel is released back into the solution. This phenomenon highlights the influence of 
sulphate on metal extraction from chitosan. Specifically, sulphate ions can interact with the 
amine groups present in chitosan, potentially hindering both direct and indirect iron(III) 
extraction. The subsequent section will elaborate on how sulphate can impede indirect metal 
extraction. 

To account for this phenomenon, we must first consider the possibility of electrostatic 
interactions between the citrate-iron (III) complex and chitosan. The iron (III) citrate complex 
in solution carries a net charge of -3. In order for electrostatic interactions to occur, chitosan 
must possess protonated functional groups. Although the pKa of chitosan is between 6.2 and 
6.5, a physiologically pH of 7.4 still results in a significant number of protonated amines. By 
applying the following equations considering the pKa of chitosan’s amine groups (6.2-6.5), we 
can calculate the proportion of chitosan amines that are protonated %RNH3

+ and that are 
responsible for the electrostatic interaction between negative charged metal complexes and 
positively charged chitosan amines.  

𝑝𝐻 = 𝑝𝐾𝑎𝐶ℎ𝑖𝑡𝑜𝑠𝑎𝑛+𝑙𝑜𝑔10 ([𝑅𝑁𝐻2][𝑅𝑁𝐻3+]) 

%𝑅𝑁𝐻3+ = [𝑅𝑁𝐻3+][𝑅𝑁𝐻3+] + [𝑅𝑁𝐻2] × 100 
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Where [RNH2] is the concentration of deprotonated chitosan amines and [RNH3
+] the 

concentration of protonated chitosan amines. 

The proportion of protonated amines in the hydrogels ranges from 6% to 11%, making 
electrostatic interactions between protonated chitosan amines and the citric acid-iron(III) 
complex plausible. Consequently, when the hydrogels are submerged in Na2SO4 solution, the 
sulphate ions (SO4

2-), being negatively charged like the metallic complex, can interact with the 
protonated chitosan amines. This interaction may displace the citric acid-iron(III) complex, 
leading to the observed release of iron(III). Moreover, since the amount of iron(III) released in 
the presence of the sulphate salt is nearly identical across all formulations (see Table 9), this 
suggests that the released iron(III) was not chelated by any of the additional chelators present 
in the formulations with functionalized chitosans. This further supports the idea that sulphate 
ions are primarily responsible for the displacement and subsequent release of iron from the 
hydrogels. 

However, not all iron (III) cations are released by the formulation made solely of chitosan. One 
possible explanation is the direct complexation of iron (III) by chitosan itself. Additionally, 
since the citric acid-iron(III) complex (FeL2)3- has a higher charge density compared to SO4

2- 
the electrostatic interaction between the protonated amine of chitosan and the acid-iron(III) 
complex is favoured. Therefore, to promote the displacement of the iron(III) complex more 
effectively, higher concentrations of sulphate may be required to shift the balance and enhance 
the release of the complex. (𝑅𝑁𝐻3 𝐹𝑒𝐿2)2− + 𝑆𝑂42− → (𝑅𝑁𝐻3 𝑆𝑂4)− + 𝐹𝑒𝐿23− 

Where (FeL2)
3- corresponds to the citric acid-iron(III) complex and L is the citric acid ligand. 
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Figure 34. Iron(III) extraction of various chitosan-based xerogels after exposure to 20 mL of 
metallic solution containing 0.45 mM iron(III), 4.48 mM citric acid, and 10 mM HEPES buffer 
(pH 7.4) for 24 hours and after being washed for 24 hours ■ in in 20 mL HEPES 10 mM (pH 
7.4) or ●  in 20 mL Na2SO4 at 7 mM in HEPES 10 mM (pH 7.4). 

Table 9. µg of iron(III) released by each formulation after exposure to Na2SO4 solution at 7 
mM. 

Gel formulation 
µg of iron(III) released 

by mg of gel 
15% DA6 2.1 
5% DA6  

9.5% DA6@DOTAGA17  

0.5% DA40@DFO4 

2.7 

5% DA6  

9.2% DA6@DOTAGA17  

0.8% DA40@DFO4 

2.2 

5% DA6  

8% DA6@DOTAGA17  

2% DA40@DFO4 

1.7 
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3.2.2. Metal extraction by chitosan based hydrogels, metals being solubilized with 

EDTA 

Further, to test the hypothesis of chitosan's indirect chelation via electrostatic interactions with 
other anionic metal complexes (EDTA-M), where M represents either iron (III) or aluminium 
(III), a second series of experiments was conducted. Chitosan-based xerogels were first 
exposed to solutions containing these metal complexes, and the metal extraction efficiency was 
compared to that of hydrogels exposed to the same concentrations of metal complexes, but with 
the addition of Na2SO4. 

Materials and methods An initial experiment was conducted using a HEPES buffer (10 mM, 
pH 7.4) containing iron(III) at a concentration of 3.6 µM. The same iron standard solution used 
in previous chelation experiments (Chapter II) was employed. EDTA was also added at a 
concentration of 4.3 µM (1.2 EDTA molecules per metal ion). One pellet from each 
formulation was submerged in 20 mL of this metallic/EDTA solution and stirred at room 
temperature for 90 hours. Interestingly, all formulations, including those without grafted 
chelators, were capable of extracting nearly all of the iron(III) from the solution (Figure 35 A 
and B).  

A second experiment was conducted using a modified protocol similar to the previous one. In 
this experiment, aluminium(III) was used as the metal instead of iron(III), at a concentration of 
7.4 µM. The EDTA-to-metal ratio was maintained at 1.2:1, resulting in an EDTA concentration 
of 8.1 µM. Interestingly, as observed in the previous experiment, all formulations were able to 
deplete the metal from the solution (Figure 36 A and B).  

A third experiment was conducted using the same protocol as the second one but adding 
Na₂SO₄ (35 mM corresponding to five SO₄²⁻ ions per chitosan amine). The amount of extracted 
metals for each experiment was determined by ICP-MS in KED mode. Samples of the three 
experiments were prepared by diluting the supernatant in 1% (w/w) aqueous HNO₃. 

 

 

Figure 35. Extraction of ● Iron (III) A: by a xerogel chitosan pellet (m~25mg). B: mg of 
xerogel pellet, after 90 hours in 20 ml of an iron (III) solution at 3.6 µM, 4.3 µM of EDTA in 
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HEPES 10 mM (pH:7.4). The molar fraction EDTA/Metal= 1.2. The molar fraction DFO/Metal 
are 3.4, 6.9 and 17 for the formulations containing 1%, 2%, and 5% DA40@DFO respectively. 
The measurements were obtained using ICP-MS. 

Results and discussion Similar to previous experiments with citrate-iron (III), all formulations 
were capable of extracting metals (iron (III) or aluminium (III)). However, the presence of 
Na2SO4 in solution significantly decreased metal extraction capabilities, especially for 
hydrogels without functionalized chitosan (see Figure 36 C, D and Figure 8 of the article 
"Chitosan-based hydrogel for iron(III) chelation in biological conditions"). These results 
indicate that, regardless of the metal in the EDTA-M complex (whether aluminium (III), iron 
(III), copper (II), or zinc (II)), when the resulting complex carries a negative charge, the 
addition of Na2SO4 masks the electrostatic interactions between chitosan and EDTA-M 
complexes. As a result, the only metals that can be extracted from the solution are those that 
undergo direct chelation. This is further confirmed by the fact that, in experiments where 
Na2SO4 was present, only hydrogels with grafted chelators were able to extract any metal (see 
again Figure 36 C, D and Figure 8 of the article "Chitosan-based Hydrogel for Iron(III) 

Chelation in Biological Conditions"). 
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Figure 36. Extraction of ⬣ Aluminium (III) A: by xerogel chitosan pellet. B: mg of xerogel 
pellet, after 90 hours in 20 ml of an aluminium(III) solution with a concentration of 7.4 µM, 
8.1 µM of EDTA in HEPES 10 mM (pH:7.4). The molar fraction EDTA/Metal= 1.2. Extraction 
of ⬣ Aluminium (III) C: by xerogel chitosan pellet. D: by mg of xerogel pellet. These 
experiments were performed after 90 hours in 20 ml of an aluminium(III) solution with a 
concentration of 7.4 µM, 8.1 µM of EDTA and 35 mM Na₂SO₄ in HEPES 10 mM (pH:7.4). 
The molar fraction EDTA/Metal is close to 1.2. 

3.2.3. Iron(III) extraction in presence of Na2SO4, Iron solubilization with Deferiprone 

In the article "Chitosan-Based Hydrogel for Iron (III) Chelation in Biological Conditions", it 
was observed that when the hydrogels were placed in a solution containing deferiprone and 
iron (III), the non-functionalized formulations were able to extract iron (III) from the solution. 
To quantify indirect chelation by electrostatic interactions between the metal complex Fe-
deferiprone and chitosan, the following experiment adding Na2SO4 was done. 

Materials and methods 15% DA6 pellets were submerged in 20 mL/per pellet of a solution 
containing iron(III) (3.6 µM) deferiprone (14.3 µM) at a metal-to-deferiprone ratio of 1:4 in a 
10 mM phosphate buffer solution (Na2HPO4 7.5 mM, KH2PO4 2.5 mM, pH 7.4) with 35 mM 
Na2SO4 added (corresponding to five SO₄²⁻ ions per amine group of chitosan). A control 
solution with the same composition, but without Na2SO4, was also prepared, and pellets were 
submerged in 20 mL of this control solution. Both the experimental and control samples were 
stirred at room temperature for 90 hours. Supernatant samples were then collected, diluted in 
1% (w/w) HNO₃, and analysed by ICP-MS in KED mode. 

Results and discussion Unlike with EDTA or citrate complexes, the addition of Na₂SO₄ to the 
deferiprone, iron(III) solution did not significantly decrease the iron (III) extraction efficiency 
of the non-functionalized chitosan hydrogels (Figure 37). This is because, unlike the studied 
EDTA or citrate metal complexes, the deferiprone3-iron(III) complex is neutral at the 
experimental pH, making electrostatic interactions between the complex and chitosan less 
likely. These results further support the hypothesis presented in the paper that the iron extracted 
by the non-functionalized chitosan hydrogels is due to direct chelation through the formation 
of a deferiprone-iron chitosan complex and not an indirect chelation by electrostatic 
interactions, as discussed in the section “3.3.1. Single metal ion chelation” of the article 
“Chitosan-based hydrogel for iron(III) chelation in biological conditions” 
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Figure 37.  Iron(III) extraction of chitosan (15% DA6) xerogels A: by xerogel chitosan pellet. 
B: mg of xerogel pellet, after exposure to 20 mL of a metallic solution containing 3.6 µM 
iron(III),14.3 µM of deferiprone (with a deferiprone : metal ratio of 4:1) in a 10 mM phosphate 
buffer solution (pH:7.4) ■ with 35 mM Na2SO4 and control ● without Na2SO4 for 90 hours.  

3.3. Effect of grafted chelator on hydrogel properties (publication) 

By modifying the chitosan structure through methods such as increasing the DA or grafting 
chelators like DOTAGA or NCS-Bz-DFO, the resulting polymer's properties, including 
solubility, hydrophilicity, and crystallinity, are also altered. The impact of these modifications 
on hydrogel formation and physico-chemical properties is evaluated in the following article 
“Development of chitosan-based hydrogels with tailored hydrophilicity and swelling 
characteristics” ready for submission to the journal Carbohydrate Polymers. Supplementary 
information can be found in the annexes. 
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Abstract 

1. Introduction 

Gels are defined by Almdal et al. (Almdal et al., 1993) as soft, solid-like materials composed 
of a liquid present in substantial quantities; the gel can maintain its form under its own weight. 
Thus, hydrogels are a specific type of gels composed of a three-dimensional crosslinked 
network of polymers with a high entrapped water content (Feng & Wang, 2023; Peers et al., 
2020; Pita-López et al., 2021). Due to their high water content, hydrogels possess a physical 
similarity to natural living tissues, which contributes to their excellent biocompatibility (Feng 
& Wang, 2023; Li & Mooney, 2016). This biocompatibility has led to the recent development 
of hydrogels for various biomedical applications, including tissue engineering (Jin & Dijkstra, 
2010; Tamo et al., 2022), and drug delivery (Gréa et al., 2024; Peers et al., 2020). 

Two main crosslinking methods are used to obtain hydrogels: chemical and physical 
crosslinking (Peers et al., 2020). Chemical hydrogels are formed by creating covalent bonds 
between polymer chains, resulting in a 3D network (Jin & Dijkstra, 2010). These covalent 
bonds can be formed through chemical reactions between functional groups on the polymer 
chains and added crosslinking agents via mechanisms like Schiff base formation (Budianto et 
al., 2015; Jin & Dijkstra, 2010), Michael type addition (Jin & Dijkstra, 2010; Metters & 
Hubbell, 2005), peptide ligation (Jin & Dijkstra, 2010; Jung et al., 2008), click chemistry (Jin 
& Dijkstra, 2010; Uliniuc et al., 2012) etc. However, some of these crosslinking agents can be 
cytotoxic, limiting the biomedical applications of these hydrogels (Feng & Wang, 2023; Jin & 
Dijkstra, 2010; Peers et al., 2020). In contrast, physical hydrogels are formed through weaker 
interactions like van der Waals forces, hydrophobic interactions, electrostatic interactions or 
hydrogen bonding (Peers et al., 2020). While these gels often exhibit softer mechanical 
properties compared to chemically crosslinked hydrogels, physical crosslinking can also lead 
to faster degradation rates (Peers et al., 2020). One of the interesting properties of hydrogels is 
their ability to swell. This refers to the capacity of the hydrogel network to weaken, enabling 
chain extension and absorption of more water within the polymer structure [13]. This swelling 
behaviour makes hydrogels particularly interesting for drug delivery applications. (Omidian & 
Park, 2010). Hydrogel swelling is often quantified by the weight-swelling ratio (SR) defined 
by the following equation where, 𝑊ℎ is the mass of the rehydrated hydrogel and 𝑊𝑑  is the dry 
weight of the hydrogel  (Omidian & Park, 2010). 

 𝑆𝑅 = 𝑊ℎ−𝑊𝑑𝑊𝑑 × 100 (1) (Omidian & Park, 2010)  

 

As swelling is determined by the interplay between pore size, polymer-water interactions, and 
the hydrophilicity of the polymer backbone (Becerra et al., 2017; Feng & Wang, 2023; Omidian 
& Park, 2010), functionalisation of the hydrogel with hydrophilic functional groups such as -
OH-, CONH-, -CONH2-, and -SO3H can significantly enhance its swelling capacity. On the 
other hand, hydrophobic groups and hydrophobic interactions will hinder swelling (Becerra et 
al., 2017; Feng & Wang, 2023; Laftah et al., 2011; Omidian & Park, 2010). Hydrogels can also 
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be categorized based on their SR (Feng & Wang, 2023). Shrinkable hydrogels (SH) exhibit an 
SR below 0%. They find applications in drug delivery and tissue engineering due to their ability 
to collapse and release loaded substances (Feng & Wang, 2023). Low-swelling hydrogel (LSH) 
have an SR between 0% and 150%. Their primary applications lie in tissue engineering and 
bioelectronics due to their mechanical properties (Feng & Wang, 2023). The High-swelling 
hydrogels (HSH) possess an SR exceeding 150%. They are also valuable for drug delivery and 
tissue engineering due to their high-water uptake capacity (Feng & Wang, 2023). 

 

Several biopolymers, including polysaccharides like carrageenan, alginate, chitosan, and 
hyaluronic acid, are commonly used as building blocks for hydrogels (Feng & Wang, 2023; Jin 
& Dijkstra, 2010; Pita-López et al., 2021). In this work, we focus on chitosan an chitosan 
derivatives. Chitosans, a family of copolymers derived from chitin through alkaline 
deacetylation, offers attractive properties for biomedical applications (Mogoşanu & 
Grumezescu, 2014). Soluble in acidic aqueous media, chitosan possesses excellent 
biocompatibility and biodegradability (Kean & Thanou, 2010; Rami et al., 2014). Its 
macromolecular structure resembles glycosaminoglycans found in the extracellular matrix, 
further enhancing its suitability for tissue engineering (Rami et al., 2014). Additionally, 
chitosan exhibits antifungal and antibacterial properties, particularly at low degrees of 
acetylation (DA), making it an ideal candidate for scaffold materials (Kantak & Bharate, 2022; 
Matica et al., 2019). Notably, the presence of -NH2 functional groups allows for further 
chemical modification to tailor chitosan's properties for specific applications (Cohen & 
Poverenov, 2022; Wang et al., 2020). At pH levels below 6.5, the polycationic nature of 
chitosan facilitates the solubility of chitosan in aqueous solutions, whereas inter-chain 
hydrophobic interactions may result in a gel upon neutralization if the concentration of the 
solution and resulting chain entanglements are sufficient to avoid precipitation. This self-
assembly process leads to the creation of a physical hydrogels without the need for additional 
crosslinking agents (Montembault et al., 2005b). 

 

The literature reports various techniques to improve the swelling behaviour of chitosan 
hydrogels. These techniques include blending chitosan with more hydrophilic polymers and 
chemical functionalization through phosphorylation, amino acid conjugation, quaternary 
ammonium formation, and carboxymethylation (Cohen & Poverenov, 2022; de Oliveira Pedro 
et al., 2016; Jayakumar et al., 2008; Shariatinia, 2018; Tsai et al., 2007). Our research group 
has previously demonstrated successful grafting of the hydrophilic moiety DOTAGA (up to 
17% of substitution degree) onto both low- and high-DA chitosan (up to 30% DA) (Grange et 
al., 2023; Gréa et al., 2024; Natuzzi et al., 2021). Modifying the DA and the type of grafted 
moieties on chitosan will significantly influence the hydrophilicity of the resulting hydrogel, 
thereby impacting its swelling behaviour. Here, the degree of substitution (DS) achieved during 
grafting will play a crucial role in modulating the balance between hydrophilic and 
hydrophobic interactions. 
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This study investigates the impact of different strategies to modulate the hydrophilicity and 
swelling of chitosan and chitosan-based hydrogels. We will explore the effects of varying 
DOTAGA degree of substitution, degree of acetylation, also introducing grafting with a more 
hydrophobic chelatant, Bz-DFO. 

 

 

2. Material and methods 

2.1.Polymer synthesis 

2.1.1. Chemicals for polymer synthesis  

Chitosan Chitoceutical® grade with low degree of acetylation DA (6% ± 0.5%, determined by 
1H NMR spectroscopy using the Hirai method (Hirai et al., 1991) from snow crab was 
purchased from Heppe Medical Chitosan GmbH (reference: 212-160123-01). This chitosan 
was fully characterized. The weight-average and number-average molar masses (respectively 
Mw = 160 kg/mol and Mn = 130 kg/mol) were determined by size exclusion chromatography 
coupled with refractive index and multi-angle laser light scattering measurements 
(Montembault et al., 2005a). DOTAGA anhydride and p-NCS-Bz-DFO (N1-hydroxy-N1-(5-
(4-(hydroxy(5-(3-(4-isothiocyanatophenyl) thioureido) pentyl) amino)-4-oxobutanamido) 
pentyl)-N4-(5-(N-hydroxyacetamido) pentyl) succinamide) were furnished by Chematech 
(Dijon, France). 1,2-propanediol, DMSO and acetic anhydride were purchased from Sigma-
Aldrich (Saint-Quentin-Fallavier, France). Glacial acetic acid (AnalR NormaPur) grade was 
furnished by VWR (France). 

2.1.2. DA6@DOTAGA11  

DOTAGA was grafted onto low DA chitosan (DA6) using DOTAGA anhydride in a mixture 
of water and 1,2-propanediol (Gréa et al., 2024). Briefly, DA6 (1.5% w/w) was dissolved in a 
1.3% (v/v) acetic acid solution. After complete dissolution, 1,2-propanediol was added to reach 
a final chitosan concentration of 0.75% (w/w). The solution was stirred for 2 hours at room 
temperature. Subsequently, DOTAGA anhydride was added to achieve a final concentration of 
1.5% (w/w) in DOTAGA and the reaction mixture was stirred overnight. Following the 
reaction between anhydride groups and amines to form amide bonds, the final product was 
purified by tangential filtration using a 100 kDa cutoff membrane. Purification involved 
sequential washings with 0.1 M acetic acid and ultrapure water. Finally, the purified product 
was freeze-dried. 

 

2.1.3.  DA6@DOTAGA17  

The synthesis of DA6@DOTAGA17 employs the same protocol as DA6@DOTAGA11, the only 
difference being a doubled concentration of DOTAGA anhydride added during the reaction. 
Thus, the final reaction mixture consists of 0.75% (w/w) chitosan, 3% (w/w) DOTAGA 
anhydride, and a 1:1 (v/v) mixture of water and 1,2-propanediol. The final product was purified 
by tangential filtration using a 100 kDa cutoff membrane. Purification involved sequential 
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washes with 0.1 M acetic acid and ultrapure water. Finally, the purified product was freeze-
dried. 

 

2.1.4. DA29  

The N-acetylation of chitosan was obtained in a water/1,2-propanediol mixture with acetic 
anhydride as the reagent (Vachoud et al., 1997). Briefly, chitosan solution was prepared at a 
concentration of 1.5% (w/w): the polymer was dissolved in deionized water containing 1% of 
acetic acid, the mixture was stirred 12 h until complete solubilization of chitosan. Afterwards, 
1,2-propanediol was added to obtain a final polymer concentration of 1.25% (w/w), and the 
solution was stirred at room temperature for 1 h. Then, acetic anhydride diluted in 1,2-
propanediol at 2.4% (v/v) (0.24 M) was added dropwise to this hydroalcoholic chitosan 
solution under strong stirring, the final polymer concentration was then 1% (w/w) with a ratio 
1,2-propanediol /water 30%(v/v). The amount of added acetic anhydride corresponded to a 
molar ratio nAcetic Anhydride/nAmine groups of 1.6 . The mixture was stirred for 4 h and 5 ml were 
collected and purified by tangential filtration against water for DA determination. The final 
product was purified by tangential filtration using a 100 kDa cutoff membrane. Purification 
involved sequential washes with 0.1 M acetic acid and ultrapure water. Finally, the purified 
product was freeze-dried. The DA of this reacetylated chitosan (DA29) was determined by 1H 
NMR, close to 29% (Hirai et al., 1991). 

2.1.5. DA29@DOTAGA9  

DA29@DOTAGA9 was synthesised in two steps: the first one is the reacetylation of low DA 
(DA6) chitosan as described above. DOTAGA is then grafted onto reacetylated chitosan (DA29) 
following a protocol previously developed (Natuzzi et al., 2021). Briefly, after reacetylation, 
1,2-propanediol is added in order to obtain a volume ratio of 1,2-propanediol /water of 50% 
(v/v) and a polymer concentration of 0.7% (w/w). DOTAGA anhydride was added to achieve 
a final concentration of 6% (w/w) in DOTAGA and the reaction mixture was stirred during 
12h. The final product was purified by tangential filtration using a 100 kDa cutoff membrane. 
Purification involved sequential washings with 0.1 M acetic acid and ultrapure water. Finally, 
the purified product was freeze-dried. 

2.1.6. DA29@DOTAGA9@DFO5  

The synthesis of DA29@DOTAGA9@DFO5 Bz-DFO was achieved in three steps. The first step 
involves the reacetylation of chitosan using the same protocol as described above. The second 
step consited in grafting DOTAGA onto DA29 according to the previously established protocol. 
Finally, Bz-DFO was grafted onto DA29@DOTAGA9 following the protocol developed by 
Grange et al. (Grange et al., 2023). Briefly, DA29@DOTAGA9 is dissolved in ultrapure water 
at a concentration of 1% (w/w). The pH is adjusted to 6 ± 0.5 using a 1 M NaOH solution. 
Ultrapure water is then added to achieve a final polymer concentration of 0.96% (w/w). The 
mixture is stirred at 30 °C. 1,2-Propanediol is added under stirring to reach a final composition 
of 37% (v/v) 1,2-propanediol and a polymer concentration of 0.61% (w/w). A 1% (w/w) 
solution of p-NCS-Bz-DFO in DMSO is prepared. DMSO is then added to the mixture to reach 
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a composition of 10% (v/v) DMSO and a polymer concentration of 0.54% (w/w). The mixture 
is stirred at 30 °C for 1 hour. The p-NCS-Bz-DFO solution is slowly added to the reactor using 
a peristaltic pump at a flow rate of 400 μL min-1. The reaction is maintained at 30 °C with 
stirring during 12h. The final reaction mixture has a polymer concentration of 0.49% (w/w) in 
a solvent mixture of 30% (v/v) 1,2-propanediol and 18% (v/v) DMSO. The resulting mixture 
was purified by sequential washings with 0.1 M acetic acid and ultrapure water. Finally, the 
purified product was freeze-dried. 

2.2.Polymer characterization 

2.2.1. Characterization of DOTAGA and DFO grafting by UV-Vis titration 

The amount of grafted DOTAGA was determined by titration with Cu(II) following a method 
described in previous works (Natuzzi et al., 2021). Briefly, all polymers were first dispersed in 
water at a concentration of 0.5 % w/w. An acetate buffer solution pH 4.5 (0.1 M ammonium 
acetate / 0.1 M acetic acid) was added to the previous solutions to achieve a final polymer 
concentration of 0.075% (w/w) for DA6@DOTAGA11; 0.05% (w/w) for DA6@DOTAGA17 
and 0.1% (w/w) for DA29@DOTAGA9. Cu(II) was then added to these solutions at varying 
concentrations from 0 to 0.5 mM and the use of UV-Vis spectroscopy.  

