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While iron is a nutrient metal, iron overload can result in multiple organ failures. Iron chelators, such as
deferoxamine, are commonly used to ameliorate iron overload conditions. However, their uses are limited
due to poor pharmacokinetics and adverse effects. Many novel chelator formulations have been devel-
oped to overcome these drawbacks. In this review, we have discussed various nanochelators, including
linear and branched polymers, dendrimers, polyrotaxane, micelles, nanogels, polymeric nanoparticles and
liposomes. Although these research efforts have mainly been focused on nanochelators with longer half-
lives, prolonged residence of polymers in the body could raise potential safety issues. We also discussed
recent advances in nanochelation technologies, including mechanism-based, long-acting nanochelators.
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Iron turnover

Iron is an essential metal for proper physiological function [1,2]. It is the component of heme in hemoglobin of red
blood cells (RBCs) that carry oxygen to cells [3]. Iron is also a required element of the iron—sulfur complex involved
in oxidative phosphorylation, which generates energy via ATP [4,5]. In addition, iron is an integral part of many
enzymes, including peroxidases, cytochrome P450s, nitric oxide synthase, heme oxygenase and aconitase [5,6]. Iron
turnover is highly regulated to support various metabolic processes (Figure 1). Dietary iron from vegetarian sources
(nonheme iron) is taken up by DMTT into the intestinal epithelial cells. In contrast, heme iron is transported by
the proton-coupled folate transporter/heme carrier protein on enterocytes and metabolized to release iron. Iron is
then exported from enterocytes into blood by an iron exporter FPN1 and binds to plasma Tf for blood circulation.
The iron—Tf complex binds to the Tf receptor (TfR1) in various tissues and undergoes endocytosis. Iron is released
from the endosome by DMTT1 into the cytosol where it is utilized for erythropoiesis and cellular metabolism or
stored in ferritin when in excess. When senescent RBCs are broken down in the macrophages, intracellular iron is
exported into circulation by FPN1. Hepcidin, a hormone produced in the hepatocytes and released into circulation,
binds to FPN1 and facilitates its degradation, thereby inhibiting iron transport in various tissues, including those
involved in absorption (intestine), release (liver) and recycling (spleen) of iron.

Iron disorders

Excess hepcidin results in anemia, whereas decreased hepcidin causes tissue iron overload. Hepcidin levels are
modified by various factors. For example, matriptase-2 and erythroferrone negatively regulate hepcidin. In contrast,
the HFE (high Fe or hyperferremia) protein controls hepcidin expression, and mutations in the HFE gene result
in decreased hepcidin, which consequently increases iron absorption and promotes iron overload (also known
as HFE-related hemochromatosis). Abnormally high iron is toxic because free iron can produce reactive oxygen
species and cause tissue damage. While iron overload increases the risk of liver cirrhosis, cardiac dysfunction and
diabetes, phlebotomy is the treatment of choice for hemochromatosis patients. Iron overload is also frequently found
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Figure 1. Iron turnover. Approximately 1-2 mg of iron is absorbed from the intestine via food sources. Iron is then
absorbed into the plasma and later incorporated into hemoglobin that is utilized to produce RBCs in the bone
marrow. Approximately 2500 mg of iron is present in the RBC of the blood of an adult. Iron is also stored in different
tissues, including liver and muscle. Iron is also utilized to make myoglobin and enzymes. About 0.8% of the RBCs are
destroyed every day by macrophages to release iron to plasma. Iron is also lost from the body due to shredding of
intestinal cell, bleeding and menstruation. An optimal level of iron is maintained in the body. In the case of secondary
iron overload due to blood transfusion, iron is stored in the liver and other tissues in large quantities and damage
these tissues due to oxidative stress. The excretion of iron in the urine and feces may be increased when iron chelators
are used.

RBC: Red blood cell.

in anemic patients who suffer from hemoglobinopathies (e.g., thalassemia, sickle cell disease) and thereby need
repeated blood transfusions. In such conditions, iron released from breakdown of RBC:s is gradually accumulated in
tissues, which leads to another major type of iron overload, known as secondary iron overload [7-9). Cardiovascular
complications, including hypertrophy, arrthythmia and heart failure, are the major health issues associated with
secondary iron overload [8]. Liver dysfunction and development of diabetes and insulin resistance are also frequently
reported [10,11]. Iron chelators are exclusively used to ameliorate disease conditions occurring in secondary iron
overload, since phlebotomy is not indicated for anemic patients. Of interest, ferroptosis is a form of iron-dependent,
nonapoptotic cell death associated with increased levels of cellular lipid peroxidation [121. While ferroptosis has been
implicated in several disease conditions, including cancer, ischemia/reperfusion injury, and cardiomyopathy [12-14],
iron chelators have been shown to effectively inhibit ferroptosis (141, suggesting their clinical utilities beyond iron
overload disorders.