The amount of grafted DFO was determined by titration with Fe(III) following the same 
method shown by Grange et al. (Grange et al., 2023). Briefly DA29@DOTAGA9@DFO5 is first 
dispersed in water at a concentration of 0.5 % w/w. An acetate buffer solution pH 4.5 was 
added to the previous solutions to achieve a final polymer concentration of 0.1% (w/w) Fe(III) 
was added to obtain varying concentrations of Fe(III) from 0 to 0.9 mM. 

The copper source was a standard solution of Cu(II) in 5% HNO3 (ICP Standard 50080 µg 
mL⁻¹, SCP Science, ref: 140-041-295), and the iron source was a standard solution of Fe(III) 
in 5% HN03 (ICP Standard 50090 µg mL⁻¹, SCP Science, ref: 140-041-265). 

Absorption measurements were performed using a Cary 50 Scan UV-visible spectrophotometer 
with quartz cuvettes having a 10 mm optical path length. The absorbance at 295 nm was plotted 
against the total copper content per g of polymer. The copper chelation capacity of each 
polymer was then determined by linear fitting the low and high copper concentration regions 
of the plot. The chelation capacity is defined as the copper concentration corresponding to the 
observed change in slope, expressed in mmol of copper per gram of polymer (Fig.1A-C). The 
absorbance of the DA29@DOTAGA9@DFO5 solutions at 430 nm was plotted against the total 
iron content per gram of polymer (Fig. 1D). Because DFO has a higher affinity for iron(III) 
(logβDFO-Fe(III):41.8 (Toporivska & Gumienna-Kontecka, 2019)) than DOTA (logβDOTA-

Fe(III):29.4 (Clarke & Martell, 1991)), the first inflection point in the curve likely corresponds 
to the complete complexation of iron with the grafted DFO. 
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Figure 1: Dosage of all polymers by Cu (II) (A to C) and by Fe (III) (D) (in acetate buffer 0.1 
M pH 4.5, red lines correspond to linear regressions. The dotted line represents the crossover 
concentration corresponding to the saturation of the chelator with copper (II). A: Absorbance 
at 295 nm plotted against mmol of copper (II) per g of DA6@DOTAGA11 yielding 0.45 mmol 
of DOTAGA per g of polymer. B: Absorbance at 295 nm plotted against mmol of copper (II) 
per g of DA6@DOTAGA17 yielding 0.61 mmol of DOTAGA per g of polymer C: Absorbance 
at 295 nm plotted against mmol of copper (II) per g of DA29@DOTAGA9 yielding 0.35 mmol 
of DOTAGA per g of polymer. D Absorbance at Absorbance at 430 nm plotted against mmol 
of iron (III) per g of DA29@DOTAGA9@DFO5 yielding 0.33 mmol of DOTAGA per g of 
polymer and 0.16 mmol of DFO per g of polymer. 

 

Knowing the DA of low DA and reacetylated chitosans from 1H NMR, together with the 
CDOTAGA from the copper chelation capacity of each polymer, we can determine the DOTAGA 
DS (y) in DA@DOTAGA derivatives using the following equation: 𝑦 =  𝐶DOTAGA∙(𝑥∙(𝑀𝑥−𝑀𝑔𝑙𝑢𝑐)+𝑀𝑔𝑙𝑢𝑐)(1−𝑤𝑐)−𝐶DOTAGA∙(𝑀𝑦−𝑀𝑔𝑙𝑢𝑐)   (2) 

For DA29@DOTAGA9@DFO5, y was determined from the Cu(II) dosage yielding 
CDOTAGA = 0.37 mmol of DOTAGA per g of polymer (See Fig.S2) Detailed information 
regarding the calculation to determine y and z from copper and iron UV/Vis dosage can be 
found in SI section 1.2). 

From the first change of slope in (Fig.1 D) we can determine the DFO DS (z) using the 
following equation: 

 𝑧 =  𝐶DFO∙(𝑥∙(𝑀𝑥−𝑀𝑔𝑙𝑢𝑐)+𝑦∙(𝑀𝑦−𝑀𝑔𝑙𝑢𝑐)+𝑀𝑔𝑙𝑢𝑐)(1−𝑤𝑐)−𝐶DFO∙(𝑀𝑧−𝑀𝑔𝑙𝑢𝑐)  (3) 
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 Table 1: Calculated values of DA, DOTAGA-DS and DFO-DS of the studied polymers. 

Analysed polymer Structure 
DA* 

(±1%) 

DOTAGA 
DS (y)£ 

(±0.5%) 

DFO DS 
(z)£ 

(±0.5%) 

DA6 

 

6 / 

/ 

DA6@DOTAGA11 

 

6 11.3 

DA6@DOTAGA17 6 17.3 

DA29 

 

29 / 

DA29@DOTAGA9 

 

29* 8.6 

DA29@DOTAGA9@DF

O5 

 

29* 9.3 4.8 
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*DA determined by 1H-NMR analysis of non-grafted chitosans, £DS determined from dosage 
with Cu(II) or iron(III) with UV-Vis spectroscopy. 

 

2.2.2. Characterization of polymer lyophilizates hydrophilicity by dynamic vapour 
sorption (DVS) 

Polymers were solubilized at 1% (w/w) in 0.01 M HCl, followed by tangential filtration with 
0.01 M HCl solution and then with water to remove residual acetic acid. The resulting 
solutions, with pH ≈5, were freeze-dried. The resulting lyophilizates were used for dynamic 
vapor sorption experiments. In such experiments, the studied chitosan lyophilizates were not 
neutralized. 

A Dynamic Vapor Sorption Analyzer (DVS Advantage, Surface Measurement Systems Ltd., 
London, UK) was used to determine the water sorption isotherms of the polymer lyophilizates. 
The DVS system employs an ultra-sensitive recording microbalance capable of measuring 
minute changes in sample mass. This microbalance's exceptional long-term stability makes it 
ideal for studying vapor sorption phenomena, which can range from minutes to days to reach 
equilibrium. Vapor partial pressure (p) was controlled by precisely mixing dry and saturated 
nitrogen using electronic mass flow controllers. Experiments were conducted at 25°C with 
water vapor activities (aw) ranging from 0.05 to 0.95. Initial sample weights were between 15 
to 50  mg. The samples were pre-dried in the DVS Advantage by exposure to dry nitrogen until 
constant weight was achieved (𝑚0). A target water vapor partial pressure was established 
within the apparatus, and water uptake was monitored as a function of time. Equilibrium mass 
(𝑚𝑒𝑞) was considered reached when changes in mass with time (dm/dt) were consistently 

below 4×10–4 mg min−1 for 5 consecutive minutes. After reaching equilibrium at one water 
activity, the partial pressure was automatically increased to the next target value, and the 
process was repeated using the same dm/dt criterion for determining equilibrium. The 
equilibrium mass gain (𝑀) defined as (𝑚𝑡 − 𝑚0) 𝑚0⁄  for each water activity (𝑎𝑤) was used to 
plot the water sorption isotherm for each sample. 

2.3.Hydrogel formation 

The gels were prepared by following the method by (Montembault et al., 2005b) with slight 
modifications. First DA6@DOTAGA17, DA29@DOTAGA9, DA29@DOTAGA9@DFO5 could 
not be used directly to prepare hydrogels since at a concentration 6.7% w/w neutralization of 
polymer solution yielded precipitates or total solubilisation of the polymer. Thus, in order to 
obtain hydrogels, we prepared mixed solutions of DA6 with grafted ('modified') chitosan. 
Briefly, lyophilizates of DA6 and modified chitosan were dispersed in ultrapure water following 
the proportions shown in Table 2 to obtain a total polymer concentration of 10% w/w. Acetic 
acid was added to achieve the stoichiometric protonation of the amine groups allowing 
solubilisation of the polymers. The blend was mechanically stirred until having a homogeneous 
mixture. The chitosan mixtures were cast into moulds and then immersed in a 3 M NaOH 
aqueous solution. This immersion process induces the regeneration of free amine groups on the 
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chitosan, triggering crystallization, interchain hydrophobic interactions and thus physical 
gelation entrapping chain entanglements (Ladet et al., 2008). In fact, DA6 plays the role of 
gelling polymer by allowing interaction between the polymeric chains of both types of chitosan 
present in solution, which was difficult to achievable by only using the functionalized 
chitosans. The hydrogels were then washed with ultra-pure water to eliminate NaOH and 
acetate salts and then with a phosphate buffer solution 10 mM (Na2HPO4 7.5 mM, KH2PO4 2.5 
mM, pH 7.4), to impose a neutral pH to the hydrogels. Using such phosphate buffers, phosphate 
moieties tend to interact with the amine groups chitosan hydrogel (Leduc et al., 2014). In fact 
anions like phosphates can also be used as electrostatic crosslinking agents (Pierog et al., 2009; 
Xu et al., 2017). Therefore, in the hydrogels studied in this paper, chitosan might interact with 
the anions found in the washing solution. After washing of the hydrogels, they were dried in a 
humidity chamber (Memmert HCP50) at a constant temperature of 30°C. The drying cycle 
proceeded as follows: 2 hours at 30°C and 65% humidity, followed by a gradual decrease in 
humidity from 65% to 35% over 10 hours. Subsequently, the xerogels were maintained at 35% 
humidity for 1 hour before storage. 

Six precursor solutions were prepared following the described procedure, each with a total 
polymer concentration of 10% w/w (Table. 2). The first solution served as the control 
formulation and consisted solely of DA6. The remaining five solutions incorporated DA6 at 
concentrations of 3.33% w/w and the functionalized polymers at a concentration of 6.67% w/w. 
Two formulations utilized low-DA chitosan with varying DOTAGA grafting ratios (Gel 2/3 
DA6@DOTAGA11 and Gel 2/3 DA6@DOTAGA17, respectively in table 2). Three formulations 
were prepared with high-DA chitosan (29%): one without DOTAGA (Gel 2/3 DA29), one with 
a DOTAGA grafting ratio of 0.09 (Gel 2/3 DA29@DOTAGA9), and the last one containing 
both DOTAGA (grafting ratio 0.1) and the hydrophobic chelatant Bz-DFO (Gel 2/3 
DA29@DOTAGA10@DFO5). 

Table 2: Description of hydrogel formulations and nomenclature.  

Formulation of mother 
solution 

Functionalised 
polymer used 

Hydrogel sample 
nomenclature 

Symbol representing each 
formulation 

10 % DA6 / Gel DA6 ● 

3.33% DA6/ 6.67% 
DA6@DOTAGA11 

DA6@DOTAGA11 
Gel 2/3 

DA6@DOTAGA11 
▲ 

3.33% DA6/ 6.67% 
DA6@DOTAGA17 

DA6@DOTAGA17 
Gel 2/3 

DA6@DOTAGA17 
▼ 

3.33% DA6/ 6.67% DA29 / Gel 2/3 DA29 ⬣ 

3.33% DA6/ 6.67% 
DA29@DOTAGA9 

DA29@DOTAGA9 
Gel 2/3 

DA29@DOTAGA9 
■ 
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3.33% DA6/ 6.67% 
DA29@DOTAGA9@DFO5 

DA29@DOTAGA9

@DFO5 

Gel 2/3 
DA29@DOTAGA9@

DFO5 
♦ 

 

2.4.Material characterization 

2.4.1. Viscoelastic properties of hydrogels 

Dynamic rheological measurements were carried out on hydrogels using an ARES rheometer 
(TA Instruments) and operating with a plate-plate geometry (diameter of 25 mm) at room 
temperature (25˚C). The strain amplitude was chosen to ensure that the measurements were 
carried out within the linear viscoelastic regime. Angular frequency sweep measurements were 
carried out in the range from 100 rad.s-1 down to 0.1 rad.s-1 (with an applied strain amplitude 
of 0.2%). In order to understand the effect swelling and composition on the mechanical 
properties of the hydrogels, measurements were perfomed at 2 different steps of the hydrogel 
formation process: a first measurement was done immediately after gelation in the NaOH 3M 
solution, the second measurement was performed after immersing the hydrogels in ultrapure 
water for 18 hours (washing solution pH ≈10). The mass variation of the different hydrogels 
was followed at each step of the process. 

 

2.4.2. X ray diffraction analyses 

The xerogels utilized for XRD analysis were prepared in the same manner as previously 
described (part 2.3 gel formation), with the distinction that their corresponding gels were only 
washed with ultra-pure water until pH 7 and then air-dried. The xerogel crystallinity were 
analysed using a Rigaku XtaLAB Synergy-S diffractometer with CuKα (50 kV, 1 mA) at the 
Henri Longchambon Diffraction Center (Villeurbanne, France). A custom-designed sample 
holder was used to hold the samples in the beam. The 2ϴ scans between 5 and 60° were 
obtained after radial averaging of scattered images.  

 

2.4.3. Swelling 

Dry pellets of xerogel with an initial mass 𝑊𝑖 were immersed in ultra-pure water at room 
temperature (25˚C) the pH of the solution after swelling for all samples was 7±0.5. Samples 
were taken out of the solution at different time points to measure their SR using equation 1 and 
considering that 𝑊𝑑  =𝑊𝑖(1 − 𝑤𝑐), where wc is residual or bound water fraction in the different 
xerogels.  wc  for each polymer was measured by thermogravimetric analysis (mass loss 
between 25°C and 200°C, under nitrogen flow), the result for each polymer can be found in SI 
Table S1. 

 

2.5.Proof of concept for loading and slow release of molecule of interest 



122 
 

Dry pellets of xerogel of each formulation with a known initial mass 𝑊𝑖 were immersed in 10 
ml of a solution of rhodamine 6G (Dye content ~95 % CAS 989-38-8, Sigma-Aldrich) at a 
concentration of 25 mg/L for 2 hours. The supernatant of the loading solution was analyzed by 
fluorescence, but no significant difference was observed between the fluorescence levels of the 
supernatants from the different loading solutions. To estimate the theoretical amount of 
rhodamine 6G absorbed by each formulation, the mass increase of each hydrogel was measured 
by comparing its initial mass to its mass after 2 hours of loading in the rhodamine 6G solution. 
Assuming the density of the rhodamine solution is 1 g/mL, the theoretical quantity of 
rhodamine (Qth) absorbed by each hydrogel can be calculated. This approach assumes no 
interactions between rhodamine 6G and the hydrogel (For details on the volume of the 25 mg/L 
rhodamine 6G solution absorbed by each gel formulation during the loading phase, please refer 
to Table S7). 

The hydrated pellets loaded with rhodamine 6G were then dried following the same procedure 
as described in 2.3. Once dried, the loaded xerogels were immersed in 5 ml of ultra-pure water 
for 139 hours. The supernatant was collected at different time points and the fluorescence was 
measured , in order to determine the concentration of rhodamine 6G released by the different 
rehydrated xerogels. 

Fluorescence of was measured using a Cary Eclipse Fluorescence Spectrophotometer using 
plastic cuvettes with an optical path length of 10 mm. The rhodamine 6G excitation wavelength 
was 530 nm at the emission wavelength was 550 nm. A calibration curve with known 
concentrations of rhodamine 6G was prepared and use to compared the fluorescence of the 
supernatants. 

The release kinetics were fitted using pseudo first order kinetic model that describe the 
dissolution profile of the interest molecule. This kinetic model is commonly used to describe 
the drug dissolution of water-soluble molecules present in porous matrices (Dash et al., 2010). 
The pseudo first order kinetic model is described by the following equation: 𝑄𝑡 = 𝑄𝑒(1 − 𝑒−𝑘1𝑡) (4) 

Where Qt is the mass of released rhodamine 6G (µg) per g of xerogel at time t, Qe is the mass 
of rhodamine 6G at equilibrium, and k1 (h-1) the release rate constant. 

3. Results and discussion 

3.1.Water sorption  

DVS experiments were conducted to assess the impact on the hydrophilicity of the system by 
increasing the degree of acetylation (DA), grafting hydrophilic (DOTAGA) and hydrophobic 
(Bz-DFO) moieties. The water sorption isotherm curves of the different samples are shown in 
Fig. 2. All curves exhibit a sigmoid or S-shape, corresponding to the type II in the BET 
classification. The concave part of the isotherm at low activity is attributed to the sorption of 
water molecules on specific hydrophilic sites, while the sharp increase in water sorption at high 
activity is typically explained by the formation of water clusters. As shown in Fig. 2A, 
increasing the DA leads to greater water sorption, indicating that a higher DA enhances the 
hydrophilicity of the system by increasing the number of water absorption sites. This result is 
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expected when the behaviour of chitosan is dominated by neutralized amines (polar acetyl 
groups bringing more hydrophilicity than neutralized amines). Asss a result, in the dry polymer 
material at low water activity, the acid should not be strongly dissociated, although 
hydrochloric acid is a strong acid in aqueous solutions. In addition, Fig. 2B shows that grafting 
DOTAGA onto low DA (DA6) chitosan results in a slightly increased water absorption. This 
is due to the hydrophilic nature of DOTAGA carrying four dissociated carboxilic absorption 
sites. However, there is no significant difference between DOTAGA degrees of substitution 
(DS) of 11% and 17%. A similar trend is observed with chitosans reacetylated to a DA of 29%. 
At high water activity, the dissociation of the hydrochloric acid could be more important and 
all systems in 2B and 2C converge to the same behaviour. In these conditions, given the 
inherent hydrophilicity of the systems with resulting protonated amines, DOTAGA grafting 
does not appear to significantly increase the number of water sorption sites, and the grafting of 
Bz-DFO, despite being hydrophobic, does not reduce the number of these sites. More 
experiments are on going for the study of xerogel powders obtained from washed hydrogels, 
in order to study the polymers in a controled neutralized state and eliminate the variation of 
acid dissociation effects. The impact of salt and specific ion interactions (ex: Na2SO4) could 
also be studied by this technique. 

 

Figure 2. Water vapour isotherms at 25◦C of chitosans lyophilizates (A): ⬣DA
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3.2.Gel characterization 

3.2.1. Rheology 

The rheological properties of the hydrogel samples are characterized by both Fig. 3A and Table 
S3. Notably, all formulations exhibited a constant value of G' across the entire measured 
frequency range (see Fig. S4 for an example plot of G' and G" vs. frequency of the hydrogel 
Gel 2/3 DA6@DOTAGA17 after gelation in a 3M NaOH solution ). Furthermore, as shown in 
Fig. 3A, all formulations displayed G' values in the kPa range after gelation in a 3M NaOH 
solution and after water washing. Additionally, the G"/G' ratios ranged from 0.04 to 0.26. These 
combined rheological profiles and low G"/G' ratios confirm the formation of soft gels. (Fuchs 
et al., 1998). 
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The measurements performed immediately after gelation in the NaOH solution show no 
significant differences in G' values between all chitosan hydrogels. This suggests a comparable 
density of crosslinking points (junctions) in a high ionic force media containing high levels of 
hydroxide anions. Such hydroxide anions may strongly interact with polysaccharides such as 
cellulose (Isogai & Atalla, 1998), but chitin (Noishiki et al., 2003) or chitosan (Minh et al., 
2017) may also swell in sodium hydroxide solutions. However, after washing, Gel DA6 and 
Gel 2/3 DA29 exhibit higher G' values in comparison with the other grafted formulations. This 
must be attributed to an increase of interactions zones between polymer chains, possibly by 
nanocrystallite formation. In Gel DA6 and Gel 2/3 DA29, the absence of a bulky grafted 
moieties allow for more effective chain crystallization in the gel  (Céline et al., 2013), such 
crystallite acting as crosslinks of high functionality. Following the water bath, hydrogels 
lacking DOTAGA exhibit shrinkage, with a mass reduction of around -20% for both Gel DA6 
and Gel 2/3 DA29. In contrast, hydrogels containing DOTAGA tended to swell, with Gel 2/3 
DA6@DOTAGA17 evidencing the most significant increase (61% ± 10%, swelling of all gel 
formulation can be found in Table S4). This variation in mass impacts the rheological 
properties of the hydrogels. as expected, G' values increase for shrinking hydrogels, while they 
decrease for swelling hydrogels. To isolate the impact of swelling/shrinkage on G' variations, 
we normalized G' values by the hydrogel's mass ratio of mass variation between the hydrogel 
after gelation and after water washing (Rm) using equation (5 and 6). 𝑅𝑚 = 𝑀𝑤𝑎𝑡𝑒𝑟−𝑀𝑁𝑎𝑂𝐻𝑀𝑁𝑎𝑂𝐻  (5) 

𝐺′𝑛𝑜𝑟𝑚 = 𝐺′1−𝑅𝑚  (6) 𝑀𝑁𝑎𝑂𝐻 the mass of the hydrogel after gelation in the 3M NaOH bath 𝑀𝑤𝑎𝑡𝑒𝑟 the mass of 
hydrogel after washing on water. Rm signifies the ratio of mass variation of the hydrogel after 
the water bath compared to the initial hydrogel 

 

G'norm represents G' without the influence of the expansion of shrinking of the hydrogel network 
at the measurement time, therefore it is proportional to the number of crosslinks junctions in 
the hydrogel. G' is the unnormalized storage modulus measured directly on the hydrogel. (refer 
to table S4 for Rm values). 

G'norm gives information of the changes in the network, therefore, it should remain constant 
after gelation and water washing if no new junctions form or existing ones break. As shown in 
Fig. 3B, shrinking hydrogels exhibited a significant increase in G'norm. This suggests that 
shrinkage promotes interactions between polymer chains, potentially leading to the formation 
of additional crosslinks and a higher junction density. Conversely, the formulations Gel 2/3 
DA6@DOTAGA17, Gel 2/3 DA29@DOTAGA9, and Gel 2/3 DA29@DOTAGA9@DFO5 
displayed a decrease in G'norm. Swelling likely separates the polymer chains in these hydrogels, 
reducing interactions and consequently decreasing the number of junctions in the network. 
Notably, the only formulation that showed minimal change in G'norm was also the one with the 
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smallest Rm value. This correlation supports the idea that G'norm normalization helps isolate the 
impact on junction changes on the rheological behaviour.  

 

Figure 3. A: (x) G’ plateau values measured at a frequency of 0.1 s-1 for different hydrogels 
and (○) G” values (measured at low frequency) for each hydrogel at each step of the fabrication 
process. Black symbols for x and ○ : measurements done after gelation for 2 hours in NaOH 
3M. Blue symbols for x and ○: measurements done after washing of the hydrogel in water for 
18 hours. B: G’ plateau values (measured at a frequency of 0.1 s-1) for each hydrogel 
formulation normalized by (1 − 𝑅𝑚).  

3.2.2. Crystallinity analysis by Wide angle X-ray Diffraction 

The influence of increasing the DA and the grafting ratio of DOTAGA and Bz-DFO on the 
crystalline structure of the xerogels was investigated by wide-angle X-ray diffraction. Previous 
studies using synchrotron X-ray scattering have demonstrated a semicrystalline microstructure 
in (non-grafted) chitosan hydrogels (Céline et al., 2013). Chitosan exhibits two crystalline 
polymorphs: the hydrated and anhydrous forms. In fig. 4 all formulations displayed a semi-
crystalline morphology, with reflections observed at 2θ = 10.4°, 20.0°, and 21.9° corresponding 
to the crystalline reflections of (020)h, (200)h, and (220)h of the hydrated polymorph, which is 
consistent with a crystallization process initiated in the hydrogels, in presence of large amounts 
of water.  



126 
 

 

Fig. 4: Diffraction patterns obtained for the xerogels prepared from washed hydrogels . All 
diffractograms are compared with low DA chitosan xerogel (▬ DA6). Data are normalized 
with the intensity value measured at 2ϴ =15°, representative of the amorphous phase. 

 

The increase of DA and of DOTAGA and Bz-DFO grafting ratios resulted in a gradual 
broadening of the (020)h reflection peak near 10.4°. This peak broadening becomes more 
pronounced in formulations with higher DA and DS (Fig. 3C, D, E). Crystallinity index (CrI%) 
was determined from these X-ray diffraction patterns using baseline subtraction and integration 
of the diffractograms between 6° and 34° (Desorme et al., 2013).  𝑪𝒓𝑰% = 𝑨𝒓𝒆𝒂𝒄𝒓𝒊𝒔𝒕𝒂𝒍  

 𝑨𝒓𝒆𝒂𝑻𝒐𝒕𝒂𝒍 × 𝟏𝟎𝟎 (7) 

Where  𝑨𝒓𝒆𝒂𝑻𝒐𝒕𝒂𝒍 is the total area of diffraction diagram calculated from 2ϴ=6˚ to 2ϴ=34˚,  𝑨𝒓𝒆𝒂𝒄𝒓𝒊𝒔𝒕𝒂𝒍 =  𝑨𝒓𝒆𝒂𝑻𝒐𝒕𝒂𝒍 −  𝑨𝒓𝒆𝒂𝒂𝒎𝒐𝒓𝒑𝒉𝒐𝒖𝒔 and  𝑨𝒓𝒆𝒂𝒂𝒎𝒐𝒓𝒑𝒉𝒐𝒖𝒔 is the integrated area of 

the amorphous scattering pattern, estimated as a cubic spline (Osorio-Madrazo et al., 2010) 
(see (Fig. S5) for more for more details on the estimation on the amorphous and crystalline 
contributions). The results of the calculated CrI% for each formulation are shown in Table 3. 

Table 3. Crystallinity indexes (CrI%) for each xerogel formulation according to the subtraction 
of a baseline to the diffractograms. The crystallinity Index is not an exact estimation of the 
crystallinity ratio, but should vary similarly and help to compare different samples. 