Iron chelators

Clinically-available iron chelators

Only three iron chelators are clinically available to manage iron overload: deferoxamine (DFO), deferiprone (DFP)
and deferasirox (DFX). The detailed comparisons of these chelators are discussed elsewhere [15-18]. Briefly, DFO is
the oldest iron chelator that has been used in the USA since 1966. It is used in acute iron poisoning, secondary
iron overload and aluminum toxicity. DFO is hexadentate and, therefore, can chelate an equimolar amount of
iron. Although it is highly effective in chelating iron, it has a poor oral bioavailability with a very short half-life
(20-30 min in humans), which requires multiple subcutaneous or intravenous administrations at a dose of 20—
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50 mg/kg/day for 8-24 h, 5 days a week. It is hydrophilic and is excreted in urine and feces. Adverse effects
include local skin reaction, ophthalmological and auditory abnormality, allergic reaction, growth retardation and
bone abnormality. It is recommended to have an annual ophthalmological and auditory check-up when a patient is
treated with DFO. Other iron chelators are used when DFO is contraindicated or when DFO alone is not enough
to chelate iron. More commonly, a combination of DFO and DFP or DEX are used to minimize adverse effects of
a single chelator and to increase patient compliance. DFP, developed by Cipla, was available as an oral iron chelator
in India since 1994 and subsequently marketed in Europe. Apotex Inc. conducted a clinical trial in the North
America. However, DFP was not approved in the US until 2011 due to safety concerns. It is a hydrophilic drug
with longer half-life; for example, 3—4 h compared with DFO. DFP is available as an oral formulation with a dose
of 75-100 mg/kg/day in three divided doses. It is predominantly excreted in urine. The adverse effects of DFP are
agranulocytosis, neutropenia, arthralgia and elevated liver enzymes. Thus, a weekly blood count is recommended
for the patients taking DFP. The latest iron chelator is DFX which demonstrates the longest half-life; for example,
8-16 h. DFX is prescribed at a dose of 10-40 mg/kg/day, to be administered once or twice a day. It was developed
by Novartis and was approved for use in the USA in 2005. DEX is predominantly excreted in the feces. DFX
has gastrointestinal, kidney, and liver toxicity, which requires monthly evaluations of blood count and kidney and
liver function. Due to the toxic potential of these iron chelators, many other iron chelators have been evaluated, as
discussed below.

Experimental small molecule iron chelators

While readers are encouraged to consult the cited articles [15,19,20] for detailed information about the experimental
iron chelators, here we briefly discuss several natural and synthetic iron chelators in the context of their efficacy in
vitro and in animal models. Ohara ez a/. [21] reported on the development of super polyphenols (SP6 and SP10)
which chelate iron and inhibit proliferation of cancer cell lines. Though it was safer than DFO at 300 mg/kg after
intravenous (iv.) injection, iron chelation efficacy has not been evaluated in vivo [21). Curcumin is an interesting
example of a natural molecule that possesses iron chelation properties [20] although its iron binding affinity is
lower than that of DFP or DFX [22,23]. Administration of curcumin via food or drinking water decreased iron
in the liver of 1-year-old mice [24], as well as in FeSOy4-induced iron-loaded rats [25]. However, its low water
solubility and low intestinal absorption are major drawbacks to clinical translation [26]. Many iron chelators
with additional pharmacological properties, including antioxidant activity, inhibition of monoaminoxidase or
acetylcholine esterase, activation of dopamine receptor — among others — have been discovered [27-35]. Most of these
novel iron chelators were either tested i7 vitro or in animal models related to neurological disease or cancer, but
these agents have not been evaluated in secondary iron overload disease models. Kalinowski and Richardson [15] and
Hatcher e al. 20] extensively discussed other new synthetic iron chelators, including desferrithiocin, tachpyridine,
thiosemicarbazones, and analogs of pyridoxal isonicotinoyl hydrazone. However, none of these chelators have been
clinically approved to date.

The need for advanced formulations

Although the available iron chelators effectively remove body iron and reduce iron-associated tissue damage, these
small molecules have their unique drawbacks. For example, DFO requires repeated parenteral administrations,
which can decrease patient compliance. Other issues include local irritation at the site of injection and auditory
and visual disturbances, requiring yearly examination of the auditory and visual function. A weekly blood count is
necessary for the patients taking DFP due to neutropenia. Similarly, monthly monitoring of blood count, kidney
and liver function is needed for patients taking DFX. To overcome these issues, many research groups have tried to
develop new formulations based on DFO due to its hexadentate nature and relatively low toxicity compared with
DEX and DFP. In this review, several nanochelators made by incorporating DFO into various nano-supports will
be discussed, with a focus on long-acting chelators to avoid continuous infusions and increase patient compliance.

Recent advances in the development of nanochelators

Research into extended half-life iron chelators began shortly following the approval of DFO. Initial efforts to
improve the efficacy of DFO began with liposomal compositions in the late 1970s [36-38]. A liposomal formulation
significantly extended the half-life of DFO [36] and improved its urinary iron excretion [57,38]. Additionally,
liposomes accumulated in organs such as the liver and spleen, which increased DFO exposure in these key iron
storage organs [37). However, given that the first liposomal drug products were not US FDA approved until the
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Figure 2. Schematic description of nanochelators with approximate hydrodynamic diameter. Deferoxamine (DFO) is
a small molecule chelator that is often incorporated into nano-constructs to create nanochelators. Polymer
conjugation can increase the hydrodynamic diameter of DFO dependent on the molecular weight of the polymer,
often resulting in a range of approximately 5-10 nm [49-51,55,56]. Nanochelator micelles [45] can be formed by
conjugating DFO to amphiphilic molecules, often yielding a size of approximately 10-100 nm, depending on
amphiphile structure and molecular weight. Nanochelator dendrimers [52-54] can be formed by conjugating DFO to
the dendrimer termini, resulting in a nanochelator size of approximately 10-100 nm depending on generation
number and monomer chemistry. DFO can be incorporated into nanogels [57,58] via conjugation, generally resulting
in a size range of approximately 50-200 nm. Nanochelators can also be formed by encapsulating DFO in the aqueous
core of polymer nanoparticles [59] or liposomes [36-38,60], resulting in a nanochelator size range of approximately
50-200 nm, depending on formulation and process parameters.

1990s [39], it is unsurprising that these early efforts with a nascent technology were not successfully translated
to the clinic. Since these early efforts, novel drug-delivery technologies have been applied to remedy the short-
comings of existing iron chelation therapies. These efforts have focused predominantly in two key areas: improving
chelator’s half-life to reduce administration frequency, and enhancing the safety profile to minimize side effects. As
depicted in Figure 2, nanochelators have been formulated using both conjugation and controlled release approaches.
Chelators have been conjugated to a number of moieties including linear and branched polymers, dendrimers,
polyrotaxane, micelles and nanogels. Efforts to control the release of chelators have been more limited due to
chelator hydrophilicity, but both polymeric and liposomal nanoparticles have been used to this end.

A number of groups have reported on the development of nanochelators that have demonstrated efficacy in vitro,
but have not yet been evaluated as iron overload therapies 77 vivo. Rossi ez al. [40) reported on conjugates of DFO and
PEG-acrylate copolymers that showed promising data on both iron binding and hemocompatibility 7z vizro. Tian
et al. [41] reported on the development of alginate-DFO conjugates that reduced 77 vivo metabolism and i vitro
cytotoxicity of the DFO. Zhou and Hider e a/. [42-44) have reported on the development of novel iron chelating
dendrimers. The dendrimers were formulated by conjugating a variety of chelators, including bidentate (44 and
hexadentate (43,44] ligands, to poly-acid dendrimers. A dendrimer with hexadentate hydroxyl-pyridinone ligands has
shown great promise of binding iron 7 vitro (421, but has not been evaluated in an animal model of iron overload.
Huang ez al. [45] recently reported on the development of DFP micelles formulated by conjugating DFP to PEG-
poly-glutamic acid. While the micelles enhanced the chelation efficiency of DFP and showed efficacy iz vitro, they
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Table 1. Summary of physicochemical characteristics o

anochelators.

Nanochelator Delivery system Material Primary excretion route HD (nm) DFO density Ref.

Dextran-DFO Branched polymer  Dextran NRT NR 20-30% w/w [49]

HES-DFO Linear polymer Hydroxy-ethyl starch NRT NR 10-20% w/w [49,50]

S-DFO Linear polymer Starch NRT NR 26% w/wi [51]

ULC-75 Dendrimer Hyper-branched polyglycerol Feces/urine§ 9.8t 51% w/w [52,53]

ULC-637 Feces/urine$ 15.4% 20% w/wt

BGD-60 Dendrimer Hyper-branched polyglycerol Feces 21.2% 39% w/w [54]

BDD-200 Feces/urine 27.4% 51% w/w

hPR-DFO Inclusion complex Polyrotaxane NRY 3.5 35.7% w/w [55]

DFO,-EPL Linear polymer e-Polylysine Urine 5.5 12.3% w/wh [56]

DFO4-EPL 5.7 22.1% w/wi

DFOg-EPL 6.5 36.3% w/wi

NG1-DFO Nanogel Acrylamide methacrylate NRY 36 16.9% w/w [57]

NG2-DFO PEG-diacrylate 101 16.4% w/w

rNG-DFO Nanogel Acrylamide methacrylate NRY 240 7.23% w/w [58]
PEG-diacrylate

DFO-NP Nanoparticle mPEG-PLGA NR 105.3 0.5-5% w/wt [59]

LDFO Liposome Phosphatidyl choline NR 88 354 g/mole lipid [60]
Cholesterol 119 266 g/mole lipid

TOnly urine excretion tested, so primary route cannot be determined.

¥ Approximated values calculated based on available data.

8ULC-75 has comparable excretion in urine/feces, ULC-637 excreted slightly more in feces than urine.

9T Amount of iron measured in urine/feces but not amount of nanochelator.

DFO: Deferoxamine; EPL: e-Polylysine; HD: Hydrodynamic diameter; HES: Hydroxy-ethyl starch; LDFO: Liposomal deferoxamine; NP: Nanoparticle; NR: Not reported; PEG: Poly(ethylene
glycol); PLGA: Poly(lactic-co-glycolic acid); ULC: Ultra-long circulating.

were not evaluated iz vivo [45]. Marzban ez al. (46] reported on the development of a DFO nano-niosome, which
is a nonionic surfactant-based vesicle that can encapsulate DFO. The nano-niosomal DFO formulation reduced
cytotoxicity of DFO and enhanced in vitro iron chelation in hepatocytes [46). Wang ez al. [47] reported on the
development of an iron chelating nanoparticle to treat Parkinson’s’ disease (PD). The nanochelator was formulated
by conjugating the chelator non-Fe hemin (NFH) to a nanoparticle formed from the radical polymerization of
BSA-acrylate monomers. When targeted to the CNS with TAT peptide, the nanochelator showed efficacy in an
MPTP-induced mouse model of PD (47). Sulistyo e a/. 148] reported on the development of a nanochelator based on
encapsulating green tea extract in chitosan nanoparticles using the ionic gelation method. Though this nanoparticle
reduced serum ferritin in a dietary model of iron overload in rats [48], there can be limited capability to clinically
translate an extract-based formulation.