Formulation’s name CrI(%) ± 0.5% 

Gel DA6 23.3 

Gel 2/3 DA6@DOTAGA11 20.7 

Gel 2/3 DA6@DOTAGA17 18.3 
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Gel 2/3 DA29 23.4 

Gel 2/3 DA29@DOTAGA9 17.1 

Gel 2/3 

DA29@DOTAGA9@DFO5 
16.4 

 

The xerogels prepared from unfunctionalized chitosan (Gel DA6 and Gel DA29) exhibited the 
highest crystallinity index (CrI%) values. An increase in the average degree of acetylation (DA) 
typically promotes chitosan crystallization (Facchinatto et al., 2020). In this study, mixing 
DA29 with DA6 did not significantly affect the crystallinity of the xerogels. Interestingly, 
increasing the DOTAGA grafting ratio in the functionalized polymers resulted in a decrease in 
CrI%. This trend is observed for both DA6 and DA29: CrI% (Gel DA6) > CrI% (Gel 2/3 
DA6@DOTAGA11) > CrI% (Gel 2/3 DA6@DOTAGA17) and CrI% (Gel DA29) > CrI% (Gel 
2/3 DA29@DOTAGA9) > CrI% (Gel 2/3 DA29@DOTAGA9@DFO5). This behaviour was 
already evidenced for DFO-grafted chitosans (Salazar Ariza et al., 2025) and can likely be 
attributed to the steric hindrance caused by grafting large molecules like DOTAGA and Bz-
DFO, which may disrupt the ordered packing of chitosan chains in the crystalline regions. An 
interesting deviation from the observed trend is seen when comparing formulations with low-
DA and high-DA (0.29) functionalized chitosan. Here, CrI% (Gel 2/3 DA6@DOTAGA17) is 
somewhat higher than CrI% (Gel 2/3 DA29@DOTAGA9), despite the lower grafting ratio in 
the latter. This suggests that the interplay between DA and DOTAGA grafting ratio on 
crystallinity might be more complex, possibly in the grafting pattern. In conclusion, all xerogels 
(and hydrogels) prepared in this work exhibited a significant degree of crystallinity, even at 
high grafting ratio (DS). This persistent crystallinity, likely initiated by the neutralization 
process and further promoted by drying, contributes to the stability of the hydrogels and 
xerogels in aqueous and physiological environments, but also determines swelling  (Salazar 
Ariza et al., 2025). 

3.2.3. Swelling of the xerogels 

All dried xerogel are capable of swelling at room temperature (25˚C) when placed in water 
(pH 7±0.5), reaching their plateau mass after being immersed for at least 24 hours (Fig. 4A) 
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Figure 5: A Swelling in ultrapure water of the different xerogel formulations at 25˚C and pH 
7±0.5, dotted red line represents the minimal SR to have a high-swelling hydrogel ad defined 
in literature (Feng & Wang, 2023)  B: Swelling index plotted against crystallinity index.  

 

As previously demonstrated, one approach to increase hydrophilicity (and possible swelling) 
of neutralized xerogels is raising the degree of acetylation (DA) (Becerra et al., 2017). In this 

work, increasing the DA from 6% to 29% leads to a higher swelling ratio (SR) (⬣ compare Gel 
2/3 DA29 and ● Gel DA6 in Fig. 5A). Grafting with DOTAGA is another technique to enhance 
hydrophilicity and decrease crystallinity and consequently, swelling. The hydrogel formulation 
with the highest DOTAGA content exhibits the highest SR (1528±13%). Although Gel 2/3 
DA6@DOTAGA11 possesses more DOTAGA in comparison with Gel 2/3 DA29@DOTAGA9, 
the higher DA (29%) in the latter formulation appears to compensate for the lower DS of 
DOTAGA, resulting in an SR (Gel 2/3 DA29@DOTAGA9) > SR (Gel 2/3 DA6@DOTAGA11). 
Crystallinity plays a role in swelling, as crystallites can act as crosslinks, hindering swelling 
(Baskar & Sampath Kumar, 2009). However, even though grafting with a hydrophobic 
molecule like Bz-DFO further reduces crystallinity, the balance between hydrophobicity and 
hydrophilicity has a more significant impact on hydrogel swelling, as evidenced by the lack of 
correlation between CrI% and SR (Fig. 5B). Such behaviour could be due to the formation of 
DFO-DFO hydrophobic interactions. 

Consistent with the observed swelling behaviour (Fig. 5A), only the formulation prepared with 
low-DA chitosan does not meet the criteria for an HSH due to its SR below 150%. This finding 
aligns with literature reports, where HSHs based on chitosan are typically either functionalized 
chitosan or blends of low-DA chitosan with other, more hydrophilic polymers. Additionally, 
most HSHs are injectable hydrogels that gel in situ (Feng & Wang, 2023; Gréa et al., 2024). 
Notably, this work presents an implantable HSH with superior swelling capacities compared 
to previously reported chitosan-based HSHs (Feng & Wang, 2023). 

It's important to highlight the significant differences in water sorption results between the 
polymers and the hydrogels, as well as the greater impact of the grafted moiety on hydrogel 
water uptake when submerged in water compared to water vapor sorption experiments. These 
differences can be attributed to multiple factors including the neutralization states of the 
systems and the water uptake mechanisms. Further experiments are necessary to compare the 
swelling and water sorption behaviours of the same neutralized xerogel systems. 

Indeed, the chitosan lyophilizates used in the DVS experiments are not neutralized, which 
makes them inherently hydrophilic with a variable degree of protonation. This effect could 
superimpose to the effect of grafting either hydrophilic or hydrophobic moieties on the overall 
hydrophilicity of the system. Additionally, hydrogels submerged in water absorb significantly 
more water in the form of bulk water compared to the water amount adsorbed by the 
lyophilizates during DVS at low water activity (Gámiz-González et al., 2015). A direct 
comparison was not possible at water activity of 1, since the lyophilizates may dissolve in 
aqueous solutions due to their acidic reserve.  
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3.2.4. Proof of concept of slow release 

The colour changes of the xerogels from their original state to pink after immersion in the 
rhodamine 6G solution confirms that all formulations can be loaded with the dye (Fig. 6 B). 
All formulations exhibited a R2 value close to 1 for the pseudo-first-order kinetic model (Fig. 
6 A and Table 4).  

Swelling capacity is a crucial factor for hydrogel applications in drug delivery. In this study, 
higher Qe1 values correspond to formulations with greater SR, as observed in Gel DA6, Gel 2/3 
DA6@DOTAGA17, and Gel 2/3 DA6@DOTAGA11, which all exhibit similar Qe1 values. In 
contrast, formulations such as Gel 2/3 DA29@DOTAGA10@DFO4, and even more notably the 
formulation without DOTAGA, display lower Qe1 values (Fig. 6 A and Table 4). 

When analysing the ratio Qe1/Qth, we find that Gel DA6 is the only formulation with a Qe1/Qth 
ratio close to 1, indicating nearly complete release of rhodamine 6G. In the other formulations, 
however, Qe1/Qth is greater than 1, suggesting that only a fraction of the rhodamine 6G is 
released from the hydrogel (Table 4). This implies that interactions between the hydrogel 
matrix and rhodamine hinder its release. The lower the Qe1/Qth ratio, the stronger the 
interactions appear to be. For instance, in non-functionalized hydrogels, Qe1/Qth decreases with 
increased acetylation, suggesting that rhodamine may interact with acetyl groups, thereby 
reducing its release despite higher swelling ratios compared to non-acetylated formulations. 

Interestingly,  Qe1/Qth also decreases as the amount of DOTAGA in the formulation increases. 
Given that DOTAGA is negatively charged, it likely interacts with the positively charged 
rhodamine 6G, which may impede its release. Notably, the formulation containing DFO 
exhibits a higher Qe1/Qth ratio compared to its counterpart without DFO (Gel 2/3 
DA29@DOTAGA9). This can be attributed to DFO introducing steric hindrance, which 
potentially reduces interactions between DOTAGA and rhodamine 6G, thereby facilitating 
greater release. 

Additionally, the release kinetics are slower in the DOTAGA-functionalized hydrogels, further 
supporting the hypothesis of interactions between DOTAGA and rhodamine 6G that impede 
the release process. 

 

Table 4. Parameters for each formulation for the pseudo first-order model and pseudo second-
order model. k1 represents the pseudo-first order rate constant, and Qe1 is the theoretical 
maximum mass of rhodamine released according to the pseudo-first order kinetic model.  

Pseudo first order kinetic model   

Formulation’s name R2 k1 x10-2 (h-1) Qe1 (µg/g) Qth (µg/g) Qe1/ Qth 

Gel DA6 0.942 18.2 ± 3.9 18.7 ± 0.7 17.4 ± 1.2 1.07 
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Gel 2/3 DA6@DOTAGA11 0.979 1.9 ± 0.3 54.0 ± 3.7 249.1 ± 20.8 0.22 

Gel 2/3 DA6@DOTAGA17 0.993 2.5 ± 0.2 59.7 ± 1.8 293.1 ± 6.2 0.20 

Gel 2/3 DA29 0.913 33.2 ± 6.2 10.1 ± 0.4 42.9 ± 1.1 0.24 

Gel 2/3 DA29@DOTAGA9 0.984 1.5 ± 0.2 65.1 ± 5.0 236.4 ± 13.9 0.26 

Gel 2/3 

DA29@DOTAGA9@DFO5 
0.983 1.5 ± 0.2 36.6 ± 2.9 91.3 ± 2.6 0.40 

 

 

 

 

Figure 6: A Follow-up of Rhodamine 6G release from different Gel formulations continuous 
lines represent the pseudo second-order modelling of each formulation. B1: Xerogels before 
loading of rhodamine 6G. B2: Xerogels dried after loading in 10 ml of rhodamine 6G solution 
at 25mg/L for 2 hours. B3: hydrogels after the release of rhodamine 6G in 5 ml of ultra-pure 
water for 139 hours. For the correspondence between symbols and the different systems, please 
refer to Table 2. 

4. Conclusions 

In this work, we increased the hydrophilicity of chitosan materials in the neutralized state by 
increasing its DA from 6% to 29% and by grafting DOTAGA, a chelatant macrocycle. Grafting 
a hydrophobic chelatant (Bz-DFO) consistently reduced hydrophilicity. Furthermore, gels were 
obtained by the association of this grafted chitosans with a low DA (ungrafted) chitosan DA6. 
We prepared physical hydrogels without the need for crosslinking agents, as confirmed by the 
rheological studies, with no drastic alterations of the viscoelastic properties after gelation 
compared to the hydrogel made solely with DA6. However, the grafting of DOTAGA prevented 
syneresis of the hydrogels when washed with water compared to the unfunctionalized 
hydrogels. Moreover, it allowed the corresponding xerogels to swell, which translates into an 
increase of hydrophilicity and decrease in crosslinks (crystallites) per unit of volume due to the 
steric hindrance of the grafts. 
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The xerogels of this work were all able to swell in water. In fact, all gels resulting from grafting 
of bulky molecules (DOTAGA and Bz-DFO) could be considered High Swelling Hydrogels 
(HSH), except the one made with only DA6. The swelling capacity increased with the amount 
of DOTAGA and DA, however, the presence of Bz-DFO decreased their swelling abilities. 
This demonstrates that we can tune the swelling of the different hydrogels by playing with 
these three structural parameters (DA, DOTAGA DS, and Bz-DFO DS). Since swelling is an 
essential property for drug loading and drug delivery, we showed a proof-of-concept for drug 
delivery using these HSHs with the rhodamine 6G fluorophore. Hydrogels functionalized with 
DOTAGA exhibited lower rhodamine 6G release (Qe1) than the theoretical amount (Qth), likely 
due to electrostatic interactions between the anionic DOTAGA moiety and the cationic 
rhodamine 6G. The grafting of bulky molecules, such as Bz-DFO, can reduce this interaction 
through steric hindrance, resulting in a release amount closer to the expected value. 
Additionally, these interactions between the hydrogel and rhodamine led to a slower release 
compared to non-functionalized hydrogels. 

Despite these interactions, hydrogels with higher swelling capacity still released larger amounts 
of rhodamine, demonstrating the benefit of high-swelling hydrogels (HSHs) for drug delivery 
applications. 
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3.4. Conclusion 

The association between low DA chitosan (DA6) and the functionalized chitosans presented in 
Chapter II enabled the formation of physical hydrogels through a pH-dependent gelation 
mechanism. 

In this chapter, it was demonstrated that chitosan hydrogels can extract metals from solution 
through two mechanisms: direct chelation by the hydrogel and indirect extraction via 
electrostatic interactions between chelated metals and chitosan. This electrostatic interaction 
between chitosan’s protonated amines and the negatively charged complex can be hindered by 
adding negatively charged moieties that replace the anionic metal complexes bonded to 
chitosan. For example, the addition of salts like Na2SO4 reduced the interactions between 
chitosan and anionic metal complexes by causing the protonated amine groups of chitosan to 
interact with sulphate anions (SO4

2-), thereby preventing the anionic complexes from binding 
to the chitosan. Conversely, the addition of salts did not affect the metals chelated by the 
chelator grafted onto the hydrogel. 

This highlights the importance of using functionalized chitosans for metal extraction, 
especially in biological environments where various charged species may interact with 
chitosan. To achieve controlled chelation in such conditions, functionalized chelating chitosans 
are the optimal choice. 

Furthermore, the properties of the resulting hydrogel can be tuned by modifying the species 
grafted onto the chitosan and adjusting its DA. For instance, grafting hydrophilic moieties such 
as DOTAGA increases the hydrophilicity and DA of deprotonated chitosan, resulting in higher 
swelling capacity, which can be highly advantageous for drug delivery applications. On the 
other hand, grafting hydrophobic moieties like p-Bz-DFO decreases the polymer’s 
hydrophilicity, thus reducing the hydrogel’s swelling.  
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Chapter IV: Application for localized chelation 

for the treatment of brain pathologies  
The development of chelating polymers and materials in this work aims to propose various 
strategies for achieving localized chelation within the brain. Two approaches are explored in 
this chapter: the use of microdialysis and the use of hydrogels as chelating biodegradable 
implants.  

4.1. Microdialysis: 

The rationale for using microdialysis is similar to the MEXBRAIN technology presented in 
Chapter II. Small molecules bound with metal ions can be transported across the membrane 
into the dialysate through diffusion. By grafting the chelator to a polymer with a sufficiently 
high molecular weight, it can be retained within the microdialysis system, preventing its 
passage through the membrane (Figure 38). This enables the chelator to capture metals without 
reaching diffusion equilibrium, potentially extracting more metals than simple microdialysis. 

 

Figure 38. Representation of metal extraction in the brain by microdialysis with a chelating 
polymer. 

Additionally, since the chelator remains within the dialysate, there is a reduced risk of chelator-
related toxicity. The use of this technology would need a chirurgical intervention, the idea is to 
perform this procedure at the same time as other chirurgical procedures that are already use for 
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treating neurodegeneratives diseases, for instance this could be done after patients go through 
DBS with the goal of limiting chirugical interventions. 

Two polymers were evaluated for the application of brain chelation by microdialysis, 8-arm 
PEG@DFO and chitosan DA29@DOTAGA9 due to their solubility in physiological media. 

4.1.1. Microdialysis with 8-arm-PEG@DFO 

The following experiments were performed by the team of Pr Philippe De Deurwaerdere at 
Institut de Neurosciences Cognitives et Intégratives d'Aquitaine, (INCIA) university of 
Bordeaux  

In vitro measurements. 

Material and methods Two microdialysis probes (CMA 12 Elite, ∅ = 0.5 mm, L = 4 mm, 
membrane cut-off 20 kDa; PAES, Phymep) were submerged 1.5 mm apart in a 10 µM iron(II) 
solution prepared in artificial cerebrospinal fluid (aCSF) (NaCl 147 mM, KCl 2.7 mM, CaCl2 
1.2 mM, MgCl2 0.85 mM, Phymep, Paris, France). The iron source was iron (II) ammonium 
sulfate hexahydrate from Sigma-Aldrich. One probe served as the perfusion probe, where either 
8-arm-PEG@DFO at a concentration of 10 µM in aCSF or aCSF alone (control) was perfused 
at a flow rate of 3 µL/min (Figure 39A). The second probe was the measurement probe, with a 
flow rate of 1 µL/min. The perfusion of the iron (II) solution by both the experimental and 
measuring probe was conducted for 4 hours, and samples from the measurement probe were 
collected every 30 minutes to determine iron concentration using spectrophotometry with 
bathophenanthroline. 

Results and discussion Despite the lower complexation constant of DFO with iron (II) 
compared to its complexation constant with iron (III) (Table 1), perfusion with 8-arm-
PEG@DFO resulted in significantly higher iron clearance compared to perfusion with aCSF 
alone (Figure 39B). This increased clearance can be attributed to the chelation of iron(II) by 8-
arm-PEG@DFO, which facilitated the diffusion of iron (II) into the microdialysis probe, 
enhancing its extraction. 

 

Figure 39. A: Comparison of iron extraction by microdialysis without 8-arm-PEG@DFO 
(Left) and with PEG@DFO (right) B: in vitro iron(II) clearance measured in the measurement 
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probe for the control experiment aCSF (white) compared to 8-arm-PEG@DFO at 10 µM in 
aCSF (grey) during 4 hours of perfusion (n = 3) p < 0,05 ; Mann-Whitney’s test. 

In vivo measurements 

As discussed in Chapter One, the increase in metal ions not tightly bound to proteins can induce 
ROS production through Fenton and Haber-Weiss reactions. To investigate this in vivo, a 
simple rat model of PD was used by administering 6-hydroxydopamine (6-OHDA) to the rat 
brains. 6-OHDA was chosen because it has been shown to elevate extracellular iron (II/III) 
levels and increase ROS production in rat brains [244,245]. The Fe(II)/Fe(III) ratio in solution 
is governed by the redox state of the medium [245]. Therefore, while 8-arm-PEG@DFO 
primarily chelates iron (III), the decrease in iron (III) levels may indirectly decrease the amount 
of iron (II) in the medium as well as reducing the total extracellular iron. This study aims to 
evaluate whether the use of microdialysis combined with the macrochelator 8-arm-PEG@DFO 
can reduce extracellular iron (II) concentrations in the rat brain following 6-OHDA 
administration. Two microdialysis probes are implanted in the rat brain: one for perfusing 8-
arm-PEG@DFO and the other for collecting samples. To assess extracellular iron (II) levels, 
bathophenanthroline is used based on the method developed by Freinbichler et al. (2020) [245]. 
Bathophenanthroline forms a complex with iron (II), which has a characteristic absorbance at 
535 nm, allowing iron (II) quantification via HPLC. 

Material and methods Sprague-Dawley male rats (n=10) (10 weeks old, weighting 320-380g) 
purchased from the Janvier laboratory (Le Genest-Saint-Isle, France). They were maintained 
under standard housing conditions (12-hour light-dark cycles) with standard rodent food and 
water available ad libitum. The study protocol was approved by the local animal protection 
committee (University of Bordeaux) and complied with EU guidelines (86/609/EEC). Rats 
were anesthetized with isoflurane (3%) before being placed in a stereotaxic frame to implant 
the microdialysis probes. Rats were anesthetized during the whole experiment with 1.5% 
isoflurane. Sterile surgical procedures were used to implant the CMA 12 microdialysis 
cannulas (CMA Microdialysis AB, Solna, Sweden). The cannulas were stereotactically 
inserted into the left striatum of the rats at a distance between each other of 1.5mm (Figure 40).  

As in the in vitro experiments, one probe served as the measurement probe for sample 
collection (flow rate of 1 µL/min), while the other was the perfusion probe, where either 8-
arm-PEG@DFO at a concentration of 10 µM in aCSF or aCSF alone (control) was perfused at 
a flow rate of 3 µL/min. Rats were perfused for a total of 6 hours, including a 2-hour 
stabilization period, a 2-hour basal measurement period, a 30-minute perfusion of 6-
hydroxydopamine (6-OHDA) 200 µM at a flow rate of 1µL/ min, and a final 1.5-hour 
measurement period post-6-OHDA. 6-OHDA was diluted in 0.05% (w/w) ascorbic acid to 
prevent oxidation. 6-OHDA was administered through the measurement probe (Figure 40B). 
Samples from the measurement probe were collected every 30 minutes for iron (II) 
concentration measurement using spectrophotometry with bathophenanthroline. Additionally, 
dopamine, its metabolite 3,4-dihydroxyphenylacetic acid (DOPAC), and the serotonin 
metabolite 5-hydroxyindoleacetic acid (5-HIAA) were measured in the collected samples 
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during the basal measurement period using a HPLC system coupled with coulometric detection 
(5014 analytical cell at 175 mV connected to a Coulochem 2 detector). These measurements 
were done in order to evaluate the effect of 8-arm-PEG@DFO perfusion on neurotransmitters 
in healthy rats.  

 

Figure 40. Schematic representation of the microdialysis probe placement: Perfusion probe: 
Located in the striatum, perfused with either 8-arm-PEG@DFO (10 µM in aCSF) or aCSF 
alone (control) at a flow rate of 3 µL/min. Measurement probe: Located adjacent (1.5mm) to 
the perfusion probe, used for sample collection and analysis. 6-OHDA (200 µM) was 
administered through this probe for 30 minutes. 

Results and discussion During the stabilization period and basal level measurements, there 
were no significant differences in the baseline levels of the observed biochemical markers 
(dopamine, DOPAC, 5-HIAA) between the control group and the group treated with 10 µM 8-
arm-PEG@DFO (Figure 41). Furthermore, the use of 8-arm-PEG@DFO did not alter the basal 
levels of extracellular iron(II) compared to the control group treated with aCSF alone (Figure 
42). These findings suggest that the use of 8-arm-PEG@DFO in microdialysis does not 
negatively affect the brain of rats compared to microdialysis with aCSF alone. 

Following 6-OHDA administration (t120-150 min in Figure 42), extracellular iron (II) levels 
increased significantly, rising from 0.77 ± 0.24 µM to 5.23 ± 1.77 µM in the control group, and 
from 0.80 ± 0.42 µM to 3.60 ± 1.06 µM in the 8-arm-PEG@DFO group. However, no 
significant difference was observed between the two groups. Extracellular iron (II) levels 
remained elevated for 30 minutes post-6-OHDA administration, and after 60 minutes, iron (II) 
levels decreased to baseline values (Figure 42). Despite the increased extraction of iron (II) in 

vitro with 8-arm-PEG@DFO, it did not enhance iron (II) extraction in vivo after 6-OHDA 
administration. 

These findings suggest that iron chelation by 8-arm-PEG@DFO in the microdialysis cannula 
has minimal impact on distant iron (II) equilibria in the striatum (1.5 to 2 mm away). This lack 
of effect could be attributed to the short duration of perfusion. In vitro data indicate that a 
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noticeable reduction in iron (II) concentration occurs only after 3 hours of perfusion, whereas 
the increase in extracellular iron (II) in vivo is limited to 90 minutes. This may not provide 
sufficient time for 8-arm-PEG@DFO to significantly affect iron (II) levels in the surrounding 
tissue. Additionally, 8-arm-PEG@DFO may primarily chelate iron (III) and not iron (II). As a 
result, the chelation of iron (III) by DFO may be insufficient to significantly alter the 
iron(II)/iron(III) equilibrium, leading to a lack of reduction in extracellular iron (II) levels near 
the measurement probe. Measuring total extracellular iron (iron (II) and iron (III)) could 
provide a more comprehensive understanding of the effectiveness of macrochelators in 
intracranial microdialysis for iron extraction.

Figure 41: Evolution of the extra cellular levels of neurotransmitters (A: dopamine) and 
neurotransmitters metabolites (B: DOPAC C: 5-HIAA) during 4 hours (stabilization and 
baseline period) of microdialysis compared to baseline values. Quantification of dopamine, 
DOPAC and 5-HIAA done by HPLC system coupled to coulometric detection. 

 

Figure 42: Evolution of the extra cellular levels of iron(II) measured from the samples 
retrieved from the measurement probe position at 1.5 mm from the perfusion probe (n=4). 
Measurements done by HPLC. 8-arm-PEG@DFO in grey and aCSF in white. 

4.1.2. Microdialysis with DA29@DOTAGA9 

Given the known neurotoxicity of manganese (Manganism and possible involment in AD and 
other neuro degenerative diseases as explained in the first chapter), this series of experiments 
involved intravenously administering manganese(II) to rats. The primary objective of this study 
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was to evaluate the metal extraction capabilities of DA29@DOTAGA9 using microdialysis in 

vivo.  

The following experiments were performed by the team of Dr. Yannick Cremilieux at Institut 
des Sciences Moleculaires, (ISM) university of Bordeaux with the participation of Noel Pinaud 
and Dr. Imhad Benkhaled. 

Material and methods 12 female rats of the Wistar strain (10 weeks old, 240-260 g) used for 
in vivo experiments were purchased from the Janvier laboratory (Le Genest-Saint-Isle, France). 
They were maintained under standard housing conditions (12-hour light-dark cycles) with 
standard rodent food and water available ad libitum. The study protocol was approved by the 
local animal protection committee (University of Bordeaux) and complied with EU guidelines 
(Directive 2010/63/EU). 

Sterile surgical procedures were used to implant the CMA 7 microdialysis cannulas (CMA 
Microdialysis AB, Solna, Sweden). The cannulas were stereotactically inserted into the right 
hippocampus of the rats. The probe shaft has a diameter of 0.4 mm and a length of 7 mm. The 
microdialysis membrane has a molecular cut-off of 6 Daltons, an outer diameter of 0.24 mm, 
and a length of 2 mm. The CMA 7 microdialysis membrane is specifically designed for use in 
small areas of the brain or spinal cord of small animals ( https://microdialysis.com/cma-7-
microdialysis-probes.html). During the surgery, the rats were anesthetized with 2.5% 
isoflurane in an air/O2 mixture (70:30) via a face mask and placed in a stereotaxic frame. 

The head was shaved and the skull skin was incised in the coronal plane between the ears, 
along the interaural line. Three small holes were drilled in the skull; two holes with a 1 mm 
drill bit (for placement of the two cannulas above the hippocampus (in one probe 
DA29@DOTAGA9 is perfused at 1%w/w the other cannula is perfused by aCSF (control)), 
hole1 (coordinates AP = -3.9 mm, ML = 1.7 mm right, DV = -2 mm) and hole2 (coordinates 
AP =-3.9 mm, ML= 3.7 mm right, DV= -2 mm). The two cannulas were spaced 2 mm apart 
(Figure 43 A). Another hole with a 1.3 mm drill bit (3 mm close to the previous holes) for the 
placement of a plastic screw. Two cannula guides were positioned in the smaller holes, located 
above the hippocampus. A plastic screw was inserted into the larger hole. The screw and 
cannulas were fixed to the skull with dental cement (Dentalon Plus, Kulzer, Hanau, Germany) 
on the skull surface, then the muscles and skin were sutured. After surgery, the animals were 
individually housed and dosed with 0.05 mg/kg buprenorphine every 12 hours for 48 hours. 

The manganese chloride solution was prepared according to the weight of the animals. A dose 
of 80 mg/kg of MnCl2 was chosen, which is lower than the LD50 (the lethal dose that causes 
50% mortality) of manganese chloride, which is 92.6 mg/kg via intravenous injection in rats. 
The solution, composed of physiological saline and MnCl2, has a concentration in manganese 
(II) of 165 mM for a 260 g rat. An intravenous injection of 400 μl of this solution is 
administered using a LEGATO 110 Pump from KD Scientific (USA) and a 2.5 ml syringe from 
Terumo (Japan) at a rate of 7 μl/min over 57 minutes and 14 seconds. 

The CMA 402 Syringe Pump from CMA Microdialysis AB (Sweden) with a 1 ml EXMIRE 
syringe (Shizuoka, Japan) and a 1 m FEP Tubing from CMA Microdialysis AB is used for the 

https://microdialysis.com/cma-7-microdialysis-probes.html
https://microdialysis.com/cma-7-microdialysis-probes.html
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perfusion of microdialysis membranes. The perfusion of the microdialysis membranes starts 
20 minutes after the beginning of the MnCl2 injection, at a rate of 0.4 μL/min for two hours. 
The first membrane is perfused with aCSF, while the second is perfused with 
DA29@DOTAGA9 at 10 g/L (Figure 43). The volumes of dialysate collected after 2 hours are 
48 μl for each membrane. Dialysates were analyzed at the ILM by diluting them in HNO3 1% 
(w/w) and measuring the metal concentration by ICP-MS using the KED mode. 

MRI measurements were performed on a 7-T Bruker BioSpec 70/20 MRI system (Bruker 
BioSpin, Ettlingen, Germany). Images were acquired using a T1-weighted Flash sequence with 
the following parameters: repetition time TR = 323.738, echo time TE = 3.09 ms,15 slices of 
0 ,8 mm thickness with a FOV of 35× 35 mm2, flip angle = 40° Image size = 384x384x15. 
Acquisition time was 11 min 03 s. An initial acquisition was performed before the MnCl2 
injection, followed by a series of acquisitions starting 20 minutes after the injection, with 30-
minute intervals between acquisitions, up to two hours after the manganese injection (Figure 
43 D).   
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Figure 43. A: Schematic representation of the experimental set-up for the in vivo microdialysis 
experiments with DA29@DOTAGA9 10 g/L (blue) and aCSF control (orange). The perfusion 
rate for both solutions was set at 0.4 μL/min for 2 hours. B: Experimental set-up for 
simultaneous microdialysis and MRI without the animal. C: Experimental set-up for 
simultaneous microdialysis and MRI with the animal. D: MRI scans of a rat’s brain before and 
after injection of 400 uL of MnCl2 solution at different time intervals (20 min, 50 min, 80 min, 
and 110 min) after manganese (II) injections, no microdyalisis probe was implanted in this rat. 
Red arrows shown the apparition of hyperintensities due to manganese (II) deposition. 

Results and discussion Following intravenous injection of manganese (II), hyperintensities 
were observed in the rat’s brain after 20 minutes due to the presence of manganese (II) (Figure 
43 D). ICP-MS measurements of manganese in the dialysates (control and DA29@DOTAGA9) 
revealed no significant difference in manganese concentrations between the two dialysates (p-
value: 0.7071) although DA29@DOTAGA9 samples showed higher mean manganese 
concentrations (3.9 ± 6.1 µM for the DA29@DOTAGA9 samples and 3.0 ± 5.6 µM for the 
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control samples). In both control and DA29@DOTAGA9 group there is a high standard 
deviation, indicating substantial variability in manganese concentrations in the rats’ brain 
(Figure 44). 

One possible explanation for the lack of significant manganese extraction by 
DA29@DOTAGA9 could be the adherence of the polymer to the membrane, which might 
underestimate the actual metal extraction. Additionally, the DA29@DOTAGA9 itself contains 
a non-negligible concentration of metals which could explain the higher concentration of 
copper and iron in the dialysates. While this concentration is known (Table 10) and can be 
subtracted from the total metal concentration in the dialysate to obtain the true metal extraction, 
determining the amount of polymer adhering to the membrane is necessary to accurately 
calculate the actual metal extraction. 
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Figure 44. Manganese (II)  concentration measured after 2 hours of microdialysis in rats’ brain 
at a flow rate of 0.4 μL/min in the dialysate with DA29@DOTAGA9 in red and aCSF (control) 
in blue (n=12), p-values calculated by unpaired t test . 

Quantification of DA29@DOTAGA9 in dialysate 

In order to test the hypothesis of the polymer sticking to the membrane and asses the amount 
of polymer retrieved in the dialysate, as well as evaluate the manganese (II) chelation ability 
of DA29@DOTAGA9 a manganese (II) solution (5mM) was perfused by DA29@DOTAGA9 

with the same parameter as the in vivo experiments. 

Material and methods A single metallic solution (manganese (II) 5 mM) was prepared in 
HEPES 10mM pH 7.4 in a total volume of 2.5 mL. The metallic sources is a standard 
manganese (II) solution in 5 % HNO3 provided by SCP-Science (ICP Standard 1000 µg.mL-1, 
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reference: 140-052-250). By using the same microdialysis membranes as in the in vivo 
experiments the manganese (II) solution is perfused at the same rate as in the in vivo 
experiments 0.4 µL/min for 2 hours by DA29@DOTAGA9 at 10 g/L or HEPES 10 Mm pH 7.4 
(control). The resulting dialysates are analysed by ICP-MS using the same condition as the 
samples from the in vivo experiment. Each experiment was done in triplicates. 

To determine the amount of DA29@DOTAGA9 retained in the membrane, the compound was 
quantified using the standard addition method. This study was conducted by Lise Picquoin. 
Briefly, this method involves preparing several DA29@DOTAGA9 solutions at known 
concentrations (0–0.5 g/L) in an acetate buffer (0.1 M ammonium acetate/0.1 M acetic acid, 
pH 4.5). A 10 µL of dialysate is added to each solution. NaNO2 is then added in large excess 
(1:1000 ratio of glucosamine to NaNO2) to depolymerize the polymer (Figure 45) [246]. The 
samples are stirred for 2 hours. GdCl3 is added in a threefold excess relative to the theoretical 
DOTAGA concentration in each sample, and the mixtures are stirred at 60°C for 48 hours to 
allow gadolinium (III) chelation by DOTAGA (logβL-Gd(III): 24.7 [247]). The samples are 
analyzed at the ILM using a Perkin Elmer NexION 2000 ICP-MS coupled to a Perkin Elmer 
Flexar LC. Separation is performed using a size exclusion column (Polysep 4000) at a flow 
rate of 0.4 mL/min with an acetate buffer (0.1 M ammonium acetate/0.1 M acetic acid, pH 4.5) 
as the eluent. The peak area corresponding to depolymerized DA29@DOTAGA9 is plotted 
against the known DA29@DOTAGA9 concentrations (Figure 46 B). By calculating the ratio of 
the y-axis intercept to the slope, and multiplying by 100 (dilution factor), the concentration of 
DA29@DOTAGA9 in the dialysate can be determined. The metal concentration of the initial 
DA29@DOTAGA9 solution used for the microdialysis experiments [M]t0 was measured by 
diluting a DA29@DOTAGA9 10 g/L solution by a factor of ten in HNO3 1%(w/w) the resulting 
solution was then analysed by ICP-MS in KED mode (Table 10). 

Results and discussion After measuring the metal concentrations in the dialysates from the in 

vitro experiments, it appears that the control (1.28±0.02 manganese (II) mM) extracts more 
metal than DA29@DOTAGA9 (0.60±0.07 manganese (II) mM) (Figure 46). This result is 
inconsistent with previous work, which demonstrated the polymer's ability to extract metals 
from solution. A likely explanation is that the polymer adheres to the membrane, leading to an 
underestimation of its metal-extracting capabilities. 

The standard addition method was employed to quantify the amount of polymer adhering to 
the membrane. This method begins with the depolymerization of chitosan, achieved by 
cleaving the glycosidic bonds between the N-glucosamine and the other polymer units (N-
acetylglucosamine or glucosamine grafted with DOTAGA) (Figure 45). Depolymerizing the 
polymer reduces its interactions with proteins in the dialysate, as protein-chitosan interactions 
can affect the polymer's retention time during HPLC-SEC analysis. Additionally, lowering the 
molecular weight enhances ionization, making the molecules more easily detectable by ICP-
MS. 
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Figure 45. Chitosan depolymerization reaction induced by HNO2 produced by NaNO2 in 
acidic media [246]. 

The second step involves the complexation of gadolinium (III) with the DOTAGA moieties. 
This step marks the polymer units containing DOTAGA with an element not typically found 
in biological systems, allowing for the quantification of the DOTAGA-gadolinium (III) 
complex in solution using HPLC-SEC coupled with ICP-MS (Figure 46 A). 

 

Figure 46. A: HPLC-SEC-ICPMS chromatogram of the analysed samples of the dialysate with 
growing concentration after depolymerization DA29@DOTAGA9 and complexation with 
gadolinium (III). The peak centred at 22.9 minutes correspond to the depolymerized 
DA29@DOTAGA9 complexed with gadolinium (III) and the peak from 23.5 min to 28 min the 
excess gadolinium (III). B: red dotted curve represents de linear regression of the area of the 
peak corresponding to depolymerized DA29@DOTAGA9 against known DA29@DOTAGA9 
concentrations. 

This method yielded the following equation for the plot of peak area corresponding to 
depolymerized DA29@DOTAGA9 against known DA29@DOTAGA9 concentrations: y = 
472016594x + 7410790 (Figure 46 B). From this, the concentration of DA29@DOTAGA9 in 
the dialysate was determined to be 1.57 g/L, indicating that 84.3% of the polymer adheres to 
the membrane. 
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By knowing the percentage of polymer that remains on the membrane, we can adjust the 
measured values in the dialysate accordingly. It is assumed that the polymer found in the 
dialysate has the same complexation rate as the polymer adhering to the membrane. To estimate 
the metal concentration without polymer loss [M]corrected, the metal concentrations measured in 
the dialysate samples [M]measured were divided by the percentage of polymer in the dialysate 
%polymer (15.7%). Subtracting the metal concentrations in the polymer prior to microdialysis 
[M]t0 (Table 10) yields the actual concentration of metals extracted [M]extracted.  [𝑀]𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = [𝑀]𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑%𝑝𝑜𝑙𝑦𝑚𝑒𝑟   and [𝑀]𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 = [𝑀]𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 − [𝑀]𝑡0 

After this correction it is clear that the microdialysis with DA29@DOTAGA9 microdialysis 
(3.85±0.46 manganese (II) mM)  increases significantly the metallic extraction compared to 
simple microdialysis (Figure 47). 
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Figure 47. Concentrations of  measured manganese (II) in the dialysates samples after 2 hours 
of microdialysis at a flow rate of 0.4 µL/min in a manganese (II) solution 5 mM in HEPES 10 
Mm pH 7.4. In orange concentration measured by ICP-MS in the retrieved dialysates with 
DA29@DOTAGA9 ([M]measured). In red concentration considering the portion of 
DA29@DOTAGA9 that is adhered to the membrane and the initial metal concentration of the 
DA29@DOTAGA9 10 g/L solution([M]extracted). In blue concentrations measured by ICP-MS in 
the dialysates without polymer (control) (n=3). 

Table 10. Metal (Mn, Fe, Cu, Zn) concentration (µM) in the DA29@DOTAGA9 10g/L 
solution used for the microdialysis experiments, measured by ICPMS in KED mode. Results 
are represented as mean ± standard deviation (n=3). 
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Mn (µM) Fe (µM) Cu (µM) Zn (µM) 

0.30 ± 0.01 10.20 ± 0.40 0.06 ± 0.01 1.50 ± 0.01 

 

Assuming that the interactions between the microdialysis membrane and the polymer in the in 

vivo experiment are similar to those in vitro, where only 15.7% of the initial polymer remains 
in the dialysate. It is then possible to calculate the concentration of metals in the dialysate if no 
polymer adhered to the membrane ([M]extracted) using the same equation as in the previous 
experiment.  

Similar to the in vitro results, the correction increases substantially the mean concentration of 
manganese (II) from 3.9 ± 6.1 µM for the DA29@DOTAGA9 samples without correction to 
24.7± 38.7 µM for the DA29@DOTAGA9 samples with correction. However, due to the high 
standard deviation in the initial measurements, the increase in manganese (II) extraction by 
microdialysis using the chelating polymer was not statistically significant (p value <0.05) 
(Figure 48). It is likely that increasing the number of animals studied could result in statistically 
significant findings. Despite the current lack of significance, the use of a chelating polymer in 
microdialysis appears to be a viable research option for extracting neurotoxic metals from the 
brain, such as manganese (II). 
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Figure 48. Concentrations of  measured manganese (II) in the dialysates samples after 2 hours 
of microdialysis at a flow rate of 0.4 µL/min in vivo (n=12). In red concentration considering 
the portion of DA29@DOTAGA9 that is adhered to the membrane and subtracting the initial 
metal concentration of the DA29@DOTAGA9 10 g/L solution([M]extracted). In blue 
concentrations measured by ICP-MS in the dialysates without polymer (control)  with unpaired 
t test p-values. 
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4.1.3. Conclusion 

While the combination of chelating polymers with microdialysis demonstrated promising 
results for metal extraction in vitro, these findings did not fully translate to in vivo experiments.  

Microdialysis has several limitations that affect its efficacy. One of the most critical parameters 
is the flow rate. The flow rate must be slow enough to allow metal ions from the brain to diffuse 
into the microdialysis probe and be chelated by the polymer. For instance, a flow rate of zero 
would enable over time complete saturation of the chelating polymer.  

Another limitation is the small exchange surface of the membrane, therefore increasing the 
exchange surface and keeping a flow rate of zero can be compared to a direct intracranial 
injection. However, injection could result in widespread diffusion of the chelating agent thus 
not achieving long-term localized chelation, moreover the chelating agent can be metabolized 
or degraded more rapidly, reducing its long-term efficacy. For sustained and localized 
chelation, the chelating polymer should have very slow diffusion. This can be achieved using 
chelating materials that can be implanted directly into the brain. Such an approach mimics the 
effect of a direct injection while minimizing the diffusion of the chelating agent, ensuring a 
prolonged and localized treatment. Another drawback of microdialysis is that it typically serves 
as a short-term intervention, requiring repeated procedures for ongoing treatment. In contrast, 
a biodegradable implant would require only a single procedure for deposition, offering a long-
term solution. In the following section, the use of the chelating materials developed in Chapter 
3 for metal extraction in vivo is explored. 

 4.2. Hydrogel implants 

By utilizing the same gelation principle of chitosan amines deprotonation as for the hydrogels 
presented in the previous chapter, it's possible to create chelating materials with various desired 
shapes and forms. One approach explored in this study was the fabrication of chelating fibers. 
Fibers offer several advantages, including ease of handling, implantation, and a large surface-
to-volume ratio, which can facilitate rapid diffusion enhancing metal chelation. Previous 
research at the IMP has developed a method for obtaining chitosan fibers [248–252]. 

4.2.1. Development of chelating biodegradable fibers “proof of concept” publication 

The following article ” Neurocompatible biodegradable fibers designed to extract excess free 
metals in the brain ” submitted to the journal Proceedings of the National Academy of Sciences 

(PNAS) presents the development of chelating fiber  made out of a precursor solution with the 
following formulation 5% w/w DA6 and 10% w/w DA6@DOTAGA17 (referred in the article 
as Chitosan 5% Chitosan@DOTAGA 10%) resulting in a xerogel fiber made out of 2/3 w/w 
DA6@DOTAGA17 and 1/3 w/w DA6. 

Neurocompatible biodegradable fibers designed to extract 

excess free metals in the brain 

Tatiana Borisova,1 Juan Felipe Salazar Ariza,2,3 Natalia Pozdnyakova,1 Natalia 
Krisanova,1 Artem Pastukhov,1 Marina Dudarenko,1  Thomas Gréa,2,3 Alexandra 

https://pubmed.ncbi.nlm.nih.gov/?term=Borisova+T&cauthor_id=33482259
https://pubmed.ncbi.nlm.nih.gov/33482259/#affiliation-1
https://pubmed.ncbi.nlm.nih.gov/?term=Pozdnyakova+N&cauthor_id=33482259
https://pubmed.ncbi.nlm.nih.gov/?term=Krisanova+N&cauthor_id=33482259
https://pubmed.ncbi.nlm.nih.gov/?term=Krisanova+N&cauthor_id=33482259
https://pubmed.ncbi.nlm.nih.gov/?term=Pastukhov+A&cauthor_id=33482259
https://pubmed.ncbi.nlm.nih.gov/33482259/#affiliation-2
https://pubmed.ncbi.nlm.nih.gov/?term=Dudarenko+M&cauthor_id=33482259
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Abstract 

Exposure to environmental heavy metals and disruptions in physiological metal balance are 
significant factors contributing to neurological and neurodegenerative conditions. To address 
heavy metal toxicity, a biopolymer consisting of chitosan functionalized with DOTAGA 
ligands (Chitosan@DOTAGA) was developed. By carefully blending conventional chitosan 
with Chitosan@DOTAGA, biodegradable fibers with controlled diameters were processed and 
their mechanical properties characterized. The chelation properties of these fibers were 
evaluated in an aqueous medium by ICP-MS analyses for various metal ions, including Cu (II), 
Cd (II), Pb (II), and Fe (III). Neuroprotection was assessed ex vivo using nerve terminals 
isolated from rat brains exposed to Cu (II), Cd (II), Pb (II), and Hg (II); effectiveness was 
evidenced for all metals except Hg (II) testing different neurotransmitters. To validate in vivo 
feasibility of the future use of Chitosan@DOTAGA for metal chelation in the central nervous 
system, Gd (III)-labeled fibers were implanted into rat brains for three months, with no 
observable inflammatory reactions detected via MRI or histology. The biodegradability of the 
fibers was assessed using MRI and ICP-MS analyses. 
 

1. Introduction 
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Neurological disorders are the third most common cause of disability and premature 
death in the EU. Their prevalence and burden increase, as underlined by the recent report of 
Lancet Public Health 2020 [1]. Environmental pollution by heavy metals and disturbance of 
proper homeostasis of essential physiological metals can significantly contribute to 
development of different types of neuropathologies [2]. For example, copper is critical for the 
central nervous system (CNS) development and function [3]. Disorders of copper metabolism, 
i.e. Menkes and Wilson’s disease, exhibit complex neurodegenerative features, thereby 
highlighting the impact of copper dis-homeostasis [4]. Cadmium, a neurotoxic heavy metal, is 
widely distributed in the polluted environment, including water, air, food, and smoke. It 
accumulates extensively in humans due to low clearance, with a half-life of 15–30 years. The 
CNS is considered one of the most vulnerable targets for cadmium action, where the metal can 
significantly exacerbate neurodegenerative diseases, peripheral polyneuropathies, and provoke 
mental deficits in children [5]. Lead is also an ubiquitous environmental neurotoxic heavy 
metal that remains to threaten globally public health. Epidemiological studies have 
demonstrated harmful effects of lead at very low levels on childhood IQ [6]. Lastly, iron, 
despite iron's critical role in multiple biological processes such as oxygen transportation and 
enzymatic reactions [7], is suspected to play an important role in neurodegenerative diseases, 
where it appears to promote protein aggregation and oxidative damage [8], [9]. In fact, studies 
have demonstrated an alteration in labile iron concentration in the cerebrospinal fluid (CSF) of 
patients with mild cognitive impairment, at an iron concentration of 0.46 ± 0.04 µM in 
comparison with 0.29 ± 0.04 µM for control patients [10]. Moreover, several studies have 
associated iron accumulation with tissue damage [11-13] as indicated by ferritin and heme-
oxygenase upregulation in the brain.  

Novel drug targets for the abovementioned chronic disease are eagerly sought. While 
potentially helpful agents, such as chelators, have traditionally been largely restricted to overt 
acute metal poisoning, their application in a preventive and prophylactic approach is highly 
promising [14]. Known chelators that are used in practice include thiols such as Dimercaprol 
(British Anti-Lewisite, BAL), dimercaptosuccinic acid (DMSA or succimer), 
dimercaptopropane sulfonate (DMPS), penicillamine, CaNa2EDTA… Combined 
administration of these chelators is also recommended [14]. Wilson's disease is an example of 
a genetic disease treated by chelation therapy; however, traditional chelation therapy is limited 
by secondary adverse effects, lack of compliance, and neurological worsening, as seen in some 
cases of Wilson's disease [15]. Moreover, access to the brain is limited for many chelates due 
to the presence of blood brain barrier and their elimination is fast limiting their interest for 
small chronic overtime accumulation. Biodegradable chelating materials could be of interest if 
implemented within the diseased area, for pathologies like Parkinson’s disease, which has been 
associated with the detrimental effect of redox active metals such as iron [16]. This can be 
performed during surgical procedures associated to the use of active implantable neurological 
devices, such as deep brain simulators [17].  
 Due to its attractive biological properties including biocompatibility, biodegradability 
and antibacterial activity, chitosan is recognized has an attractive polymer for the formation of 
biomaterials [18]. Chitosan is industrially derived from chitin which can be found in crustacean 
shells, possibly as by-products of food industry [19]. It can be processed as biodegradable 
hydrogels for various applications, including for example wound healing and biomedical 
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implants, due to its favorable properties such as, but not limited to, biocompatibility, 
antioxidant activity, and antibacterial effects [20-24]. Our team has recently shown the interest 
of functionalizing chitosan by chelating molecules like DOTAGA or DFO in combination with 
hemodialysis for the removal of copper or iron [25], [26]. It has led to two clinical trials 
currently recruiting for the treatment of Wilson disease (NCT05917327) and acute on chronic 
liver failure (ACLF) (NCT06340269). Interestingly, Ficiara et al. have developed nanobubble 
formulations comprising glycol chitosan functionalized with DFO to bind iron for neurological 
applications and have shown its impact on Aβ misfolding [27]. Our team has also shown that 
chitosan coupled to DFO or DOTAGA mixed with conventional chitosan can lead to chelating 
hydrogels that can be used also for drug delivery [28], [29] and that conventional chitosan can 
be shaped into fibers whose dimensions and mechanical properties can be finely tuned [30].  
 Integrating Chitosan@DOTAGA in the filaments could lead to biodegradable fibers 
capable of removing metals from the implanted zone. In this work, we demonstrate the 
feasibility to synthesize such fibers and determine their mechanical and chelating properties on 
different metallic cations. One of the aims of this study was to assess the impact of the filament 
in isolated rat cortex nerve terminals (synaptosomes), i.e.: (i) evaluating the potential 
neurotoxic properties of the fiber per se analyzing its effect on the key characteristics of 
glutamatergic and GABA-ergic neurotransmission; (ii ) evidencing a capability of cooper, 
mercury, cadmium and lead to influence the extracellular level of excitatory neurotransmitter 
L-[14C]glutamate and inhibitory one [3H]GABA at the presynaptic site; (iii ) evidencing the 
ability of the fiber to mitigate a heavy metal-induced increase in the extracellular level of L-
[14C]glutamate and [3H]GABA in nerve terminals. In view of future applications of chelating 
fibers in neuro-diseases, a preliminary in vivo proof of concept was also performed: the 
objectives were to evaluate the feasibility of implanting the fiber in the rat brain, the relevance 
of using MRI to monitor the fiber in the brain, and to obtain initial information on the 
biocompatibility of the approach and of the biodegradability of the implanted filament. 
 