In the following sections, we discuss recent developments in the nanochelator field. Physicochemical properties
of the nanochelators, including composition and hydrodynamic diameter (HD), are described in Table 1, and
pharmacokinetic parameters, including excretion profiles, are described in Table 2. This review turns a focus to
formulations that have been evaluated as iron overload therapies in vivo, and thus have the potential for clinical
translation.

Polymer conjugates
Starch deferoxamine

Early efforts to extend the half-life of DFO involved conjugation to carbohydrates. As a part of Biomedical Frontiers
Inc., Hallaway ez al. 149] first demonstrated this approach by conjugating DFO to both dextran and hydroxy-ethyl
starch (HES). When tested in Swiss-Webster mice, the conjugates did not alter the amount of urinary iron excretion.
They did, however, markedly enhance half-life of DFO. Dextran-DFO and HES-DFO both had half-lives of 60—
90 min (Table 2), which is a significant increase over the very short half-life of native DFO in mice (5.5 min) [49].
Furthermore, conjugation to dextran increased the LDsg by nearly eightfold compared with native DFO (Table 2).
Additional safety studies were conducted in mongrel dogs to specifically evaluate DFO-induced hypotension, which
is a common side effect. Whereas free DFO caused significant hypotension, HES-DFO caused no change, and
dextran-DFO elevated blood pressure slightly [49].
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Table 2. Pharmacokinetic properties of various nanochelators.

Nanochelator Species tested DFO equivalent dose (mg/kg) % Urine/feces t1/2,« ti2, LDso (mg/kg) Ref.
excretion (time point)
Free DFO Mouse NR NR NR 5.5 min 250 [49]
Dex-DFO Mouse NR NR / NR NR 67 min 4000 [49]
HES-DFO Mouse NR NR / NR NR 84 min NR [49]
HES-DFO Human 5.1 35-55 / NR (48 h) NR 22.2 /89.8h NA [50]
15.3 22.1/85.6h
51.2 23.3/84.4h
153 32.5/108.8 h
S-DFO Human 39.5% 68.6 / NR (7 days) NR 85h NA [51]
79% 64.8 / NR (7 days) 135h
158% 64.3 / NR (7 days) 139 h
237 62.3 / NR (7 days) 141h
ULC-75 Mouse 19% 8.77 / 8.18 (6 days) 0.0562 h 16.148 h >560 [52,53]
ULC-637 10f 4.76 / 6.45 (6 days) 2.271h 44392 h
BGD-60 Mouse 3.9% 10.5 / 39.8 (6 days) 6.69 h 64.3h NR [54]
BDD-200 5.1% 22.6 / 25.1 (6 days) 6.488 h 7.93h
hPR-DFO Mouse NR NR / NR NR NR NR [55]
DFO,-EPL Mouse 0.32% 52.34 / <0.2 (4 h) 2.65 min 43.00 min >330% [56]
DFO4-EPL 0.61% 38.73 / <0.2 (4 h) 2.44 min 36.93 min
DFOg-EPL 1.38% 39.06 / <0.2 (4 h) 5.66 min 76.83 min
NG1-DFO Rat NR NR / NR NA 4791 h NR [57]
NG2-DFO 49.06 h
rNG-DFO Mouse NR NR / NR NR NR NR [58]
DFO-NP Mouse 100 NR / NR 1.13h 48.63 h NR [59]
LDFO Mouse NR NR / NR NR NR NR [60]

T As DFO equivalents.
 Approximated values calculated from reported parameters.
DFO: Deferoxamine; HES: Hydroxy-ethyl starch; LDFO: Liposomal deferoxamine; NP: Nanoparticle; NR: Not reported; ULC: Ultra-long circulating.

Continuing with the clinical development of a starch—-DFO conjugate, Biomedical Frontiers Inc. reported on
the evaluation of HES-DFO in a Phase Ib clinical trial (s0). In this study, HES-DFO was administered via 4-h
iv. infusion over a range of doses from 5.1 to 153 mg/kg DFO equivalents. In addition to finding no serious
adverse events in the study, the authors noted a striking absence of hypotension, which is an acute side effect of
DFO infusion. This lack of infusion-associated hypotension allowed HES-DFO to be administered at an initial
rate of 200 mg/kg/h, which is significantly faster than the 15 mg/kg/h limit for free DFO [50). This enhanced
administration rate would be very valuable in instances of acute iron poisoning [61] where there is a need to rapidly
chelate large amounts of iron. Evaluation of the pharmacokinetic data from the study showed that HES-DFO had a
biphasic elimination profile, with a first half-life of approximately 20-30 h and the second half-life of approximately
85-105 h (Table 2) (s0. This biphasic disposition profile is due to the polydispersity of the HES stock, whereby
low molecular weight HES fractions contribute to a rapid initial elimination, and the higher molecular weight
fractions persist. Additional evaluation of urinary iron excretion showed that HES-DFO treatment induced nearly
twice as much excretion of iron as an equivalent dose of DFO. Furthermore, additional chelation capacity was
present beyond 48 h, due to the continued presence of high molecular weight HES-DFO at 48 h. Even with these
promising initial results, clinical development of HES-DFO did not continue.

Subsequently, Biomedical Frontiers Inc. reported on a Phase Ib clinical trial of a second drug candidate, starch-
DFO (S-DFO) i511. This study evaluated the safety, pharmacokinetics, and iron excretion of S-DFO in patients
with transfusional iron overload associated with B-thalassemia. S-DFO was administered via iv. infusion for 1 h
at a range of doses from 39.5 to 237 mg/kg DFO equivalents. In addition to causing no serious adverse events,
conjugation of DFO to starch increased the half-life of DFO to approximately 135 h at higher doses (Table 2).
Due to this extended half-life, the authors indicated that a single dose of S-DFO provided excess iron chelation
capacity (i.e., more chelator than transfused iron is present) for 57-159 h in a dose-dependent fashion. This excess
chelation capacity would counter the excess iron uptake from an estimated 3-5 days of transfusions, thus greatly
reducing dose frequency [51]. However, the clinical development of a starch-DFO conjugate halted following this
study, and the company pursuing this development no longer exists.
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Polyrotaxane deferoxamine

The Xiong lab has reported on the development of biodegradable polyrotaxane-DFO conjugates (hPR-DFO),
which are formulated by threading a-cyclodextrin (a-CD) onto PEG chains, and conjugating DFO to the a-
CD 1551. Enzymatically cleavable end groups are attached to the ends of the PEG chains to keep the cyclodextrin
rings in place and impart biodegradability. Following cleavage, the a-CD-DFO conjugates can leave the PEG
group and be cleared more readily. The efficacy of the hPR-DFO was evaluated in an iron-dextran model of murine
iron overload, following three doses of 150 mg/kg DFO equivalent administered every other day [s5]. While free
DFO treatment did not reduce serum ferritin, treatment with hPR-DFO substantially reduced serum ferritin to
approximately 20-25% lower than treatment with free DFO or saline. With respect to iron excretion, free DFO and
hPR-DFO increased urinary iron excretion nearly four-times and two-times that of saline, respectively, indicating
decreased efficacy of hPR-DFO on iron excretion into urine. Since both the hPR-DFO conjugate (3.5 nm in HD)
and the free a-CD-DFO degradation product are well under the 6-8 nm kidney filtration threshold (62, this is a
surprising observation. Both free DFO and hPR-DFO showed similar amounts of fecal elimination (nearly twofold
higher than saline), so the fate of the hPR-DFO conjugate is unclear [55]. Since the vast majority of alpha-CD is
eliminated through urine in <24 h (63], further characterization of hPR-DFO disposition is needed to understand
the efficiency of iron binding and excretion for the hPR-DFO construct.

e-Polylysine-deferoxamine

Kang et al. [56] recently reported on renal selective nanochelators that are composed of DFO conjugated on &-
polylysine (EPL). DFO-EPL polymeric nanoparticles were formulated by controlling the number of DFOs and their
surface charges, which resulted in overall HD less than the renal filtration threshold (6-8 nm), and proper surface
properties for renal clearance (Table 1). Pharmacokinetic analysis showed that DFO-EPL conjugates extended
the terminal half-life of DFO (Table 2) and essentially restricted distribution of the conjugate to the plasma and
extracellular spaces. Furthermore, the DFO-EPL conjugates were rapidly cleared in the urine in a dose-dependent
fashion (~40-80% dose within 4 h post-injection) with negligible hepatobiliary elimination (<0.2% injection
dose). DFO-EPL conjugates were distributed rapidly in the kidney and bladder with negligible amounts in other
organs [56].

Evaluation of therapeutic efficacy revealed a number of benefits compared with equivalent amounts of free DFO.
In a dietary iron overload mouse model, subcutaneous administration of 5 or 10 mg/kg DFO equivalents (as
DFO4-EPL and DFOgs-EPL, respectively) twice daily for 5 days reduced serum iron to near baseline levels, and
significantly reduced levels of iron and ferritin in liver [56]. Moreover, DFO conjugation approximately doubled
the amount of iron excreted in the urine within 4 h. Given the rapid urinary clearance of the DFO conjugates,
sc. administration was a key aspect of enhancing the efficacy by slowing the release of DFO-EPL into the blood
stream and increasing the contact time to bind iron released from tissue stores [56]. The DFO-EPL conjugates were
also evaluated in the Belgrade rat, which is an established genetic model of thalassemia-like iron overload anemia
with liver iron loading [64,65]. Again, sc. administration of DFO conjugates enhanced excretion of iron in urine and
reduced levels of iron and ferritin in liver (56).

DFO-EPL conjugates were also evaluated in both single and repeated dose acute toxicity studies [56]. A single
dose acute toxicity study on DFO4-EPL showed that at the highest iv. dose of approximately 330 mg/kg DFO
equivalents, DFO-EPL caused no visible adverse events in mice, whereas DFO alone at the LDsy immediately killed
all mice. Furthermore, histological evaluation of organs in mice 14 days after exposure showed no abnormalities
with the DFO-EPL treatment, whereas mice treated with DFO showed numerous markers of toxicity. Serum
analysis of biomarkers showed that DFO-EPL at the highest dose caused less damage than free DFO at 16 and
79 mg/kg. In a repeated dose study, five daily subcutaneous doses of approximately 20 mg/kg DFO equivalents
(as DFOg-EPL) were administered, and kidneys were evaluated by histopathology. Both DFO and DFO-EPL
treatment reduced signs of iron overload-associated kidney injury. However, free DFO induced acute kidney injury
as evidenced by glomerular tubularization, whereas there was no evidence of renal tubule injury in the DFO-EPL
groups [56]. Further studies are needed to understand the dose amounts and frequencies required to reduce iron
load to normal levels. Sustained release technologies could be applied to further enhance the half-life of DFO-EPL

while maintaining rapid renal clearance.
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Dendrimer conjugates
Hyper-branched polyglycerol-deferoxamine