2. Material and Methods 

 

2.1. Chitosan@DOTAGA synthesis 

 

2.1.1. Chemicals 
 
Medical grade chitosan with low DA (6% ± 0.5%, determined by 1H NMR spectroscopy using 
the Hirai method [31] (See Supporting Information Figure S1) from Alaska snow crab was 
purchased from Matexcel (Bohemia, NY, USA, reference number NAT-0030, 
https://www.matexcel.com/p/30/medical-grade-chitosan/). This chitosan was fully 
characterized. The weight-average and number-average molar masses (respectively Mw=2.600 
105  g/mol and Mn=1.300 105  g/mol) were determined by size exclusion chromatography 
coupled with refractive index and multi-angle laser light scattering measurements at the 
chromatography platform of the Chemistry Institute of Lyon (ICL, https://www.iclyon.fr/). 
DOTAGA-anhydride (1,4,7,10-tetra-azacyclododecane-1-glutaric anhydride-4,7,10-triacetic 
acid) was purchased in CheMatech (Dijon). GdCl3, 6 H2O (CAS 13450-84-5, 99.9%) was 
purchased from Sigma Aldrich (Saint-Quentin-Fallavier, France). 
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2.1.2. Functionalization of chitosan 

 

Functionalized chitosan Chitosan@DOTAGA was developed by MexBrain, its synthesis and 
characterization are described in detail in a previous paper [28] (See Supporting Information 
Figures S2, S3 and Table S1 for the characterization of the functionalized chitosan). Briefly, to 
synthesize the chelating polymer, chitosan was first solubilized in a mixture of water and 
propanediol (50/50 w/w), using acetic acid to protonate chitosan chains. Then, DOTAGA-
anhydride (1,4,7,10-tetra-azacyclododecane-1-glutaric anhydride-4,7,10-triacetic acid) was 
added to the solution to functionalize the polymer. The resulting product was purified by 
tangential filtration (with a cut-off membrane of 100 kDa). The amount of DOTAGA grafted 
onto the polymer was determined by UV-Vis titration in the presence of increasing 
concentration of Cu (II) using the same method of copper chelation as described by Natuzzi et 

al, (See Supporting Information Figure S4) [26]. The Chitosan@DOTAGA polymer was found 
to have 0.654 mmol of DOTAGA grafted per gram of polymer, corresponding to a substitution 
degree of 17.0 ± 0.5% (Refer to the supporting information Figure S4 for details on the 
DOTAGA substitution degree).  
 

2.1.3. Labelling of Chitosan@DOTAGA by Gd3+ 
 
The labelling of Chitosan@DOTAGA with gadolinium for in vivo experiments was performed 
by adding 8.74 mL of a solution of 1 M gadolinium (prepared with GdCl3, 6 H2O) to 1 L of a 
Chitosan@DOTAGA solution at 7 g.L-1. The solution's pH was then adjusted to 5.6 ± 0.1 with 
a 1 M NaOH solution, and the solution was stirred at 60 °C for 48 h. The concentration of 
chelated gadolinium was determined to be 70.5 mg of Gd3+ per gram of polymer (i.e. 70% of 
total DOTAGA) using inductively coupled plasma mass spectrometry (ICP-MS).  
 

2.2. Fiber formation 

 

2.2.1. Fiber synthesis 
 

To prepare the chelating fibers, chitosan and Chitosan@DOTAGA were dispersed in 
ultra-pure water at concentrations of 5% and 10% by weight, respectively. Acetic acid was 
added to achieve stoichiometric protonation of the amine moieties of both polymers, and the 
blend was mechanically stirred until a homogeneous mixture was obtained. The precursor 
solution (dope) was then extruded using the same procedure (Figure 1) as described by 
Passieux et al. [30]. The precursor solution was extruded at a linear velocity of V0 = 21 mm.s-1 
through a conical spinneret with a final diameter of 410 μm (Nordson EFD, smoothflow tapered 
tips, 7018298), by applying pressure using a piston with a compressed air dispenser 
(NordsonOptimus I, NordsonEFD). The resulting extrudate was introduced into a 1 L bath of 
3 M NaOH aqueous solution to induce gelation. A first motorized bobbin drove the fiber into 
two 5 L baths of ultra-pure water for washing, while the second motorized bobbin guided it out 
of the washing baths and into the drying zone. The last motorized bobbin ensured winding of 
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the fiber. The speeds of the motorized bobbins were 21 mm.s-1, 26 mm.s-1, and 34 mm.s-1, 
respectively. 

The fiber labelled with gadolinium was prepared by dispersing 3 polymers, namely 
chitosan, Chitosan@DOTAGA and Chitosan@DOTAGA-Gd in ultra-pure water at 
concentrations of 5%, 8%, 2% by weight, respectively. Again, acetic acid was added to achieve 
stoichiometric protonation of the amine moieties, solubilizing the polymers. The dope was then 
extruded using the same protocol as described above for the formation of the fiber without 
gadolinium. Thus, with this proportion of Chitosan@DOTAGA-Gd and its level of 
complexation, 0.70x0.20=14% of the total DOTAGA in the fiber is complexed with 
gadolinium. 

The chelating fibers formulated above were used for in vivo experiments. The diameter 
of the dry fibers was determined after observation of the yarns with a Leica M205A 
stereomicroscope equipped with the Leica Application Suite v4.12 software, and image 
treatment using ImageJ. The titer (in dtex) was determined by weighting 2.5 m of fiber and 
converting it to 10000 meters.  

 
Figure 1. A: Scheme of the lab-scale wet gel spinning setup for producing chitosan fibers. It 

comprises a gelation bath (aqueous 3 M NaOH solution), three motorized bobbins that control 

the stretching rates, and an air gun for drying the fibers after they washing in two separate 

water baths. B: optical microscopy image of the fiber, with the left side showing the dry fiber 

(diameter ~180 µm) and the right side showing the rehydrated fiber in contact with a water 

drop (~900 µm). 

2.2.2. Mechanical properties of the Fibers  

The tensile properties were assessed using a SHIMADZU AG-X plus device equipped 
with a 100 N load cell. The unidirectional tensile test was conducted at a constant speed of 10 
mm/min for each sample at ambient temperature and relative humidity Rh~35%. The fiber was 
positioned between clamps establishing an effective initial length (l0 = 50 mm) and an initial 
deformation rate of 20%/min. The tenacity (Te) was calculated as the ratio of the applied force 



156 
 

(Fb) at rupture to the yarn titer in dtex (Yt) (Te = Fb/Yt); the nominal strain (ε) was expressed as 
the ratio of the fiber's extension to the initial length (εN = ∆l/l0 = (l − l0)/l0). The Young’s 
modulus (E), tenacity (Te), and strain-at-break (εb) were determined from the stress–strain 
curves (see Figure Supporting Information Figure 5), with five measurement replicates (n = 5). 
The same test was conducted for the fibers labeled with gadolinium, and the results were similar 
to those of the non-labeled fibers (See Supporting Information Table S2). 

Table 1. Fiber mechanical characterisation data obtained by uniaxial tensile test on 5 

different samples of Chitosan 5%w/w Chitosan@DOTAGA 10% w/w fiber. The reported data 

are the mean of n=5 tensile tests. 

Sample 
Titer 

Young's 

modulusa 

Yield 

stressa 

Yield  

strain 
Tenacitya 

Strain at 

rupture 
Diameterb 

(dtex) (cN/dtex) (cN/dtex) (%) (cN/dtex) (%) (µm) 

Chitosan 5% 

Chitosan@DOTAGA 10% 
391.5 

0.115±0.01
4 

0.288±0.01
3 

2.8±0.2 0.47±0.02 19.2±2.2 192.3±14.5 

Chitosan 5% 

Chitosan@DOTAGA 8% 

Chitosan@DOTAGA-Gd 

2% 

295 
0.151±0.00

8 
0.278±0.01

8 
2.0±0.1 0.46±0.02 18.7±2.2 181.2±21.8   

a: The values of stress expressed in textile units cN/dTex can be converted in MPa using the 

estimated density of ρ~1.3g/cm3 according to:  (MPa)=  (cN/dtex) ρ(g/cm3)*100.  
b: Values deduced from optical microscopy measurements. The apparent diameter d of the fiber 

can be deduced from the titer Yt(dtex) with greater precision using:  

 𝑑(𝜇𝑚) = (𝑌𝑡(𝑑𝑡𝑒𝑥)×100𝜋4×𝜌(𝑔/𝑐𝑚3) )1/2
 

 

 

2.2.3. Characterization of metal chelation by the Fibers 

Chelation experiments for each metal (Cu (II), Cd (II), Pb (II) and Fe (III)) were carried 
out separately. Each metallic solution was prepared in 20 mM HEPES at pH 7.4. To prevent 
lead precipitation, the pH of the lead solution was adjusted to 6.0. To prevent iron (III) 
precipitation at pH 7.4, nitrotriacetic (NTA) chelator (Log Fe(III)-NTA: 15.9) [32] was added to 
the solution at a ratio of 1.1 NTA/1 iron (III). As in previous works [28], Na2SO4 was also 
added at a concentration of 14 mM to prevent interactions between the NTA-iron (III) complex 
and chitosan. The metal solutions were prepared by dissolving CuSO4, CdCl2, and Pb(NO3)2 at 
concentrations of 50 µM for copper (II), 1 mM for cadmium (II), and 2.5 mM for lead (II) in 
the chelation baths. The iron solution was prepared by diluting a ferric solution (1000 µg.mL-1 

of Fe3+ in 5% HNO3) up to desired concentration of 0.47 µM. These concentrations were 
chosen to be close to those used in biological experiments that have determined neuronal 
toxicities for the different metals. Subsequently, 5 cm of fiber were immerged into 10 ml of 
each metallic solution (each experiment was conducted in triplicate). The samples were stirred 
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at room temperature for one week. The amount of metals extracted by the fiber was determined 
using inductively coupled plasma mass spectrometry (ICP-MS) after the fibers were 
mineralized by microwave treatment with 3 ml of HNO3 (69%). The analysis was performed 
using a Perkin Elmer NexION2000 equipped with Syngistix software (Perkin Elmer, Version 
2.3) and ESI SC-FAST sample introduction in standard mode. The samples were prepared by 
dilution in an aqueous solution of 1% HNO3 (v/v). Samples from the supernatant were also 
collected at different time points and analysed in the same manner as the mineralized fibers. 

 
2.3. Ex vivo experiments 

 

2.3.1. Ethical Approval 
 

Animals (Wistar rats, males, body weight of appx 120 g) were kept in the animal facilities 
of the Palladin Institute of Biochemistry, National Academy of Sciences of Ukraine, housed in 
a temperature-controlled room (22–23°C), and provided ad libitum with water and standard 
diet using dry food pellets. The animal experiments were performed in accordance with the 
Guidelines of the European Community (2010/63/EU) and local laws and policies, and were 
approved by the Animal Care and Use Committee of the Palladin Institute (Protocol from 
September 21, 2020). All animal studies were reported in accordance to the ARRIVE 
guidelines for reporting experiments involving animals [33], [34]. The total number of rats 
used in the study was 48. Specifically, 48 animals were used for measuring the extracellular 
levels of L-[14C] glutamate and [3H] GABA in nerve terminals while 16 rats were shared for 
fluorimetry. 

 
2.3.2. Materials 

 
EGTA, EDTA, HEPES, Ficoll 400, Sigma-Fluor® High Performance LSC Cocktail, the 

analytical grade salts were purchased from Sigma (USA); L-[14C] glutamate and [3H] GABA 
(γ-[2,3-3H(N)]-aminobutyric acid) were from Perkin Elmer (Waltham, MA, USA). Rhodamine 
6G were obtained from Molecular Probes (USA). 

 
2.3.3. Statistical analysis 

 
The experimental data were expressed as the mean ± S.E.M. of n independent 

experiments. The difference between two groups was compared by one-way ANOVA. 
Differences were considered significant, when p < 0.05. 
 

2.3.4. Isolation of nerve terminals (synaptosomes) from the cortex regions of the rat brains 
  

The cortex brain region isolated from decapitated rats was rapidly removed, and then 
homogenized in the ice-cold solution containing 0.32 M sucrose, 5 mM HEPES-NaOH, pH 
7.4, and 0.2 mM EDTA. Each synaptosome preparation was obtained from one rat, and each 
measurement was done in triplicate. The synaptosome preparations were obtained using 
differential and Ficoll-400 density gradient centrifugations of rat brain homogenate according 
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to previous works [35]. The synaptosome preparations were used in the experiments during 2 
– 4 hours after isolation. The standard salt solution contained (in mM): NaCl 126; KCl 5; MgCl2 
2.0; NaH2PO4 1.0; HEPES 20, pH 7.4; and D-glucose 10. Total protein concentration in 
synaptosome preparation was examined according to Larson et al. [36]. 

 
2.3.5. The extracellular level of L-[14C] glutamate in the nerve terminal preparations 

 
The synaptosome preparations were diluted in the standard salt solution to reach a 

concentration of 2 mg of total protein/ml, and after pre-incubation at 37 °C for 10 min were 
loaded with L-[14C] glutamate (2.81 µM, 1 µCi/ml) in the standard salt solution at 37 °C for 
10 min. After such loading procedure, the synaptosome suspensions were washed with 10 
volumes of ice-cold standard salt solution and centrifuged; the pellets were re-suspended in the 
standard salt solution to reach a final concentration of 1 mg of total protein/ml. Synaptosome 
suspensions (125 μl; 0.5 mg of total protein/ml) were pre-incubated at 37°C for 10 min; then 
pieces of the chitosan fiber were added and incubated with synaptosomes for 10 min, and then 
sedimented using a microcentrifuge (20 s at 10 000 g). The extracellular level of L-[14C] 
glutamate was recorded in the aliquots of supernatants (100 μl) and pellets using liquid 
scintillation counting with Sigma-Fluor® High Performance LSC Cocktail (1.5 ml), and the 
values were expressed as the percentage of total accumulated synaptosome L-[14C] glutamate 
[37], [38]. L-[14C] glutamate release data were collected in triplicate from several independent 
experiments performed with different synaptosome preparations. 
 

2.3.6. The extracellular level of [3H] GABA in the nerve terminal preparations 
 

The synaptosome preparations were diluted in the standard salt solution up to 2 mg of total 
protein/ml, and after their pre-incubation at 37°C for 10 min were loaded with [3H] GABA (50 
nM, 4.7 µCi/ml) in the standard salt solution for 10 min. GABA transaminase inhibitor 
aminooxyacetic acid at a concentration of 100 µM was used in the experiments of [3H] GABA 
loading and release to minimize the formation of GABA metabolites. After loading, the 
synaptosome suspensions were washed with 10 volumes of ice-cold standard salt solution. The 
pellets were re-suspended in the standard salt solution to reach a protein concentration of 1 mg 
of total protein/ml. Synaptosome suspensions (120 µl) were pre-incubated at 37 °C for 10 min, 
then the pieces of the chitosan fibers were added and incubated for 10 min, and sedimented 
using a microcentrifuge (20 s at 10,000 g). [3H] GABA radioactivity was measured in the 
aliquots of supernatants (90 µl) by liquid scintillation counting with Sigma-Fluor® High 
Performance LSC Cocktail (1.5 ml), and the values were expressed as the percentage of total 
accumulated synaptosome [3H] GABA [39]. [3H] GABA release data were collected in 
triplicate from several independent experiments performed with different synaptosome 
preparations. 

 
2.3.7. The plasma membrane potential (Em) in nerve terminals 

 

The membrane potential was measured using a potentiometric fluorescent dye rhodamine 
6G (0.5 μM) based on its potential-dependent binding to the plasma membrane [38], [40], [41].  
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After preincubation at 37 °C for 10 min, the suspension of synaptosomes (0.2 mg of total 
protein/ml) was added to stirred thermostated cuvette. In order to estimate changes in the 
plasma membrane potential the ratio (F) as an index of membrane potential was calculated 
according to: F = Ft/F0, where F0 and Ft are fluorescence intensities of a fluorescent dye in the 
absence and presence of the synaptosomes, respectively. F0 was calculated by extrapolation of 
exponential decay function to t = 0. Fluorescence measurements with rhodamine 6G were 
carried using a Hitachi 650-10 S spectrofluorimeter or a QuantaMasterTM 40 (PTI, Inc., 
Canada) spectrofluorimeter at 528 nm (excitation) and 551 nm (emission) wavelengths (slit 
bands 5 nm each). 
 

2.4. In vivo feasibility study 

 

2.4.1. Animals 
 

Three female rats of Wistar strain (9 weeks old, 190 g) were used for in vivo experiments. 
Animals were procured from Janvier Laboratory (Le Genest-Saint-Isle, France). They were 
kept in standard housing conditions (12 h light-dark cycles) with a standard rodent chow and 
water available ad libitum.  
 

2.4.2. Ethical approval 
 

All animal procedures were performed in accordance with the rules of the European 
Committee Council Directive 2010/63/ EU after validation by our local ethical committee and 
authorization from the French Ministry of Research (University of Bordeaux, reference number 
39329-2022033111368258).  

 
2.4.3. Implantation of the fiber in the brain of rodents 
 
During surgery, rats were anesthetized with 2.5% isoflurane in a mixture of air/O2 (70/30) 

via a facial mask and fixed in a stereotaxic frame. After incision of the skull skin, a small hole 
was drilled in the skull using a 1 mm diameter drill bit for the insertion of the Gd-labeled 
chitosan chelating fiber. The hole was positioned +3 mm medio/lateral right hemisphere 
relative to bregma according to the atlas of the rat brain [42] for the implantation of the fiber 
in the right striatum. The device used for the implantation of the chelating fiber is shown in 
Figure 2. It consists of a polyimide cannula (with inner/outer diameter 190 µm/220 µm) glued 
to a support of sufficient size to be held by a stereotaxic device clamp. Once the cannula 
positioned in the center of the hole drilled in skull, the chelating fiber (3 mm long and ~180-
µm diameter) was introduced into the cannula and pushed into the brain with a microwire (150-
µm diameter) of insulated copper. Once the fiber positioned in the striatum, the cannula and 
copper wire were removed and the skin of the animal was stitched up. 

Sterile surgical procedures were used for the implantation of the fiber, including moist 
heat sterilization of the cannula, copper wire and fiber itself. After surgery, the rats were housed 
individually and received doses of buprenorphine 0.05 mg/kg every 12 h for 48 h. The three 
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animals were then housed in the same cage. The weight of the animals was controlled every 
week. 

 
2.4.4. MRI following of the degradation of the Gd-labeled chitosan fiber implanted in the 

brain 
 
MRI experiments were performed on a preclinical 4.7-T Bruker BioSpec 47/20 MRI 

(Bruker BioSpin, Ettlingen, Germany) running under Paravision 6.0.1. A quadrature birdcage 
coil with inner diameter of 86 mm was used for RF excitation and a phased array surface coil 
dedicated to rat head for RF detection (Bruker, Ettlingen, Germany). One implanted animal 
was imaged at day 0, 3, 7 and then once a week up to 8 weeks. The follow-up MRI protocol 
included three MRI acquisitions with T1 weighting (FLASH sequence, TE 3.5 ms, TR 200 ms, 
flip angle 60°, slice thickness 0.5 mm, in plane resolution 0.1x0.1 mm), T2 weighting (TSE 
sequence, TE 36 ms, TR 2200 ms, slice thickness 0.5 mm, in plane resolution 0.14x0.14 mm) 
and T2

* parametric imaging (MGE sequence, 12 echoes, TE 2.2 ms, TR 200 ms, slice thickness 
0.5 mm, in plane resolution 0.14x0.14 mm). At each imaging session, the diameter and length 
of the implanted fiber was measured on the T1-weighted images. The SNR (signal-to-noise 
ratio) were measured in two regions of interest (ROIs) corresponding to the fiber and to brain 
tissue adjacent to the fiber. The T2

* values (mean and standard deviation) were measured as 
well in these two ROIs. The CNRs (contrast-to-noise ratio) for T1 and T2 weighted acquisitions 
were computed as the difference between the SNRs of the fiber and brain tissue. 

 
2.4.5. Histology of brain after sacrifice of the animals 
 
All animals were euthanized past 3 months post implantation of the Gd-labeled chitosan 

fiber and their brain were collected for later analysis. In order to determine the amount of Gd 
in the brain and estimate the degradation of the fiber, one rat brain was divided into two 
hemispheres (left hemisphere and right hemisphere containing the fiber). Each hemisphere was 
mineralized using microwave treatment with 3 ml of HNO3 (69%). The samples were prepared 
by dilution in an aqueous solution of 1% HNO3 (v/v) and analysed by ICP-MS (samples were 
prepared and analysed in triplicates). In order to confirm resorption through the evolution of 
the size of the fiber and verify the integrity of the tissue, another brain was frozen and processed 
for histological staining. The forebrain was cut at 60 µm on a cryostat (-20°C; CM1800, Leica, 
Paris France) in the coronal plane. Slices were directly placed on slides and stained with cresyl 
violet after progressive dehydratation in baths of ascending concentration of alcohol. The 
striatum was observed under light microscope to evaluate the presence of gliosis surrounding 
the fiber and calculate the diameter of the fiber. 
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Figure 2. Photograph of the chelating fiber insertion device, in the center of the figure, with 

enlarged views of the cannula, fiber and copper microwire before and after insertion of the 

fiber. On the right side of the figure, the insertion procedure before implantation (1), after 

insertion of the cannula (2), after pushing the copper microwire (3), and after removal of the 

cannula from the brain (4). 

 

3. Results 

 

3.1.Formation of fibers and characterization of their chelating capacities 

 

Chitosan@DOTAGA was obtained by direct functionalization of a low DA chitosan by 
DOTAGA anhydride in hydro-alcoholic media. The grafting ratio of 17.0±0.5% was the higher 
ratio obtained by varying DOTAGA anhydride amounts in the reaction medium (data not 
shown). It was possible to obtain fibers from a dope consisting in a mixture of chitosan and 
Chitosan@DOTAGA with tunable diameters by varying conical spinneret diameters and 
velocities of the motorized bobins on a lab-scale homemade apparatus (Figure 1). As 
previously highlighted, copper (II), cadmium (II), lead (II) and iron (III) are known to be 
neurotoxic. To assess the chelation efficacy of the fiber for these distinct metals, the fiber 
underwent exposure to ~50 µM of CuSO4, ~1 mM of CdCl2, ~2.5 mM of Pb(NO3)2, and 0.47 
µM  of iron (III) in aqueous media, as illustrated in Figure 3A. Concentrations of metals have 
been chosen in order to be in line with the relevant concentrations used in the biological 
experiments 
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Figure 3. A representation of the chelation of metals by 5 cm of fiber in a metallic solution. 

Evolution B of copper (II) (CuSO4 50 µM), C Cadmium (II) (CdCl2 1 mM), D of Lead (II) 

(Pb(NO3)2 2.5mM) and E of iron (III) (Fe-NTA 0.5 µM) concentrations over time  in the 

presence of 5 cm of fiber in  10 ml of HEPES 20 mM pH 7.4 determined by ICP-MS. The 

solution containing lead (II) was at a lower pH (5.5) to avoid its precipitation. 

 Cadmium (II) (11.86 ± 0.34 µmol) and lead (II) (23.08 ± 0.24 µmol) are in large excess 
compared to the calculated amount of DOTAGA in 5 cm of fiber (0.64 µmol). However, in the 
case of the copper (II) solution (0.36 ± 0.03 µmol), there is a slight excess of DOTAGA and in 
the case of the iron (III) solution, the DOTAGA present in the fibers is in large excess compared 
to the iron (III) (4.7± 0.3 nmol) in solution. Consequently, the ratios of Mn+/DOTAGA varied 
to 18.6, 36, 0.6 and 0.007 for cadmium, lead, copper, and iron respectively. DOTA exhibits a 
strong complexation constant for the different studied metals as shown by the different 
complexation constants:LogβPb II =22.69 [43], LogβCd II=21.3 [44], LogβCu II=22.44 [43] and 
LogβFe III=29.4 [43].  

By monitoring the metal concentrations in the supernatant over time using ICP-MS, it becomes 
apparent that the fiber extracts copper (II), cadmium (II), lead (II) and iron (III) from the 
solutions. Furthermore, the extraction equilibrium was achieved after 2 days for cadmium (II) 
and lead (II) (Figure 2B, D), whereas for copper (II) (Figure 2C), equilibrium was reached no 
earlier than the fifth day. The metallic extraction of the fiber was calculated from the ICP-MS 
analysis of the fibers by the following equation 1: 

 𝑀𝑒𝑡𝑎𝑙𝑙𝑖𝑐 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 𝑀𝑛+𝑓𝑖𝑏𝑒𝑟𝑓 − 𝑀𝑛+𝑓𝑖𝑏𝑒𝑟𝑖                                   (1)  𝑤here 𝑀𝑛+𝑓𝑖𝑏𝑒𝑟𝑓 corresponds to the amount of metallic ion in the fiber at the end of the 

experiment,  𝑀𝑛+𝑓𝑖𝑏𝑒𝑟𝑖 the amount of metallic ion measured in the control fiber unexposed to 
metallic solution. The metallic extraction by the 5 cm fibers is as follows: 2.88 ± 0.04 µmol for 
cadmium (II), 1.80 ± 0.05 µmol for lead (II), 0.25 ± 0.01 µmol for copper (II) and 3.3 ± 0.2 
nmol for iron (III). Which represents 24.3± 0.4%, 7.8± 0.2%, 65.3 ± 0.5%, and 70.7 ± 5.1% of 
extracted cadmium (II), lead (II), copper (II) and iron (III) respectively. The amount of metals 
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extracted for cadmium and lead exceeds the amount of DOTAGA present in the fiber (0.64 
µmol). This suggests that not all metallic cations are chelated by DOTAGA, and some of the 
metals interact with chitosan. In fact, chitosan is well known to possess chelating properties 
[45], which are dependent on the nature of the cation as well as other species surrounding the 
cation, such as its counterion. This problem was previously addressed in the iron chelation 
experiment by introducing Na2SO4 [29], which is known to interact with chitosan by 
complexing with the amines moieties [46], [47]. This interaction prevents the NTA-Fe complex 
from interacting with chitosan. Therefore, in this experiment, iron (III) is effectively chelated 
by the DOTAGA present within the fiber. To account for the effect of the counterion on 
chitosan's chelation properties, future work should be conducted under conditions where the 
same counterion is used. No mercury chelation experiment was made due to the weak affinity 
of the DOTA chelator towards Hg(II) as shown by Randhawa et al. [48], although chitosan 
was reported to exhibit some mercury absorption capacity [49]. 

3.2. Assessment of neuro compatibility of the fiber using brain nerve terminals  

 

The extracellular level of neurotransmitters in the nerve terminal preparations represents 
a dynamic balance of transporter-mediated uptake and release as well as unstimulated leakage 
of these neurotransmitters. This parameter is very sensitive to energy status of nerve terminals 
and plasma membrane integrity [50], [51]. 

In the first series of the experiments, the effects of the fiber together with its constituent 
DOTAGA on the extracellular level of neurotransmitters L-[14C] glutamate and [3H] GABA 

were assessed in the nerve terminal preparations. Two fiber lengths were analyzed (based on 
drafting DOTAGA chelating capability), i.e. 0.5 cm and 5 cm (with a fiber diameter close to 
192 µm). It was shown that the fiber did not change the extracellular level of neither L-[14C] 
glutamate nor [3H] GABA (Table 2A). Whereas, DOTAGA starting from a concentration of 
1.25 mM increased the extracellular level of L-[14C] glutamate and [3H] GABA in nerve 
terminal preparations (Table 2B). 

 
Table. 2 The extracellular level of excitatory and inhibitory neurotransmitters L-[14C] 

glutamate and [3H] GABA, respectively, in the nerve terminal preparations in the presence of 

the fiber (A) and its constituent DOTAGA (B). Data are the mean ± SEM. ***, p < 0.001; n.s., 

no significant differences as compared to the appropriate control. 
Samples The extracellular level of L-

[14C] glutamate in the nerve 
terminal preparations, % of total 
accumulated label  

The extracellular level of [3H] 
GABA in the nerve terminal 
preparations, % of total 
accumulated label 

Control  17.91 ± 0.59 % 18.84 ± 0.51 % 

Chitosan 5% 

Chitosan@DOTAGA 

10%.  

Fiber length: 0.5 cm  

17.46 ± 0.53 %; n.s. 

[F(1,94) = 0.34; p = 0.55; n = 48] 

18.53 ± 0.42 %; n.s. 

[F(1,94) = 0.22; p = 0.63; n = 
48] 
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Chitosan 5% 

Chitosan@DOTAGA 

10% 

Fiber size 5 cm 

18.37 ± 0.62 %; n.s. 
[F(1,94) = 0.28; p = 0.59; n = 48] 

18.41 ± 0.43 %; n.s. 
[F(1,94) = 0.42; p = 0.51; n = 
48] 

 
B  
Samples The extracellular level of L-[14C] 

glutamate in the nerve terminal 
preparations, % of total 
accumulated label  

The extracellular level of [3H] 
GABA in the nerve terminal 
preparations, % of total 
accumulated label 

Control  19.34 ± 0.46 % 17.11 ± 0.54 % 

DOTAGA (0.5 mM) 18.65 ± 0.73 %; n.s. 

[F(1,60) = 0.67; p = 0.41; n = 16] 

17.64 ± 0.67 %; n.s. 

[F(1,60) = 0.39; p = 0.53; n = 16] 

DOTAGA (1.25 mM) 29.90 ± 1.17% *** 

[F(1,60) = 75.32; p < 0.001; n = 
16] 

26.02 ± 0.71%*** 

[F(1,60) = 106.81 p < 0.001; n = 
16] 

DOTAGA (5 mM) 90.25 ± 1.13% *** 

[F(1,60) = 3582.97; p < 0.001; n = 
16] 

91.59 ± 1.27%*** 

[F(1,60) = 3103.76 p < 0.001; n = 
16] 

 
The membrane potential was monitored using the potential-sensitive fluorescent dye 

rhodamine 6G. Fst, the membrane potential index at the steady state level, was first achieved 
after 5 min, and it was set as 100% in statistical calculations. In such fluorometric experiments, 
shown in Figure 4 A and B, it can be concluded that the fiber did not change the membrane 
potential of nerve terminals and, therefore, so did not depolarize their plasma membrane. On 
the contrary, DOTAGA molecule starting from a concentration of 1.25 mM depolarized the 
plasma membrane of nerve terminals (Figure 4B). 
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Figure 4. Fluorescence experiments: The membrane potential of nerve terminals in the 

presence of the fiber (0.5 - 5 cm) (A, B) and DOTAGA alone (B). A – The suspensions of 

synaptosomes were equilibrated with potential-sensitive dye rhodamine 6G (0.5 mM). When 

the steady level of the dye fluorescence had been reached, the fiber was added to synaptosomes 

(marked by arrows). Traces are typical and represent 16 experiments performed with different 

synaptosome preparations. B – An increase in the fluorescence signal of rhodamine 6G in 

response to application of water (сontrol), the Chitosan 5% Chitosan@DOTAGA 10% fibers 

(0.5 - 5 cm), DOTAGA (0.5 – 5 mM). Data are the mean ± SEM. ***, p < 0.001 as compared 

to the control; n.s., no significant differences; n = 16. 

 
Consequently, the fiber did not have any effects on the extracellular level of the 
neurotransmitters and the membrane potential of nerve terminals, whereas its constituent 
DOTAGA starting from a concentration of 1 mM increased this level and depolarized the 
plasma membrane of nerve terminals. Therefore, the grafted macromolecular structure of 
chitosan@DOTAGA and the fiber microstructure overcome the neurotoxic features of its 
exhibited by free DOTAGA. 

 
3.3. Capability of the Chitosan 5% Chitosan@DOTAGA 10% fiber to mitigate the 

extracellular level of L-[14C] glutamate induced by copper, mercury, cadmium, 

and lead in nerve terminal preparations 
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All experimental data were analyzed by two-way ANOVA followed by Tukey’s post hoc test 
using the fiber and CuSO4/HgCl2/CdCl2/PbAc presence as the independent factors. As shown 
in Figure 5, different concentrations of metals are necessary to induce significant increase of 
the extracellular level of L-[14C] glutamate in nerve terminal preparations ranging from 8 μM 
for HgCl2 to 2.5 mM for PbAc. Interestingly, these concentrations are in the μM range for 
HgCl2 and CuSO4 and in the mM range for CdCl2 and PbAc. The fiber mitigated Cu (II) (Figure 
5A), Cd (II) (Figure 5C) and Pb (II) (Figure 5D)-induced increase in the extracellular level of 
L-[14C] glutamate in nerve terminal preparation in a dose-dependent manner, contrary to Hg 
(II) where no significant change is observed for the two fibers (Figure 5B). 
 

 

Figure 5. The extracellular level of L-[14C]glutamate in the nerve terminal preparations in the 

control and in the presence of the fiber (0.5 and 5 cm) and CuSO4 (50 µM) (A); HgCl2 (8 µM) 

(B); CdCl2 (1 mM) (C); PbAc (2.5 mM) (D). Data are the mean ± SEM. ***, p < 0.001; **, p 

< 0.01 as compared to the appropriate control; ###, p < 0.001; ##, p < 0.01 as compared to 

the appropriate metal; n.s., no significant differences; n = 16. 

 
3.4. Capability of the Chitosan 5% Chitosan@DOTAGA 10%  fiber to mitigate 

changes in the extracellular level of [3H] GABA induced by copper, mercury, 

cadmium, and lead in nerve terminal preparations  

 

All experimental data were also analyzed by two-way ANOVA followed by Tukey’s post hoc 
test using the fiber and CuSO4/HgCl2/CdCl2/PbAc as the independent factors in these 
experiments. Interestingly, the same concentrations of metallic cations also induce significant 
increase of the extracellular level of [3H] GABA in nerve terminal preparation (Figure 6). 
Similarly, a mitigation of the effect of the metals is also observed in a dose dependent manner 
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for Cu (II) (Figure 6A), Cd (II) (Figure 6C) and Pb (II) (Figure 6D) while no mitigation is 
observed for Hg (II) (Figure 6B). 
 

 
Figure 6. The extracellular level of [3H]GABA in the nerve terminal preparations in the control 

and in the presence of the fiber (0.5 and 5 cm) and CuSO4 (50 µM) (A); HgCl2 (5 µM) (B);  

CdCl2 (1 mM) (C);  PbAc (1 mM) (D). Data are the mean ± SEM. ***, p < 0.001; *, p < 0.05 

as compared to the appropriate control; ###, p < 0.001; #, p < 0.05 as compared to the 

appropriate metal; n.s., no significant differences; n = 16. 

 

3.5. Assessment of biocompatibility of the fiber and biodegradability 

 

3.5.1. In vivo studies and MRI following of the biodegradability 
 

If one except the first day following the surgery, the animals did not show signs of physical 
suffering, discomfort and abnormal behavior during the three months post-fiber implantation. 
Their weight increased in average from 190 to 300 g during these three months. 

A selection of MRI images acquired post implantation of the fiber are shown in Figure 
7.A-D3. A slice of a T1-weighted MRI coronal acquisition acquired at J0 is shown in Figure 7 
A; the white spot pointed by the red arrow corresponding to the implanted fiber. T1-weighted 
sagittal images featuring the fiber acquired at J0, J21 and J49 are presented in Figure 7 B1-3. 
The corresponding T2-weighted images and T2

* maps are shown respectively in Figure 7 C1-3 
and D1-3. 

After 3 hours of implantation, the length of the implanted Chitosan 5% 
Chitosan@DOTAGA 8% Chitosan@DOTAGA-Gd 2% fiber, as assessed on sagittal T1-
weighted images, were measured to be close to the initial length before implantation (i.e. 
L=3mm). However, the diameter of the fiber increased from 180 μm before implantation to a 
value ranging between 300 and 400 μm due to high (anisotropic) swelling properties of the 
material in aqueous medium as illustrated in Figure 1.B. The length and diameter of the 



168 
 

implanted fiber did not exhibit significant changes during the first 7 weeks of follow-up. 
However, after the 13th week, a notable difference was observed when measuring the fiber 
section, i.e. the fiber area in the transverse plane. We observed a decrease in the fiber area from 
1.15±0.29 mm² after 3 hours of implantation to 0.69±0.23 mm² at the conclusion of the 
experiment (17th week). This corresponds to a 40.6±5.1% degradation of the fiber (figure 7 E-
F) assessing the biodegradable properties of the implanted materials. Conversely, ICP-MS 
analysis of one of the brains reveals that 46% of the total Gd is undetected within the fiber's 
zone, confirming that approximately half of the fiber has degraded after 17 weeks of 
implantation in the rat’s brain.  

The Contrast to Noise Ratio (CNR) between the fiber and the adjacent brain tissue for 
the T1-weighted acquisition ranged from 5.5 to 11 (initial value equal to 8 and typical standard 
deviation value equal to 2). These positive values reflect the hyperintense MRI intensities in 
the fiber, presumably due to the presence of the chelated gadolinium ion acting as positive 
contrast agent, permanently chelated with DOTAGA grafts.  

The CNR between the fiber and the adjacent brain tissue for the T2-weighted acquisition 
ranged from -5.4 to -9.5 (similar initial and final values and typical standard deviation value 
equal to 3). These negative values reflect the hypointense MRI intensities in the fiber, again 
presumably due to the presence of the chelated gadolinium ion acting as negative contrast agent 
and to numerous labile relaxing protons from hydroxyl and amine groups in the chitosan 
polymer. 

The T2
* values measured in the fiber ranged from 16 ms to 19.7 ms with typical standard 

deviation equal to 5 ms. These values were lower to those obtained in adjacent brain tissue (35 
to 51 ms) and are probably related to the presence of the chelated gadolinium ions. 

No trend in the temporal evolution of CNR and T2
* values could be evidenced with 

certainty. The corresponding graphs are available in supplementary information file (See 
Supporting Information Figure S6). 
 

 
E
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Figure 7. A-D) MRI slices including the chelating fiber acquired with different MRI contrast 

(T1 and T2 weighting and quantitative T2
* map) at three time points (J0, J21 and J49). E) 

Variation of the area of the fiber measured by MRI over time in the transverse plane. F) 
Degradation of the fiber depicted by the decrease of the fiber area over time, as determined 

from MRI images (transverse plane). 

 
3.5.2. Histology after sacrifice of the rodents 

 
The histological analysis confirmed the presence of the fiber in the striatum (Figure 8A). It was 
observed on three adjacent cuts of 60 µm width. Correspondingly, its thickness was calculated 
at higher magnification and was close to 130 µm (Figure 8B), evidencing again bioresorption 
with a decrease in diameter in comparison with the initial fibers (182 µm). The histological 
analysis of these slices revealed absence of gliosis in the tissue surrounding the fiber (Figure 
8A/B). 
 
 

  

F
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Figure 8. Histological analysis of the fiber in the striatum at low (A) or high (B) magnification.  

The yellow line corresponds to the thickness of the fiber (130 µm). No sign of gliosis was 

observed at low and high magnification. cc, corpus callosum; ac, anterior commissure. 

 
4. Discussion 

Polluted environmental metal overloads and endogenous metallic deregulation were 
more and more positively correlated with etiology neurological diseases, e.g. Wilson disease, 
neurodegeneration with brain iron accumulation, Alzheimer’s disease, Parkinson’s disease 
[52]. We hereby report the safety and efficacy of fibers prepared from metal chelator-grafted 
chitosan, ex vivo on rat brain synaptosomes and in vivo in the rat striatum. Our data showed 
that the fiber attenuates the effects of most heavy metals application on both glutamate and 
GABA extracellular levels, while its presence in the brain was stable for several weeks without 
any sign of tissue alteration, and displays quantifiable biodegradability. The strategy of such 
experimental developments is to further implant the fiber in specific brain regions in 
neurological diseases where the accumulation of heavy metals is supposed to be toxic. 

 Here, we demonstrated that copper, mercury, cadmium, and lead increased the 
extracellular level of L-[14C]glutamate and [3H]GABA in nerve terminals with different 
potency and efficiency (Fig. 5 and 6). Notably, the addition of 50 μM Cu(II) to the nerve 
terminals induced a two-fold increase in the extracellular levels of L-[14C]glutamate and even 
more in the extracellular levels of [3H]GABA. 8 µM Hg(II) was sufficient to enhance the 
extracellular levels of both neurotransmitters, but the efficacy was similar compared to Cu(II) 
for glutamate, and weaker for GABA. The effects produced by Cd(II) application (1 mM) were 
similar for both neurotransmitters (approximately doubled), whereas lead application (2.5 mM) 
was slightly less efficacious with similar efficacy on both neurotransmitters. The distinct 
actions of these metals in terms of potency and/or efficacy towards glutamatergic versus 
GABAergic nerve terminals suggested the contribution of various the mechanisms triggered 
by heavy metals on these terminals. The mechanisms are likely complex as the measured 
transmitters are related to a dynamic balance of neurotransmitter uptake and tonic unstimulated 
release [50], [51]. The reported increase is therefore not necessarily related to an increase in 
the Ca(II)-dependent, vesicular exocytosis as evidenced with Cd(II) which is a non-selective 
blocker of Ca(II) channels [53].  

One of the important findings of the study was the fact that the fiber by itself did not 
have any effects on the extracellular levels of neurotransmitters and the membrane potential of 
nerve terminals. Meanwhile, its constituent DOTAGA alone induced a concentration-
dependent increase in both glutamate and GABA extracellular levels and depolarized the 
plasma membrane of nerve terminals. Therefore, the chemical grafting of DOTAGA on 
chitosan and chitosan association (co-crystallization) in the fiber prevents its potential 
neurotoxic features. These data are in agreement with our recent data regarding the action of 
DOTAGA alone and as a constituent of gadolinium-based AGuIX nanoparticles for brain 
metastases treatment: the constituents DOTAGA and mixture DOTAGA/Gd(III) significantly 
affected synaptic neurotransmission at high concentrations, whereas AGuIX own structure 
suppressed neurotoxic features of their constituents [54]. This important experimental 
observation is crucial in the perspective of building new therapeutic avenues aimed at chelating 
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iron in Parkinson’s disease using deferiprone. Oral deferiprone actually worsened the clinical 
picture of patients in a double-blind controlled study [55], an effect that could be attributed to 
its own direct activity in neurotransmitters. Even if it is difficult to compare the number of 
DOTAGA molecules free in solution or grafted on chitosan in our study, the attachment of 
DOTAGA on the fiber preserved any toxic action within cells at local and distal locations while 
keeping the efficacy to chelate several metal ions.  

The fiber was able to mitigate metal-induced increase in the extracellular level of L-
[14C]glutamate and [3H]GABA in nerve terminals with the highest efficiency against the effects 
induced by Cu(II) and Pb(II), followed by Cd(II). The beneficial effect of the fiber was 
attributed to the chelation properties of the grafted chelator DOTAGA acknowledging that a 
variety of metal ions could competitively bind the chelator. The identity of the metal 
predominantly bound by a chelating agent depends on factors such as the accessibility of the 
chelator to the tissues, the strength of the metal's existing binding in the tissues, the affinity of 
the metal for the chelator, and to some extent, the relative quantities of various ions [14]. As 
evidenced by the ICP-MS analysis of the chelation experiment, the fiber demonstrated the 
ability to chelate copper (II), cadmium (II), and lead (II) in a physiological solution. 
Furthermore, the mitigation of the increased extracellular release of both excitatory and 
inhibitory neurotransmitters was dependent on the length of the fiber, with greater effectiveness 
observed with longer fiber sizes. The efficacy of the fiber could also be due to antioxidant 
properties of Chitosan@DOTAGA previously shown in another study [23]. Nevertheless, the 
fiber was unable to diminish Hg(II)-induced increases in the extracellular levels of both 
neurotransmitters in nerve terminals. Several studies have reported that mercury increased 
glutamate concentration at the synaptic cleft [56] and could raise the oxidative metabolism. 
Since chelation of Hg(II) by the fibers were not significant, it suggests that the antioxidant 
properties of Chitosan@DOTAGA fiber are perhaps not sufficient to counteract Hg(II) noxious 
effects. Therefore, the lack of effect of the fiber against Hg(II)-induced increases in the 
extracellular levels of glutamate and GABA was presumably due to the stronger interaction of 
Hg(II) with synaptosome membrane components and the weak affinity of DOTAGA towards 
Hg(II) [48], [56], [57]. Moreover, based on the lack of effect of the fiber on the extracellular 
levels of neurotransmitters whatever its length (0.5 or 5 cm), it could be suggested that the fiber 
did not have critical effects on the concentrations of physiological metal ions essential for 
neurotransmission such as Ca(II) or Mg(II).  

The feasibility of inserting the fiber into the brain of animal models to study their 
behavior over weeks are fundamental steps toward any potential clinical application. The 
present results showed that the implantation of chelating fibers in the rat striatum could be well 
tolerated up to 17 weeks. Magnetic resonance imaging showed that the chelating fiber can be 
accurately inserted into the striatum under stereotactic conditions. It was observed that the fiber 
did not overextend once implanted into the brain. Instead, it was found that its initial area 
measured the day of implantation was stable during 7 weeks and then progressively shrank to 
reach 60% of its initial area at the completion of the experiment (17 weeks). The incorporation 
of gadolinium ions in a fraction of the DOTAGA chelates proved to be useful to improve the 
MRI contrast between the chelating fiber and the surrounding brain tissue. In line with the 
thickness reduction of the fiber at completion of the experiment, ICP-MS analysis of the brain 
hemispheres reveals that 46% of the total Gd was lost within the fiber's zone (right hemisphere). 
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These findings strongly suggested that the fiber was biodegradable, DOTAGA-M complexes 
being stage and eliminated by the kidneys. Moreover, no acute or subchronic inflammatory 
reaction due to the presence of the fiber could be observed in any type of MRI image in vivo 
as well as under subsequent histological examination of the tissue ex vivo. These findings were 
in agreement with the known good biocompatibility of the chitosan polymer, and its application 
for the design of neuro-regenerative implants in the central nervous system [20], [58].  

 
5. Conclusion 

 
In summary, the present study demonstrated that the fiber was neuro compatible in contrast to 
its isolated DOTAGA constituent. The functionalization of the DOTAGA on the polymer 
seems to eliminate neurotoxic features of the DOTAGA constituent. The fiber was effective in 
decreasing the damaging effects of copper, cadmium and lead (but not mercury) on key 
parameters of the synaptic neurotransmission in nerve terminals. A first in vivo proof of concept 
has shown that the fiber can be safely implanted in the brain of rodents with no sign of 
neurotoxicity. Interestingly, biodegradability of the fiber has been proven by investigating fiber 
features using MRI and ICP-MS. All these data pave the way of further preclinical experiments 
on appropriate animal models of neurological disorders known to be related with metallic dis-
homeostasis. 
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4.2.2. Synthesis of a chelating fiber for implantation in PD monkey model 

The promising results from the previous study, which demonstrated the biocompatibility, 
biodegradability, in vitro chelation, and ex vivo efficacy of the fibers in reducing extracellular 
neurotransmitter release induced by metals such as copper(II), cadmium(II), and lead(II), led 
to the implantation of chelating fibers in a macaque model of Parkinson's disease. For 
successful implantation in the brain, the fibers needed to have a diameter of 0.6 mm, and their 
diameter should not increase by more than two-fold to avoid damaging the surrounding brain 
tissue, as advised by neurosurgeon Dr. Stéphane Palfi from Henri Mondor Hospital in Paris. 

To obtain a fiber with the required characteristics, the experimental setup from Figure 1 of the 
article "Neurocompatible Biodegradable Fibers Designed to Extract Excess Free Metals in the 
Brain" was slightly modified (Figure 49 A). Adjustments were made to the internal radius of 
the extrusion tip, the concentration and ratio of the functionalized polymer and chitosan, as 
well as the drying protocol. The following section will discuss the selection of the optimal 
parameters for fiber synthesis. 

For all tests, the precursor solution was extruded at a linear velocity of V₀ = 21 mm/s through 
a conical spinneret with a final diameter of 1.28 ± 0.02 mm, 1.70 ± 0.02 mm, or 1.98 ± 0.02 
mm. Pressure was applied using a piston with a compressed air dispenser (Nordson Optimus I, 
Nordson EFD). The resulting extrudate was immersed in a 1 L bath of 3 M NaOH aqueous 
solution to induce gelation. A first motorized bobbin guided the fiber into two 5 L baths of 
ultrapure water for washing. A second motorized bobbin directed it out of the washing baths 
and into the enrolling zone, while a third motorized bobbin ensured the fiber was wound onto 
the spool. The speeds of the motorized bobbins remained consistent with the original setup (V₀ 
= V₁ = 21 mm/s, V₂ = 26 mm/s, and V₃ = 34 mm/s). 

The drying step in the original setup was removed because the resulting fibers were too thick 
to be totally dried in the short pathway. Instead, drying was carried out using a custom "drying 
rack" setup at room temperature (25°C) for 24 hours, keeping the fiber under tension. The 
resulting straight, dry, thick fibers were then cut to the desired length (Figure 49 B). 
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Figure 49. A: Scheme of the lab-scale wet gel spinning set-up used for producing chitosan 
based fibers. It comprises the gelation bath (3M NaOH solution), three motorized bobbins with 
tuneable speed (V₁ = 21 mm/s, V₂ = 26 mm/s, and V₃ = 34 mm/s). B: Scheme of the “drying 
rack” set up, with two anchor points that keep the whole fiber under tension during the drying 
process (25°C for 24 hours). 

The same precursor solution (5% w/w DA6 and 10% w/w DA6@DOTAGA17) from the article 
“Neurocompatible Biodegradable Fibers Designed to Extract Excess Free Metals in the Brain" 
was not suitable for this experiment due to two primary reasons. First, the 2:1 ratio of 
DA6@DOTAGA17 to DA6 resulted in a fiber diameter increase of approximately five-fold 
when hydrated, as reported in Figure 1 of the same article. This exceeds the desired maximum 
diameter increase of two-fold. Second, the high polymer concentration of 15% w/w combined 
with the extrudate thickness and limited exposure time in the gelation bath hindered fiber 
formation. The high polymer concentration and thick extrudate limited the diffusion of NaOH 
into the fiber, leading to breakage before reaching the final bobbin. 

The main parameter driving the swelling of the fiber is the amount of DOTAGA in the dry 
fiber as previously demonstrated in the article “Development of chitosan-based hydrogels with 
tailored hydrophilicity and swelling characteristics” in chapter 3, therefore the 
DA6@DOTAGA17 to DA6 ratio was adjusted to 1:1. To increase the diffusion of NaOH into 
the fiber the precursor solution was reduced to 10% w/w, resulting in a formulation for the 
precursor solution as follows: 5% w/w DA6 and 5% w/w DA6@DOTAGA17. The precursor 
solution was prepared following the same protocol presented in Chapter 3, with adjustments 
for the new polymer proportions. 