The Kizhakkedathu lab initially reported on the development of iron-chelating dendrimers that were formulated
by conjugating DFO to hyper-branched polyglycerol (HPG) [52,531. Using this system, the HD and the number
of DFO per polymer could be appropriately tuned by controlling the molecular weight of the HPG and the
conjugation conditions (Table 1). Compared with free DFO, conjugation significantly increased the half-life in a
size-dependent manner to 15-45 h (Table 2). These ultra-long circulating (ULC) DFO conjugates showed very
limited urinary excretion over 1 week with <10% injected dose (ID) in a size-dependent manner, with larger
conjugates showing the lowest extent of renal clearance (Table 2) (s3). This is an expected observation since all tested
conjugates were larger than the renal filtration threshold (621. Subsequent studies of the ULC-DFO conjugates
confirmed the initial observations of low urinary clearance (Table 2) and showed that both smaller (ULC-75)
and larger (ULC-637) conjugates underwent limited (<10%) hepatobiliary clearance and fecal elimination over
6 days [521. The biodistribution data on ULC-DFO conjugates align with expected data for nanoparticles above
the renal filtration threshold (6], namely steady accumulation in RES organs such as liver and spleen over the time
course of the experiment.

Preliminary evaluation of efficacy in an iron-dextran model of murine iron overload showed a number of benefits
compared with free DFO [53]. After administering 150 mg/kg DFO equivalents of both small and large ULC~
DFO conjugates every other day for 10 days (i.e., five total doses), ULC-DFO substantially enhanced urinary
iron excretion compared with free DFO. While ULC-DFO significantly decreased plasma ferritin and organ iron
compared with DFO, the reduction in iron burden did not reach the levels in healthy controls (531. In a subsequent
study evaluating once weekly dosing of the larger conjugate ULC-637, 4 weeks of treatment caused a statistically
significant reduction of iron in liver, heart and spleen compared with free DFO. However, the total iron values
were still three to tenfold higher than normal values (52]. In both studies of ULC-DFO conjugates, acute toxicity
evaluations demonstrated that conjugation of DFO to HPG increased the LDs to >500 mg/kg DFO equivalent,
which is a twofold increase over free DFO [52,53].

While conjugation extended DFO half-life and reduced DFO toxicity, the ULC-DFO conjugates did not
return iron levels to normal. Since only <20% ID was cleared through urine or feces in 6 days, it is possible
that iron-bound ULC-DFO conjugates were trapped in the body, suggesting a prolonged accumulation. In order
to enhance excretion, the Kizhakkedathu lab introduced biodegradable ketal groups to the HPG technology to
enable fragmentation of the ULC-DFO conjugates [54]. Using this approach, two conjugates were prepared, each
having different degradation rates. Pharmacokinetic and biodistribution studies showed that both conjugates had
extended half-lives compared with native DFO; however, the more rapidly degradable conjugate BDD-200 had
a half-life nearly 1/10th that of the more stable conjugate BGD-60 (Table 2). Consistent with the differences in
degradation rates, BGD-60 accumulated in organs to a greater extent than BDD-200. Interestingly, while twice as
much BDD-200 as BGD-60 was renally excreted (Table 2), the conjugates had comparable total excretion levels
(near 50% ID), due to much higher fecal elimination of BGD-60 than BDD-200 (Table 2). For both conjugates,
the addition of biodegradable linkers enhanced the total amount of dose cleared from the body while still enhancing
half-life compared with free DFO. Interestingly, when the efficacy of these formulations was compared with DFO,
the DFO conjugates showed mixed results; while BGD-60 and free DFO caused a similar reduction in serum
ferritin and an increase in urinary iron excretion, BDD-200 reduced serum ferritin and liver iron further than
other treatments, however without increasing total iron excretion (54]. It would be important to characterize both
the excretion efficiency (i.e., bound vs unbound fraction) of the conjugates, as well as excretion over longer time
frames, in order to understand how to better refine the system.

Nanogel conjugates
Nanogel-deferoxamine

The Xiong lab has reported on the development of nanochelators that were formulated by preparing acrylate gel-
based nanoparticles (nanogels; NG) and subsequently conjugating DFO (NG-DFO) [57]. Using this approach, two
conjugates of different diameters and DFO loads were prepared (Table 1). Conjugating DFO to the NG constructs
significantly enhanced the half-life of DFO in healthy rats to nearly 50 h (Table 2). Interestingly, both NG-DFO
conjugates had similar half-lives (48 and 49 h) even though they significantly differed in diameter (36 and 101 nm).

This is unexpected since nanoparticle half-life typically decreases as the size of the nanoparticle increases, however
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it could be accounted for if the increased size also increased PEG coverage [66]. NG-DFO conjugates gradually
accumulated in liver, lung, and spleen over the first 48 h and showed a persistent signal in liver through 168 h [57.
This observation would be expected given that the size of the NG-DFO conjugates precludes them from being
cleared through urinary excretion.

Preliminary evaluation of efficacy in an iron dextran-induced iron overload model showed therapeutic benefits of
the NG1-DFO conjugate compared with free DFO in mice [57]. After three doses of 150 mg/kg DFO equivalent,
free DFO showed no decrease in serum ferritin, whereas NG1-DFO decreased serum ferritin by nearly 50%
compared with saline control. Both free DFO and NG1-DFO increased iron excretion in urine and feces by
comparable amounts, which is interesting considering the difference in serum ferritin levels. Since NG1-DFO is
too large to be renally excreted, it is surprising to see comparable levels of urinary iron excretion between NG-DFO
and free DFO. However, it is possible some DFO was released from the conjugate, thus enabling passage through
the kidney. It is also interesting to see negligible difference in fecal elimination between NG-DFO and free DFO,
given that NG-DFO extensively accumulates in the liver. Based on the persistent presence of NG-DFO over the
168-h biodistribution study [s7), it is likely that biliary clearance of NG-DFO proceeds over a longer time-frame
than was sampled in the efficacy study.

Since NG-DFO treatment significantly decreased serum ferritin without an increase in iron excretion, it is
possible that the NG-DFO conjugates bound a significantly larger amount of iron due to the long circulation
time, but were then trapped within the body due to slow clearance. To address this issue, the Xiong lab refined the
NG-DFO technology to enable biodegradation of the polymer [s58]. Thioketal-diamine linkers were introduced,
which are cleaved in the presence of the reactive oxygen species (ROS) often associated with iron overload. When
assessed 72 vitro, the cleavable linkers caused the 240 nm ING-DFO conjugate to degrade to <10 nm fragments. [
vivo efficacy of the degradable ING-DFO conjugate was evaluated by administering 150 mg/kg DFO equivalents
for a total of five doses every other day in an iron-dextran model of murine iron overload. Similar to the prior work
with NG-DFO, the ING-DFO conjugate decreased serum ferritin by nearly 50% compared with free DFO, which
only had a marginal decrease compared with saline treatment. Both free DFO and tNG-DFO increased urine iron
excretion by nearly threefold compared with saline treatment, though there was no significant difference between
free DFO and rNG-DFO. Including the ROS-cleavable bonds in the ING-DFO conjugate did significantly
enhance fecal iron elimination, with a nearly twofold increase over saline and an approximately 30% increase over
free DFO [58]. Based on the enhanced fecal elimination of ING-DFO compared with NG-DFO, it is very likely
that intact ING-DFO accumulated in the liver, where it was slowly hydrolyzed by iron-induced ROS and removed
from the body by hepatobiliary clearance. Though it is possible that the ING-DFO fragments could be cleared
through urinary excretion, most of the degradation likely occurs in organ tissues where the majority of excess iron
is located [10]. While a standalone safety study was not executed, the safety of ING-DFO was evaluated based on
gross anatomy and histopathology during the course of the efficacy study (58]. For all treatment conditions, there
were no changes in bodyweight or organ weight. Subsequent histopathological evaluation of the treated organs
showed no drug specific toxicities for free DFO or ING-DFO [58].

Controlled release nanoparticles
Polymeric deferoxamine nanoparticles

Guo et al. [59) reported on the development of polymeric nanoparticles (Table 1) for the controlled release of
DFO. The nanoparticle DFO formulation significantly increased the DFO half-life to nearly 50 h (Table 2), which
indicates prolonged vascular retention of DFO due to controlled release from the nanoparticle. Encapsulation also
altered the distribution of DFO, including significantly increased liver accumulation (59], which would be expected
of nanoparticles of the 100 nm size range [66]. Interestingly, encapsulation also increased total kidney accumulation
and changed the kinetics of accumulation (59]. This is likely a result of the steady release of DFO from DFO-NP
into the plasma, which enabled a larger fraction of the dose to enter the kidney.

Efficacy was evaluated in three murine models of iron overload following iv. injection of 40 mg/kg DFO
equivalents once a week for 4 weeks. In an iron-dextran model, DFO-NPs reduced liver iron nearly 50% over DFO,
and increased urinary iron excretion by approximately twofold [59]. In both B-thalassemia and hemochromatosis
models, DFO-NPs reduced iron in both liver and spleen by nearly 50%, whereas free DFO reduced it marginally.
Samples from the iron-dextran mice showed no tissue damage based on histology and no inflammatory response
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based on serum cytokines. Future studies are required to evaluate the safety of the nanoparticle DFO formulation,
since free DFO is associated with known toxicities [18].

Liposomal deferoxamine

Recently, there has been renewed interest in the development of liposomal DFO. As a part of ZoneOne Pharma, Tran
et al. [60] reported on liposomal DFO (LDFO) at the 58th annual meeting of American Society of Hematology.
In the abstract from their presentation, the authors claimed that LDFO formulations increased iron excretion
into urine more than two- to three-times compared with free DFO in an iron dextran model of iron overload.
Additionally, 20-30% of the dose was found in plasma after 24 h, which indicates that liposome encapsulation
increased the half-life of DFO (60). A detailed report with efficacy of iron removal from liver and spleen is expected
from the research group.