Using the new precursor solution formulation, it was possible to produce continuous thick 
fibers from the gelation bath up to the winding bobbin, regardless of the spinneret tip size (1.28 
± 0.02 mm, 1.70 ± 0.02 mm, or 1.98 ± 0.02 mm). However, when cutting the final fibers, it 
was observed that gelation was only partial, with the centre of the fibers remaining in a solution 
state. This incomplete gelation was likely due to the thickness of the fibers and insufficient 
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time in the initial gelation bath. To address this, the resulting fibers were immersed in a second 
3M NaOH gelation bath for 30 minutes after wet gel spinning, followed by rinsing with water 
and washing in 1 L of 10 mM phosphate buffer (Na2HPO4 7.5 mM, KH2PO4 2.5 mM, pH 7.4) 
for 24 hours to obtain fibers at physiological pH. The fibers were then dried using the "drying 
rack" setup at room temperature (25 °C) for 24 hours (Figure 49 B). The tip that produced the 
desired fiber diameter was approximately 1.98 mm, as shown in Table 11. 

Table 11. Evolution of the diameter of the produced fibers for the three conical spinneret tips 
used with different diameter. Measurements with a calliper on the wet and dry fiber were done 
in three different zones of the fiber. 

Internal diameter of 
the conical spinneret 

± 0.02 mm 

Fiber after 
phosphate buffer 

washing ± 0.1 mm 

Diameter of the 
dried fiber ± 0.05 

mm 
1.28 0.7 0.30 
1.70 1.0 0.50 
1.98 1.2 0.60 

 

4.2.3.  Swelling of the chosen fiber in physiological saline 

Material and methods The selected fibers were cut into three pieces, and each piece was 
immersed in physiological saline (NaCl at 0.9% w/w pH 7.4) to simulate physiological 
conditions for four hours. The length of both the dried and hydrated fiber segments was 
measured using a calliper, while the diameter was determined using an optical microscope 
(Leica M205A, with assistance from Jun Zhou at the IMP). 

Results and discussion The dry fiber had a diameter of 515.9 ± 12.1 µm, which increased to 
1039.6 ± 36.8 µm after hydration, resulting in a 2.02-fold diameter increase. Interestingly, the 
length increased by only 1.13-fold, indicating anisotropic swelling primarily in the width of 
the fiber rather than the length.  The resulting fiber produced from the precursor solution 5% 
w/w DA6 and 5% w/w DA6@DOTAGA17, extruded through a tip with an internal diameter of 
1.98 mm meets the necessary criteria for the implantation in the brain of a monkey. 

The titer (in dtex) was determined by weighting six fiber portions (of around 10 cm each) 
resulting in a total length of 63.5 cm and a total mass of 425.8 mg (Table 12). By considering 

the density of the fiber ~1.3g/cm3 the diameter can be calculated with the same formula shown 
in table 1 of the previous paper, resulting in 514.6 µm a value very close to the one measured 
by optical microscopy. 

As shown in Figure 50, the fiber exhibits two distinct zones separated by an internal diameter. 
This separation is likely attributed to the two-step gelation process, with the exterior ring 
forming during the first gelation bath and the interior zone forming during the second gelation 
bath. 
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Figure 50: Optical microscopic images of A: Longitudinal view of the middle section of the 
dried fiber. B: Longitudinal view of the dried fiber with a transverse cut. C: Transverse section 
of the re-hydrated fiber after immersion in physiological serum for four hours. D: Longitudinal 
view of the re-hydrated fiber after immersion in physiological serum for four hours. In images 
C and D, two distinct zones can be observed, likely due to the two-step gelation process. 

 4.2.4. Mechanical properties of the chosen fiber 

Material and methods The tensile properties of the thick fiber were assessed performing a 
unidirectional tensile test using a SHIMADZU AG-X plus device equipped with a 100 N load 
cell, following the same protocol and under the same conditions as for the unidirectional tensile 
test present in the previous paper ” Neurocompatible biodegradable fibers designed to extract 
excess free metals in the brain ”. The fiber was positioned between clamps establishing an 
effective initial length (l0 = 50 mm) and an initial deformation rate of 20%/min. The tenacity 
(Te) was calculated as the ratio of the applied force (Fb) at rupture to the yarn titer in dtex (Yt) 
(Te = Fb/Yt); the nominal strain (ε) was expressed as the ratio of the fiber's extension to the 
initial length (εN = ∆l/l0 = (l − l0)/l0). The Young’s modulus (E), tenacity (Te), and strain-at-
break (εb) were determined from the stress–strain curves with five measurements replicates 
(n=5) (Figure 51).  

Results and discussion By comparing the results of the unidirectional tensile tests on fibers 
made from the precursor solutions of 5% w/w DA6 and 5% w/w DA6@DOTAGA17 (Table 12 
Figure 51), and those reported in the previous paper Table 1 (5% w/w DA6 and 10% w/w 
DA6@DOTAGA17), it is clear that the fiber with a higher ratio of non-functionalized chitosan 
is stiffer, as demonstrated by the higher Young’s modulus. A lower proportion of DOTAGA 
in the fiber increases its crystallinity, which in turn raises the stiffness of the material. As 
expected, the thicker fiber exhibits higher tenacity than the fiber with a smaller cross-sectional 
area. 
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Figure 51. Example of stress-strain curve of the % w/w DA6 and 5% w/w DA6@DOTAGA17 

fiber, obtained by uniaxial tensile test (solid black line). Slope corresponding to the linear 
elastic region of the fiber (red line) enable the determination of the Young's modulus. The 
intersect between the linear elastic and plastic regimes is the yield point. 

Table 12. Fiber mechanical characterisation data obtained by uniaxial tensile test on 5 different 
samples of the chosen fiber made out of the precursor solution 5% w/w DA6 and 5% w/w 
DA6@DOTAGA17. Results are presented as the mean ± standard deviation of the 5 studied 
samples. 

Titer 
Young's 

modulus 
Yield stress 

Yield  

strain 
Tenacity 

Strain at 

rupture 
Diameter 

(dtex) (cN/dtex) (cN/dtex) (%) (cN/dtex) (%) (µm) 

2704 0.79 ± 0.03 0.94 ± 0.09 
1.21 ± 
0.42 

1.26 ± 
0.17 

11.04 ± 
1.70 

514.6 

 

4.3. Conclusion 

Using polymeric chelating agents in microdialysis for metal extraction offers several 
advantages, such as avoiding direct interaction between the chelating agent and the patient's 
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CNS, showing no adverse effects on CNS health, and partially improving metal extraction in 
an in vivo rat model. However, the approach still has drawbacks related to the microdialysis 
technology itself. These include the need for prolonged exposure times and multiple therapy 
sessions, which can place a significant burden on the patient. 

To address these limitations, the use of biodegradable implants was proposed as an alternative. 
Unlike microdialysis, implants require only a single therapeutic session for implantation. 
Additionally, they allow for a concentrated amount of chelating agent to be available for metal 
extraction over time. Since the chelator is grafted onto the hydrogel structure, the implant 
remains capable of chelating metals as long as it remains in the tissue and is not fully saturated. 
To optimize the surface-to-volume ratio, hydrogel fibers were developed. These fibers, made 
from DA6@DOTAGA17, demonstrated the ability to extract heavy metals such as lead (II) and 
cadmium (II), as well as metals like iron (III) and copper (II), which are suspected to play a 
role in neurodegeneration. 

The chelating properties of the fibers helped mitigate metal-induced neurotransmitter 
imbalances, such as excessive release of neurotransmitters caused by copper (II), lead (II), and 
cadmium(II). Furthermore, by tagging the DOTAGA in the fiber with gadolinium( III), its 
biodegradability could be monitored using MRI. The results showed that a xerogel fiber 
composed of 1/3 w/w DA6 and 2/3 w/w DA6DOTAGA17 degraded by approximately 50% after 
17 weeks of implantation without negatively affecting the rat’s health. 

The production of chitosan-based hydrogels and xerogels through amine deprotonation is a 
versatile method for generating hydrogels/xerogels in various shapes, adaptable to different 
applications. As demonstrated in this work, by using the same raw materials with minimal 
modifications to the production setup, adjusting the concentration and polymer proportions in 
the precursor solution, and varying the diameter of the extruded fibers, it is then possible to 
tailor the swelling and size of the final fiber to meet specific requirements. 

 

   



183 
 

V General conclusion and outlook 
 

The goal of the ANR-SEMB project and this work was to develop multiple chelating materials 
capable of performing localized chelation to extract metal ions, particularly iron, from the 
central nervous system. The two approaches discussed for localized metal chelation were the 
use of microdialysis and chelating implants. To achieve this, aminated polymers were used as 
backbones for grafting small chelating agents anhydride derivatives, ensuring the resulting 
macromolecular chelators were large enough to prevent crossing the microdialysis membrane, 
but also to create chelating polymers capable of forming hydrogels. The second chapter 
discusses the functionalization of two systems, 8-arm-PEG and chitosan, with the DFO 
derivative p-NCS-Bz-DFO. DFO was chosen as the chelator due to its high (specific) affinity 
towards iron (III) and due its ability of completely saturating the coordination sphere of iron 
(III) by forming a 1 to 1 ligand to metal complex, thus hindering iron (III) participation in redox 
reactions. 

The functionalisation of 8-arm-PEG in DMSO by p-NCS-Bz-DFO resulted in the polymer 8-
arm-PEG@DFO who had on average, 3.4 out of its 8 arms grafted with DFO, and presented 
total solubility in physiological conditions making it ideal for microdialysis applications. 

On the other hand, chitosan was functionalized with p-NCS-Bz-DFO through a two-step 
process. First, the DA was increased to 40% to address the solubility issues observed with low 
DA chitosan. The second step involved functionalization in a mixture of water, 1,2-
propanediol, and DMSO (52%, 30%, and 18%, respectively) at pH 6.0 ± 0.5. The resulting 
polymer with DA40@DFO4 showed better iron(III) extraction in solution in the presence of 
strong the strong iron(III) chelator deferiprone than chitosan grafted with the chelator 
DOTAGA (DA29@DOTAGA9). Although not soluble under physiological conditions, 
DA40@DFO4 was suitable for the development of chelating hydrogels. 

The third chapter of this work focused on the development of chelating hydrogels by blending 
low-DA non-grafted chitosan with functionalized chitosan. Physical hydrogels were 
successfully produced through basic neutralization of the chitosan mixtures, without the need 
for additional crosslinking agents. It was demonstrated that non-grafted chitosan hydrogels can 
extract metal cations from solution via two distinct mechanisms: the first involves direct 
chelation between the amine groups and the metal cations, while the second relies on 
electrostatic interactions between protonated amines and anionic metal complexes. However, 
the presence of various salts in solution can interfere with chitosan’s metal extraction 
capabilities. 

To address this, functionalized chitosan with chelating agents enhanced the hydrogels' metal 
extraction efficiency, as the chelators grafted onto the polymer were less affected by salt 
addition. Additionally, it was found that the hydrogel's swelling behaviour depends on multiple 
factors, including the system's crystallinity and hydrophilicity, parameters that can be tuned by 
the type of grafted molecule used in the hydrogel’s structure.  
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The final chapter presented in vitro and in vivo examples of using microdialysis and hydrogel 
implants for localized metal extraction. In vivo, microdialysis yielded mixed results: 8-arm-
PEG@DFO did not enhance iron extraction in a PD 6-OHDA mouse model, and while 
DA29DOTAGA9 appeared to increase manganese(II) extraction in a mouse model injected 
intravenously with MnCl2, the difference was not statistically significant. However, both 
polymers showed promising results in vitro. 

Fiber-shaped hydrogels demonstrated the ability to remove metals such as lead (II), cadmium 
(II), iron (III), and copper (II), potentially helping to mitigate neurodegenerative effects. 
Additionally, their biodegradability and biocompatibility were confirmed in rats, where 
gadolinium (III) tagged fibers were monitored via MRI, showing safe degradation. 

In conclusion, the development of chelating polymers offers a versatile tool that can be tailored 
to specific applications. The material properties can be fine-tuned at the molecular level by 
adjusting hydrophilicity or functionalizing with different chelators, and at the macroscopic 
level by varying the formulation, size and shape of the material. 

Further work is needed to assess the in vivo chelating performance of biodegradable implants 
for metal extraction. As observed with microdialysis, promising in vitro results do not always 
translate to similar outcomes in vivo. While the developed hydrogels have been found to be 
biocompatible and biodegradable, there is limited understanding of their degradation 
mechanisms and pathways in vivo. Therefore, it would be valuable to study the biodistribution 
of the degraded hydrogel. 

Moreover, since oxidative stress is one of the main drivers of tissue damage in 
neurodegeneration, functionalizing hydrogels with antioxidant compounds, such as thiol or 
phenolic moieties, could provide an additional strategy for combating oxidative stress, 
complementing metal chelation. 

Lastly, the application of chelating hydrogels could extend to other pathologies where metals 
contribute to oxidative damage, such as wound healing an area where hydrogels are already 
being investigated. 
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NMR Characterization of DA40@DFO 

 
Fig. S1. 1H NMR spectrum of re-acetylated chitosan (DA40) in D2O at 0.5% w/w. at 70 ˚C. 𝐴𝑟𝑒𝑎3.00−4.55 𝑝𝑝𝑚𝐴𝑟𝑒𝑎2.45 𝑝𝑝𝑚 =  

63𝑥 = 2𝑥 

 
By using the Hirai method (previous equation) x= 40± 0.5% 
 

Calculation of parameter y from iron (III) titration by UV data 

 
The mass fraction of DFO-grafted repeat unit, 𝑤, is defined as  𝑤 = 𝑛𝐷𝐹𝑂 ∙ 𝑀𝑦𝑚𝐶ℎ𝑖𝑡𝑜𝑠𝑎𝑛 =  𝑦 ∙ 𝑀𝑦𝑥 ∙ 𝑀𝑥 + 𝑦 ∙ 𝑀𝑦 + 𝑔𝑙𝑢𝑐 ∙ 𝑀𝑔𝑙𝑢𝑐 

Where 𝑛𝐷𝐹𝑂 is the mole number of DFO-grafted repeat unit, 𝑚𝐶ℎ𝑖𝑡𝑜𝑠𝑎𝑛 is the (dry) mass of 
dissolved Chitosan-DA40@DFO in solution, 𝑥 is the molar fraction of N-acetyl glucosamine 
repeat units, 𝑦 = 𝑛𝐷𝐹𝑂/𝑛𝑇𝑂𝑇  is the molar fraction of the DFO-grafted repeat units and 𝑎 is the 
molar fraction of the glucosamine repeat units. Accordingly,  𝑀𝑥  is defined as the molar mass 
of N-acetyl repeat units, 𝑀𝑦 is the molar mass of DFO-grafted repeat units and 𝑀𝑔𝑙𝑢𝑐 the molar 

mass of glucosamine residue. 

Since 𝑔𝑙𝑢𝑐 = 1 − 𝑥 − 𝑦 the equation above becomes 
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𝑤 = 𝑦 ∙ 𝑀𝑦𝑥 ∙ (𝑀𝑥 − 𝑀𝑔𝑙𝑢𝑐) + 𝑦 ∙ (𝑀𝑦 − 𝑀𝑔𝑙𝑢𝑐) + 𝑀𝑔𝑙𝑢𝑐 

Therefore 
 𝑦 =  𝑤 ∙ (𝑥 ∙ (𝑀𝑥 − 𝑀𝑔𝑙𝑢𝑐) + 𝑀𝑔𝑙𝑢𝑐)𝑀𝑦 − 𝑤 ∙ (𝑀𝑦 − 𝑀𝑔𝑙𝑢𝑐)  

By computation, 𝑀𝑥 = 203.19 𝑔. 𝑚𝑜𝑙−1 , 𝑀𝑦 = 914.06 𝑔. 𝑚𝑜𝑙−1, 𝑀𝑔𝑙𝑢𝑐 = 161.16 𝑔. 𝑚𝑜𝑙−1
 

 
Using 𝑚𝑇𝑂𝑇 = 1 g of hydrated Chitosan-DA40@DFO dissolved in solution, from the UV 
titration with Fe (III), we find: 𝐶DFO𝑚𝑇𝑂𝑇 = 𝑛𝐷𝐹𝑂 = 0.135 𝑚𝑚𝑜𝑙 

 
In order to evaluate the mass fraction 𝑤, we evaluated a water content of 𝑤c = 8.2% (w/w) in 
the lyophilized Chitosan-DA40@DFO powder by thermogravimetric analysis, measuring the 
mass loss between 25 and 200°C under helium flow. Then, 𝑤 = 𝑛𝐷𝐹𝑂 ∙ 𝑀𝑦𝑚𝑇𝑂𝑇 ∙ (1 − 𝑤𝑐) 

 
Hence, the final equation is: 𝑦 =  𝐶DFO ∙ (𝑥 ∙ (𝑀𝑥 − 𝑀𝑔𝑙𝑢𝑐) + 𝑀𝑔𝑙𝑢𝑐)(1 − 𝑤𝑐) − 𝐶DFO ∙ (𝑀𝑦 − 𝑀𝑔𝑙𝑢𝑐)  

From 1H-NMR, 𝑥 = 40% 

This results in 𝑦 = 3% 

Computation of parameter x (DA, degree of acetylation) and y (DFO degree of 

substitution) from 1H NMR of DA40@DFO 

DFO-grafting rate (𝑦) can be obtained by 1H NMR though the ratio between the area of the 
peak at 7.8 ppm (attributed to aromatic protons Hn and Hn’ from p-NCS-Bz-DFO, see Figure 
S6 and Table S1) over the area in the region 3.3-4.6 ppm following the equations respectively: 𝐴𝑟𝑒𝑎 3.5−4.5𝐴𝑟𝑒𝑎 7.8 =

6+12𝑦4𝑦  

 𝐴𝑟𝑒𝑎 3.5−4.5𝐴𝑟𝑒𝑎 1.6−2.2=
6+12𝑦18𝑦  

 
From 1H-NMR of Chitosan-DA40@DFO (Figure 4), 𝑦 = 3.8% for the first equation and the 
second equation gives  𝑦 = 3.9%.  

The slight difference on the value 𝑦 between the two equations can be explained by the 
integration accuracy of the peaks between 1.6-2.2 ppm and the pic at 7.8 ppm. 
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By considering the protons from DFO into the Hirai method the equation becomes: 𝐴𝑟𝑒𝑎3.5−4.5 𝑝𝑝𝑚𝐴𝑟𝑒𝑎 2.3−2.6 =
6+12𝑦3(𝑦+𝑥) 

From 1H-NMR of DA40@DFO 𝑦 = 3.8 ± 0.2% thus 𝑥 = 40 ± 0.5%. 

 

Table S1 Attribution of 1H NMR signals of DA40@DFO (x: acetylation degree, y: DFO 
grafting) 

 

Chemical shift 

(ppm) 
Integration Attribution 

7.8 4y Hn et Hn’ (in green) 
4.9-5.5 1 H1 (in black) 

4.5-3.5 6 + 12y 
H2, H3, H4, H5, H6,7, Ha, He, Hl, Hh (in 
orange) 

3.2 4y Hf (in cyan) 
2.9 4y Hg (in cyan) 
2.3-2.6 3y + 3x Hac, Hm (in pink) 

1.6-2.2 18y Hb, Hc, Hd, Hk, Hi, Hj (in red) 

 

Fig. S2. Labelling for attribution of 1H NMR signal of DA40@DFO 
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Table S2 Dimensions of the hydrogels and xerogels used for the different experiments. 

 

Experiment 
 
Formulation 

Chelation  Swelling 

Precursor Hydrogels 

disks  
Xerogels disks  

Precursor Hydrogels 

disks 
Xerogels disks  

14% DA6 
1% DA40 

Ø: 10.0 ± 0.2 mm 
Thickness: 2.1 ± 0.1 
mm 
mass: ≈180 mg 

Ø: 5.8 ± 0.2 mm 
Thickness: 1.0 ± 0.1 
mm 
Mass ≈27 mg 

Ø: 25.0 ± 0.2 mm 
Thickness: 3.0± 0.1 
mm 
Mass ≈1270 mg 

Ø: 17.0 ± 0.2 mm 
Thickness: 1.4 ± 0.1 
mm 
Mass ≈190 mg 

13% DA6 
2% DA40 

10% DA6 
5% DA40 

15% DA6 

5% DA6 
5% DA40 

Ø: 10.0 ± 0.2 mm 
Thickness: 2.10 ± 0.1 
mm 
mass: ≈180 mg 

Ø: 5.8 ± 0.2 mm 
Thickness: 0.5 ± 0.1 
mm 
Mass ≈18 mg 

Ø: 25.0 ± 0.2 mm 
Thickness: 3.0± 0.1 
mm 
Mass ≈1270 mg  

Ø: 14.0 ± 0.2 mm 
Thickness: 0.7 ± 0.1 
mm 
Mass ≈127 mg 

14% DA6 
1% DA40@DFO Ø: 10.0 ± 0.2 mm 

Thickness: 2.1 ± 0.1 
mm 
mass: ≈180 mg 

Ø: 5.8 ± 0.2 mm 
Thickness: 1.0±0.1 
mm 
Mass ≈27 mg 

Ø: 25.0 ± 0.2 mm 
Thickness: 3.0± 0.1 
mm 
Mass ≈1270 mg 

Ø: 17.0 ± 0.2 mm 
Thickness: 1.4 ± 0.1 
mm 
Mass ≈190 mg 

13% DA6 
2% DA40@DFO 

10% DA6 
5% DA40@DFO 

5% DA6 
5% DA40@DFO 

Ø: 10.00 ± 0.2 mm 
Thickness: 2.1 ± 0.1 
mm 
mass: ≈180 mg 

Ø: 5.8 ± 0.2 mm 
Thickness: 0.5 ± 0.1 
mm 
Mass ≈18 mg 

Ø: 25.0 ± 0.2 mm 
Thickness: 3.0± 0.1 
mm 
Mass ≈1270 mg 

Ø:  14.0 ± 0.2 mm 
Thickness: 0.7 ± 0.1 
mm 
Mass ≈127 mg 
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Fig. S3. (A) Example of variation of the storage (●G’) and loss (■G”) vs angular frequency of 
the hydrogel obtained from 5% DA6 5% DA40@DFO formulation, after gelation in 3M NaOH 
aqueous solution. (B) Values of (●) G’ left axis and (■) loss ratio G”/G’ right axis for the 
different hydrogels. 

 

  

Fig. S4.  Example of diffractogram treatment for the determination of the area crystallinity 
index for the formulation 5% DA6 / 5% DA40@DFO. The amorphous contribution is calculated 
as a cubic spline through the estimated points shown as empty circles (all diffractograms are 
treated with the same series of 2   values to calculate the spline). From this amorphous 
estimation, the subtraction of the amorphous halo to the total diffractogram yields the 

1
5
%

D
A

6

1
4
%

D
A

6
 /

 D
A

4
0

1
3
%

D
A

6
 /

 D
A

4
0

1
0
%

D
A

6
 /

 D
A

4
0

1
4
%

D
A

6
 /

 D
A

4
0
D

F
O

1
3
%

D
A

6
 /

 D
A

4
0
D

F
O

1
0
%

D
A

6
 /

 D
A

4
0
D

F
O

5
%

D
A

6
 /

 5
%

D
A

4
0

5
%

D
A

6
 /

 5
%

D
A

4
0
D

F
O

0

5

10

15

20

25

G
' 
(k

P
a
)

Hydrogel

Formulation

,  DA6

,  DA6 / DA40

,  DA6 / DA40@DFO

0

0.1

0.2

0.3

0.4

0.5

T
a
n

(j
)=

G
"/

G
'

0 10 20 30 40
0

100

200

300

400

500

2θ(
o
)

I(
2
θ)

(a
rb

.
u
n
.)

Crystallinity index: 0.174

Total diffractogram

Amorphous estimation

Crystalline estimation

Spline estimation points



191 
 

crystalline contribution. The crystallinity area index is calculated by integration between 6 to 
33 °.   
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Chelation experiments 

Single metal chelation 

  

Fig. S5. Kinetics of iron (III) extraction per mg of initial xerogel in an iron (III) solution at a 
concentration of 3.58 µM of iron (III), 14.3 µM of deferiprone in phosphate buffer 10 mM (pH 
7.4). The measurements were performed by ICP-MS. ● 10% DA6 5% DA40@DFO, o 10% DA6 

5% DA40, ▼13% DA6 2% DA40@DFO, ▲13% DA6 2% DA40, ♦14% DA6 1% DA40@DFO, 
■14% DA6 1% DA40, x 15% DA6. 
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Fig. S6. Iron (III) extraction by xerogels after 90 hours in 20 ml solution with an initial 
concentration of 3.58 µM of Fe(NO3)3, 14.3 µM of deferiprone in phosphate buffer 10 mM 
(pH 7.4). The measurements were obtained using ICPMS and are given on the black (left) axis 
as % of iron extracted by xerogel pellet. Blue (right)axis as % of complexed DFO   
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Fig. S7. A: Linear regression of the results of the % of iron (III) extraction per xerogel pellet 
with DA40@DFO against the % of chelating polymer in the 15% w/w formulations, giving the 
equation Y = 5.385*X + 59.24 with an R2 = 0.909. B: Linear regression of the % of iron (III) 
extraction per mg of xerogel against the content of mmol of DFO per g of xerogel, giving the 
equation Y = 39.30*X + 1.872 with an R2 = 0.874. 

 

Competitive multi-metal ion chelation  
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Fig. S8. Extraction of ●Iron (III), ■copper (II) and ▲zinc (II) by mg of xerogel pellet after 90 
hours in 20 ml of a multi metal solution with a concentration of 3.58 for each metal, 12.9 µM 
of EDTA and 35 mM of Na2SO4 in HEPES 10 mM (pH 7.4). The molar fraction EDTA/Metal= 
1.2, the molar fraction Na2SO4/ amine = 5. The molar fraction DFO/Metal are 1.1, 2.3 and 5.7 
for the formulations containing 1%, 2%, and 5% Chitosan-DA40@DFO respectively. The 
measurements were obtained using ICP-MS.  

Table S3. Complexation constants of DFO, EDTA and Deferiprone found in literature. L 
stands for Ligand 

 

 
References 

Chelator 

EDTA 

 

 
(Desferrioxamine) (DFO) 

 

 
Deferiprone 

(Def) 

 
Metal Fe Cu Zn Fe Cu Zn Fe 

Complex 
type 

Fe3+ + EDTA4- → 
(FeEDTA)- 

Cu2+ + EDTA4- → 
(CuEDTA)2- 

Zn2+ + EDTA4- → 
(ZnEDTA)2- 

Fe 3+ + DFOH2- 
→ (FeHL)+ 

Cu 2+ + DFOH2- 
→ (CuHL) 

Zn 2+ + DFOH2- 
→ (ZnHL) 

Fe3+ + 3 Def- 
→ FeDef3 

(FeL3) 

Log K 
25.1(Kontoghiorghes 

& Kontoghiorghe, 
2020) 

18.8(Kontoghiorghes 

& Kontoghiorghe, 
2020) 

16.5(Kontoghiorghes 

& Kontoghiorghe, 
2020) 

41.8(Toporivska & 

Gumienna-Kontecka, 
2019) 

14.0(Kontoghiorghes 

& Kontoghiorghe, 
2020) 

11.1(Kontoghiorghes 

& Kontoghiorghe, 
2020) 

36.7(Nurchi et 

al., 2008) 

https://pubmed.ncbi.nlm.nih.gov/15164994/
https://pubmed.ncbi.nlm.nih.gov/15164994/
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Kontoghiorghes, G., & Kontoghiorghe, C. (2020). Iron and Chelation in Biochemistry and 
Medicine: New Approaches to Controlling Iron Metabolism and Treating Related 
Diseases. Cells, 9, 1456. https://doi.org/10.3390/cells9061456 

Nurchi, V. M., Crisponi, G., Pivetta, T., Donatoni, M., & Remelli, M. (2008). Potentiometric, 
spectrophotometric and calorimetric study on iron(III) and copper(II) complexes with 1,2-
dimethyl-3-hydroxy-4-pyridinone. Journal of Inorganic Biochemistry, 102(4), 684–692. 
https://doi.org/10.1016/j.jinorgbio.2007.10.012 

Toporivska, Y., & Gumienna-Kontecka, E. (2019). The solution thermodynamic stability of 
desferrioxamine B (DFO) with Zr(IV). Journal of Inorganic Biochemistry, 198, 110753. 
https://doi.org/10.1016/j.jinorgbio.2019.110753 
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5.1.Polymer characterization 

1.1. 1H-NMR of the different polymers 

The DA of all polymers were determine using the Hirai method:  𝐴𝑟𝑒𝑎2.9−4.3 𝑝𝑝𝑚𝐴𝑟𝑒𝑎2.0 𝑝𝑝𝑚 =  
63𝑥 = 2𝑥 
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 The DA of DA29@DOTAGA9 and DA29@DOTAGA9@DFO4 was determined using the 
intermediate, reacetylated chitosan. 

 

Figure S1: 1H NMR spectrum of reacetylated chitosan DA29 used for the synthesis of 
DA29@DOTAGA9@DFO5 in D2O at 0.5% w/w. at 25 ˚C. Peak at 1.9 ppm is attributed to 
residual acetate group from acetic acid and doublet at 1.1 ppm corresponds to residual 1,2-
propanediol. 

 

Figure S2 1H NMR spectrum of the studied polymers in D2O at 0.5% w/w. at 25 ˚C. A: DA6 

in D2O/DCl (10/1 v/v). B: DA6@DOTAGA11 peak at 1.9 ppm is attributed to residual acetate 
group from acetic acid. C: DA6@DOTAGA17 peak at 1.9 ppm is attributed to residual acetate 
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group from acetic acid. D: DA29 peak at 1.9 ppm is attributed to residual acetate group from 
acetic acid. E: DA29@DOTAGA9 peak at 1.9 ppm is attributed to residual acetate group from 
acetic acid. F: DA29@DOTAGA9@DFO5 Peak at 1.9 ppm is attributed to residual acetate 
group from acetic acid and doublet at 1.1 ppm corresponds to residual 1,2-propanediol. 

 

1.2.Calculation of DOTAGA and DFO degree of substitution by UV data 

 

Figure S3: Absorbance at 295 nm plotted against mmol of copper per g of the intermediate 
chitosan acetylated with grafted DOTAGA of DA29@DOTAGA9@DFO5 yielding 0.37 mmol 
of DOTAGA per g of polymer. Red lines correspond to linear regressions. The dotted line 
represents the crossover concentration corresponding to the saturation of DOTAGA with 
copper (II). 

 

The mass fraction of DOTAGA-grafted repeat unit, 𝑤, is defined as  

 𝑤 = 𝑛𝐷𝑂𝑇𝐴𝐺𝐴 ∙ 𝑀𝑦𝑚𝐶ℎ𝑖𝑡𝑜𝑠𝑎𝑛 =  𝑦 ∙ 𝑀𝑦𝑥 ∙ 𝑀𝑥 + 𝑦 ∙ 𝑀𝑦 + 𝑔𝑙𝑢𝑐 ∙ 𝑀𝑔𝑙𝑢𝑐 

 
 

Where  is the mole number of DOTAGA-grafted repeat unit, 𝑚𝐶ℎ𝑖𝑡𝑜𝑠𝑎𝑛 is the (dry) mass of 
dissolved Chitosan-DAX@DOTAGAy in solution, 𝑥 is the molar fraction of N-acetyl 
glucosamine repeat units, 𝑦 = 𝑛𝐷𝑂𝑇𝐴𝐺𝐴/𝑛𝑇𝑂𝑇  is the molar fraction of the DOTAGA-grafted 
repeat units and 𝑎 is the molar fraction of the glucosamine repeat units. Accordingly,  𝑀𝑥  is 
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defined as the molar mass of N-acetyl repeat units, 𝑀𝑦 is the molar mass of DOTAGA-grafted 

repeat units and 𝑀𝑔𝑙𝑢𝑐 the molar mass of glucosamine residue. 

 

Since 𝑔𝑙𝑢𝑐 = 1 − 𝑥 − 𝑦 the equation above becomes 𝑤 = 𝑦 ∙ 𝑀𝑦𝑥 ∙ (𝑀𝑥 − 𝑀𝑔𝑙𝑢𝑐) + 𝑦 ∙ (𝑀𝑦 − 𝑀𝑔𝑙𝑢𝑐) + 𝑀𝑔𝑙𝑢𝑐 

Therefore 

 

𝑦 =  𝑤 ∙ (𝑥 ∙ (𝑀𝑥 − 𝑀𝑔𝑙𝑢𝑐) + 𝑀𝑔𝑙𝑢𝑐)𝑀𝑦 − 𝑤 ∙ (𝑀𝑦 − 𝑀𝑔𝑙𝑢𝑐)  

 

By computation, 𝑀𝑥 = 203.19 𝑔. 𝑚𝑜𝑙−1 , 𝑀𝑦 = 619.62 𝑔. 𝑚𝑜𝑙−1, 𝑀𝑔𝑙𝑢𝑐 = 161.16 𝑔. 𝑚𝑜𝑙−1 

Using 𝑚𝑇𝑂𝑇 = 1 g of hydrated chitosan DAx@DOTAGAy dissolved in solution, from the UV 
titration with Cu (III), we find: 𝐶DOTAGA𝑚𝑇𝑂𝑇 = 𝑛𝐷𝑂𝑇𝐴𝐺𝐴 

In order to evaluate the mass fraction 𝑤, we evaluated a water content of 𝑤c  (w/w) in the 
lyophilized polymer by thermogravimetric analysis (Table S5), measuring the mass loss 
between 25 and 200°C under helium flow. Then, 𝑤 = 𝑛𝐷𝑂𝑇𝐴𝐺𝐴 ∙ 𝑀𝑦𝑚𝑇𝑂𝑇 ∙ (1 − 𝑤𝑐) 

 

Hence, the final equation is: 

𝑦 =  𝐶DOTAGA ∙ (𝑥 ∙ (𝑀𝑥 − 𝑀𝑔𝑙𝑢𝑐) + 𝑀𝑔𝑙𝑢𝑐)(1 − 𝑤𝑐) − 𝐶DOTAGA ∙ (𝑀𝑦 − 𝑀𝑔𝑙𝑢𝑐)  

 

The same method was used to determine the DFO degree of substitution:  the mass fraction of 
DFO-grafted repeat unit, 𝑤′, is defined as  𝑤′ = 𝑛𝐷𝐹𝑂 ∙ 𝑀𝑧𝑚𝐶ℎ𝑖𝑡𝑜𝑠𝑎𝑛 =  𝑧 ∙ 𝑀𝑧𝑥 ∙ 𝑀𝑥 + 𝑦 ∙ 𝑀𝑦 + 𝑧 ∙ 𝑀𝑧 + 𝑔𝑙𝑢𝑐 ∙ 𝑀𝑔𝑙𝑢𝑐 
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Where 𝑛𝐷𝐹𝑂 is the mole number of DFO-grafted repeat unit, 𝑚𝐶ℎ𝑖𝑡𝑜𝑠𝑎𝑛 is the (dry) mass of 
dissolved Chitosan DA29@DOTAGA9@DFO5 in solution, 𝑥 is the molar fraction of N-acetyl 
glucosamine repeat units, 𝑧 = 𝑛𝐷𝐹𝑂/𝑛𝑇𝑂𝑇  is the molar fraction of the DFO-grafted repeat units 
and 𝑎 is the molar fraction of the glucosamine repeat units. Accordingly,  𝑀𝑥  is defined as the 
molar mass of N-acetyl repeat units, 𝑀𝑧 is the molar mass of DFO-grafted repeat units and 𝑀𝑔𝑙𝑢𝑐 the molar mass of glucosamine residue. 

Since 𝑔𝑙𝑢𝑐 = 1 − 𝑥 − 𝑦 − 𝑧 the equation above becomes 𝑤′ = 𝑧 ∙ 𝑀𝑧𝑥 ∙ (𝑀𝑥 − 𝑀𝑧) + 𝑦 ∙ (𝑀𝑦 − 𝑀𝑔𝑙𝑢𝑐)𝑦 ∙ +𝑧 ∙ (𝑀𝑧 − 𝑀𝑔𝑙𝑢𝑐) + 𝑀𝑔𝑙𝑢𝑐 

Therefore 
 𝑧 =  𝑤′ ∙ (𝑥 ∙ (𝑀𝑥 − 𝑀𝑔𝑙𝑢𝑐) + 𝑦 ∙ (𝑀𝑦 − 𝑀𝑔𝑙𝑢𝑐) + 𝑀𝑔𝑙𝑢𝑐)𝑀𝑧 − 𝑤′ ∙ (𝑀𝑧 − 𝑀𝑔𝑙𝑢𝑐)  

By computation, 𝑀𝑥 = 203.19 𝑔. 𝑚𝑜𝑙−1 , 𝑀𝑦 = 619.62 𝑔. 𝑚𝑜𝑙−1, 𝑀𝑧 = 914.06 𝑔. 𝑚𝑜𝑙−1, 𝑀𝑔𝑙𝑢𝑐 = 161.16 𝑔. 𝑚𝑜𝑙−1 

 

Using 𝑚𝑇𝑂𝑇 = 1 g of hydrated DA29@DOTAGA9@DFO5 dissolved in solution, from the UV 
titration with Fe (III), we find: 𝐶DFO𝑚𝑇𝑂𝑇 = 𝑛𝐷𝐹𝑂 = 0.16 𝑚𝑚𝑜𝑙 

 

In order to evaluate the mass fraction 𝑤, we evaluated a water content of 𝑤c = 14.6% (w/w) in 
the lyophilized Chitosan DA29@DOTAGA9@DFO5 powder by thermogravimetric analysis 
(Table S1), measuring the mass loss between 25 and 200°C under helium flow. Then, 𝑤′ = 𝑛𝐷𝐹𝑂 ∙ 𝑀𝑧𝑚𝑇𝑂𝑇 ∙ (1 − 𝑤𝑐) 

 
Hence, the final equation is: 

𝑧 =  𝐶DFO ∙ (𝑥 ∙ (𝑀𝑥 − 𝑀𝑔𝑙𝑢𝑐) + 𝑦 ∙ (𝑀𝑦 − 𝑀𝑔𝑙𝑢𝑐) + 𝑀𝑔𝑙𝑢𝑐)(1 − 𝑤𝑐) − 𝐶DFO ∙ (𝑀𝑧 − 𝑀𝑔𝑙𝑢𝑐)  

 

Table S1: Parameters allowing to calculate the DS for each polymer. *DA determined by 1H-
NMR analysis of the re-acetylated intermediary. **Analysis done on the intermediate polymer 
only grafted with DOTAGA 
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Analyzed polymer Structure 

DA (x) 
determined 
by 1H NMR 
% (±1%) 

nDOTAGA 
from 
copper 
titration 
(mmol) 

nDFO from 
iron 
titration 
(mmol) 

DA6 

 

6 / 

/ 

DA6@DOTAGA11 

 

6 0.45 

DA6@DOTAGA17 6 0.61 

DA29 

 

29 / 

DA29@DOTAGA9 

 

29* 0.35 

DA29@DOTAGA9@DFO5 

 

29* 0.37** 0.16 

 

 

 

6. Gel characterization 

Table S2: Dimensions of the hydrogels and xerogels used for the different experiments. 
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Experiment 
 
Formulation 

Drug release  Swelling 

Precursor Hydrogels 

disks  
Xerogels disks  

Precursor Hydrogels 

disks 
Xerogels disks  

Gel DA6 

Ø: 10.0 ± 0.2 mm 
Thickness: 2.10 ± 0.1 
mm 
mass: ≈180 mg 

Ø: 5.8 ± 0.2 mm 
Thickness: 0.5 ± 0.1 
mm 
Mass ≈18 mg 

Ø: 25.0 ± 0.2 mm 
Thickness: 3.0± 0.1 
mm 
Mass ≈1270 mg  

Ø: 14.0 ± 0.2 mm 
Thickness: 0.7 ± 0.1 
mm 
Mass ≈127 mg 

Gel 2/3 

DA6@DOTAGA

11 
Gel 2/3 

DA6@DOTAGA

17 
Gel 2/3 DA29 
Gel 2/3 

DA29@DOTAG

A9 
Gel 2/3 

DA29@DOTAG

A9@DFO5 
 
Rheology 
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Figure S4: Example of variation of the storage (x G’) and loss (o G”) vs angular frequency of 
the hydrogel obtained from Gel 2/3 DA6@DOTAGA17 after gelation in a 3M NaOH solution. 

 

Table S3: G’ and G” plateau value (measured at low frequency) for each hydrogel formulation 
obtained after neutralization of mixed solutions in a NaOH 3M gelation bath pH>10 at room 
temperature (25˚C) and after washing in water pH≈10 at room temperature (25˚C). 
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Formulation’s name 
 

Measurement after gelation in 

3M NaOH 

Measurement after washing in 

water 

G’ (kPa) G” (kPa) G’ (kPa) G” (kPa) 

Gel DA6 15.50 ± 1.84 1.30 ± 0.23 28.40 ± 2.03 4.26 ± 0.33 

Gel 2/3 DA6@DOTAGA11 10.00 ± 0.82 0.40 ± 0.07 6.75 ± 0.88 1.71 ± 0.18 

Gel 2/3 DA6@DOTAGA17 10.80 ± 1.20 0.46 ± 0.12 10.10 ± 0.78 2.14 ± 0.31 

Gel 2/3 DA29 9.540 ± 1.46 1.00 ± 0.13 28.70 ± 5.40 2.96 ± 0.21 

Gel 2/3 DA29@DOTAGA9 12.20 ± 0.24 0.69 ± 0.09 8.62 ± 2.28 2.11 ± 0.37 

Gel 2/3 

DA29@DOTAGA9@DFO5 
9.54 ± 0.56 0.58 ± 0.10 8.01 ± 0.92 2.06 ± 0.20 

 

Table S4: Mass variation ratio between initial material and washed gel and calculated G'norm 
after washing with water the hydrogels. 

 

Formulation’s name 
Rm from gelation 

and after washing 

in water (%) 

G’norm (kPa) 
after washing in 

water 

Gel DA6 -19 ± 1 35.00 ± 2.50 

Gel 2/3 DA6@DOTAGA11 1 ± 7 9.79 ± 2.15 

Gel 2/3 DA6@DOTAGA17 61 ± 10 6.27 ± 0.48 

Gel 2/3 DA29 -22 ± 2 36.80 ± 6.91 

Gel 2/3 DA29@DOTAGA9 24 ± 5 6.92 ± 1.83 

Gel 2/3 

DA29@DOTAGA9@DFO5 
22 ± 4 6.05 ± 0.69 

 

 

Cristallinity analysis by XRD 
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Figure S5: Example of diffractogram treatment for the determination of the area crystallinity 
index for the formulation Gel 2/3 DA6@DOTAGA17. The amorphous contribution is calculated 
as a cubic spline through the estimated points shown as empty circles (all diffractograms are 
treated with the same series of 2ϴ values to calculate the spline). From this amorphous 
estimation, the subtraction of the amorphous halo to the total diffractogram yields the 
crystalline contribution. The crystallinity area index is calculated by integration between 6 to 
34 °. 

 

Swelling of the xerogels 

Table S5: Wc measured by thermogravimetric analysis for each polymer. 

Polymer 
Water content measured by 
thermogravimetric analysis 

DA6 12.6% 

DA6@DOTAGA11 13.5% 

DA6@DOTAGA17 14.8% 

DA29 14.2% 

DA29@DOTAGA9 14.5% 
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DA29@DOTAGA9@DFO5 14.6% 

 

Table S6: Wc of each xerogel formulation. *Wc was calculated using the Wc values 
obtained from thermogravimetric analysis (TGA) of the lyophilized polymers and the 
proportions of the different chitosans in each formulation. 

Formulation’s name 
Wc calculated in 
xerogels %* 

Maximum SR% 
Mass loss after 
one rehydration 
cycle % 

Gel DA6 12.6 100±5 6.8±0.4 

Gel 2/3 DA6@DOTAGA11 13.2 1345±20 7.2±0.7 

Gel 2/3 DA6@DOTAGA17 14.1 1528±13 11.9±1.7 

Gel 2/3 DA29 13.6 226±5 8.4±0.8 

Gel 2/3 DA29@DOTAGA9 13.9 1410.5±25 14.7±1.8 

Gel 2/3 

DA29@DOTAGA9@DFO5 
13.9 816±18 12.7±0.6 

 

Table S7. Theorical quantity of rhodamine 6G present in each hydrogel formulation after  
xerogels are submerged in 10ml of a rhodamine 6G solution for two hours. Calculation 
donne by supposing that the rhodamine solution has a density of 1, and that there are no 
interactions between the hydrogel and rhodamine . 

Formulation’s name 

Volume of 

rhodamine 

solution (µL) in 

hydrogel per g of 

initial xerogel 

Theorical mass of 

rhodamine (µg) 

inside the 

hydrogel per g of 

xerogel (Qth (µg/g)) 

Gel DA6 697.6 ± 48.6 17.4 ± 1.2 
Gel 2/3 DA6@DOTAGA11 9962.3 ± 831.5 249.1 ± 20.8 
Gel 2/3 DA6@DOTAGA17 11724.4 ± 248.4 293.1 ± 6.2 
Gel 2/3 DA29 1715.2 ± 45.3 42.9 ± 1.1 
Gel 2/3 DA29@DOTAGA9 9457.4 ± 554.3 236.4 ± 13.9 
Gel 2/3 

DA29@DOTAGA9@DFO5 
3653.4 ± 105 91.3 ± 2.6 

 

 

Annexe 3. Supporting information of the article “ Neurocompatible biodegradable fibers 

designed to extract excess free metals in the brain.” 
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Figure S1: NMR 1H spectrum of Matexcel chitosan at 343 K in D2O/DCl. 

Determination of the DA of the raw chitosan by the Hirai method:  𝐴𝑟𝑒𝑎3.00−4.55 𝑝𝑝𝑚𝐴𝑟𝑒𝑎2.45 𝑝𝑝𝑚 =  
63𝑥 = 2𝑥 
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Figure S2: NMR 1H Chitosan@DOTAGA 1%w/w at 343 K in D2O/DCl. Additional peaks 
in relation to figure S1 from 1.8-4.1ppm correspond to the grafted DOTAGA. See Table 
S1 for further detail. 
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Figure S3: Labelling for attribution of 1H NMR signal of Chitosan@DOTAGA 

 

 

Chemical shift 

(ppm) 
Integration Attribution 

4.2-5.2 1 H1 (in black) 

4.1-2.2 6 + 25y 
H2, H3, H4, H5, H6,7 (in orange) + 25 

DOTAGA protons (in blue) 
1.8-2.2 3x + 2y Hac, 2 DOTAGA protons (in pink) 

 

Table S1: Attribution of 1H NMR signals of Chitosan@DOTAGA (x: acetylation degree, y: 
DOTAGA grafting) 

 

 

Computation of parameter y from copper (II) titration by UV data. 
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Figure S4: Absorbance at 295 nm plotted against mmol of copper per g of 
Chitosan@DOTAGA. Red lines correspond to the linear regression. The black dotted line 
represents the saturation of DOTAGA with copper corresponding to 0.654 mmol/g. 

 

 

The mass fraction of DOTAGA-grafted repeat unit, 𝑤, is defined as  𝑤 = 𝑛𝐷𝐹𝑂 ∙ 𝑀𝑦𝑚𝐶ℎ𝑖𝑡𝑜𝑠𝑎𝑛 =  𝑦 ∙ 𝑀𝑦𝑥 ∙ 𝑀𝑥 + 𝑦 ∙ 𝑀𝑦 + 𝑎 ∙ 𝑀𝑎 

Where 𝑛𝐷𝐹𝑂 is the mole number of DFO-grafted repeat unit, 𝑚𝐶ℎ𝑖𝑡𝑜𝑠𝑎𝑛 is the (dry) mass of 
dissolved Chitosan@DOTAGA in solution, 𝑥 is the molar fraction of N-acetyl glucosamine 
repeat units, 𝑦 = 𝑛𝐷𝑂𝑇𝐴𝐺𝐴/𝑛𝑇𝑂𝑇  is the molar fraction of the DOTAGA-grafted repeat units 
and 𝑎 is the molar fraction of the glucosamine repeat units. Accordingly,  𝑀𝑥  is defined as the 
molar mass of N-acetyl repeat units, 𝑀𝑦 is the molar mass of DOTAGA-grafted repeat units 

and 𝑀𝑎 the molar mass of glucosamine residue. 

Since 𝑎 = 1 − 𝑥 − 𝑦 the equation above becomes 𝑤 = 𝑦 ∙ 𝑀𝑦𝑥 ∙ (𝑀𝑥 − 𝑀𝑧) + 𝑦 ∙ (𝑀𝑦 − 𝑀𝑎) + 𝑀𝑎 

 

Therefore 

y = 3.1432x + 0.082
R² = 0.9991

y = 0.26x + 1.9686
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𝑦 =  𝑤 ∙ (𝑥 ∙ (𝑀𝑥 − 𝑀𝑎) + 𝑀𝑎)𝑀𝑦 − 𝑤 ∙ (𝑀𝑦 − 𝑀𝑎)  

By computation, 𝑀𝑥 = 203.19 𝑔. 𝑚𝑜𝑙−1 ,  𝑀𝑦 = 619.62 𝑔. 𝑚𝑜𝑙−1, 𝑀𝑎 = 161.16 𝑔. 𝑚𝑜𝑙−1
 

 

Using 𝑚𝑇𝑂𝑇 = 1 g of hydrated Chitosan@DOTAGA dissolved in solution, from the UV 
titration with copper (II), we find: 𝑛𝐷𝑂𝑇𝐴𝐺𝐴 = 0.654 𝑚𝑚𝑜𝑙 

 

In order to evaluate the mass fraction 𝑤, we evaluated a water content of 𝑤c=8.2% w/w in the 
lyophilized Chitosan-DA40@DFO powder by thermogravimetric analysis, measuring the mass 
loss between 25 and 200°C under nitrogen flow.  Then, 𝑤 = 𝑛𝐷𝑂𝑇𝐴𝐺𝐴 ∙ 𝑀𝑦𝑚𝑇𝑂𝑇 ∙ (1 − 𝑤𝑐) = 0.438 

From 1H-NMR, 𝑥 = 0.063 

This results in 𝑦 = 0.171 

As such, the estimated DS of the synthesized Chitosan@DOTAGA product is 17±0.5% 
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Figure S5: Example of stress-strain curve of the Chitosan 5% Chitosan@DOTAGA 10% 
fiber, obtained by uniaxial tensile test (solid black line). Slope corresponding to the linear 
elastic region of the fiber (red line) enable the determination of the Young's modulus. The 
intersect between the linear elastic and plastic regimes is the yield point. 
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C.  
 
 

D.  
 
 
Figure S6: Follow-up graphs of (A) T1-weighted CNR, (B) T2-weighted CNR, (C) 
T2* value of the fiber and (D) T2* value of the brain. Error bars correspond to the 
standard deviation of the measurements. 
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