Perspectives on the development of nanochelators

A review of the recent developments in the field of nanochelators raises a few points of interest. Of notable interest are
the varied methodologies of handling free DFO as a control. Given that DFO has been proven efficacious in humans,
evaluation of novel nanochelators should involve DFO treatments that recapitulate the known efficacy. Since DFO
is severely limited by the short half-life, it is traditionally infused for 8—12 h or administered subcutaneously [15]. The
majority of recent publications on DFO nanochelators used iv. injection of DFO as a control, both as an appropriate
control for DFO-associated nanochelators and to avoid difficult infusions in rodents. This does, however, make
clinically-relevant evaluation of novel treatments difficult since it is iv. infusion, and not injection, that provides
free DFO with adequate chelation efficacy. To avoid technical difficulties in slow iv. infusions in rodents, repeat
subcutaneous injections should instead be employed to ensure that free DFO is an appropriate comparator for
novel treatments.

When comparing safety evaluations of novel chelators, methodological differences become clear. Since adverse
effects limit the utility of free DFO by narrowing the therapeutic window, novel nanochelators should demonstrate
a superior safety profile and expanded therapeutic window. The majority of studies covered in this review did
not conduct standalone safety assessments, which would be an important next step for the development of
these technologies. However, many of these studies did evaluate safety markers while studying nanochelator
efficacy [54,55,58,59]. Interestingly, free DFO treatment did not consistently produce signs of toxicity, however it is
possible that organ damage associated with the iron overload disease state [7] reduced sensitivity. One exception
was the publication by Kang ez al. [56], which clearly showed multiple mechanisms of toxicity for free DFO. This
is likely a result of the repeat subcutaneous administrations, which better recapitulate the administration patterns
in humans. Since the side effects of DFO can cause patient harm and reduce patient compliance, it is important to
demonstrate that novel nanochelators ameliorate DFO-associated toxicity.

A review of nanochelators also shows that plasma half-life can clearly be modulated by tuning nanochelator
size, which has enabled the development of chelators with half-lives approaching or exceeding 4 days. While the
extended half-life can reduce dose frequency, there is a clear need to balance extended half-life with adequate
nanochelator excretion. Since larger nano-therapeutics cannot be excreted in the urine and tend to accumulate
in highly perfused macrophage-laden tissues [66], long circulating nanochelators may not increase the excretion of
iron, even though they can bind more total iron. Substantial and persistent accumulation of nanochelators could
cause hepatic toxicity, as has been observed for other nanomaterials [67]. Therefore, there would be a benefit of
having nanochelators that undergo rapid excretion when bound to iron. The evolution of nanochelators toward
this goal can be seen in the development of both the ULC-DFO [52-54] and NG-DFO 1[57,58] technologies. For
both technologies, introduction of biodegradable bonds enhanced total clearance without sacrificing the extended
half-life. Kang e 4/. [56] demonstrated an alternative approach which was to formulate small nanochelators that are
rapidly and exclusively excreted through the urine. Since these renally clearable nanochelators had a relatively short
half-life for nanochelators, subcutaneous administration was employed to extend the residence time in plasma,
which significantly enhanced the efficiency of iron excretion (i.e., fraction of chelator bound to iron) compared
with iv. injection. In this particular instance, the combination of slow, prolonged release from the subcutaneous
space with rapid renal clearance showed a benefit over comparable treatment with free DFO (5¢].
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Future perspective for the development of nanochelators

Future approaches to nanochelator development should consider the combination of sustained release technologies
with nanochelators that have increased half-life and efficient clearance. Since iron needs to be mobilized from tissue
stores, sustained release technologies can be used to release nanochelator into the plasma at a rate that adequately
matches iron mobilization. Subcutaneous depot technologies can be used to achieve this goal. Toliyat ez al. [68)
reported on a similar approach with free DFO, where DepoFoam was used as a depot for the slow release of
DFO. This approach increased both the duration and extent of urinary iron excretion by threefold (68]. Polymeric
depot formulations would be suitable for nanochelators as they can readily control the rate of nanochelator
diffusion within the subcutaneous space. Typically, the polymer molecular weight and concentration can be tuned
to modulate nanochelator release rates. Injectable hydrogels are one such sustained release technology that can
be applied to nanochelators. Injectable hydrogels can be formulated using thermo-sensitive polymers including
poloxamers and cellulose derivatives [69], shear-thinning polymers such as hyaluronic acids (70}, and other stimulus
sensitive or inducible polymers [71]. Microparticles are an additional technology that can be used to form sustained
release nanochelator depots. They can be formulated using biocompatible polymers to control the release of
nanochelators [72]. Microparticles in the appropriate size range can be injected through needles (73] and can avoid
clearance by the immune system [74]. The utility of microparticles may be limited by the amount of drug that can
be solubilized within the core. Large volume subcutaneous (sc.) injection is an alternative approach that can be
used to increase dose size and reduce dose frequency for nanochelators. This technology, developed by Halozyme
Therapeutics, uses recombinant human hyaluronidase (fHuPH20) to enable subcutaneous administration of large
volumes [75]. Indeed, 150 units of rHuPH20 enables administration of up to 1000 ml drug solution. rHuPH20
can be administered prior to the therapeutic or co-administered with the therapeutic. This approach is currently
being used in three approved therapies: a once monthly dose of IgG (HyQvia), a subcutaneous dose of trastuzumab
(Herceptin sc./Herceptin Hylecta), and a subcutaneous dose of rituximab (MabThera sc./Rituxan Hycela) [75].

Sustained release technologies could also be applied to facilitate oral dosing of nanochelators. It has been
established that a variety of nanomaterials including nanoparticles, liposomes and dendrimers have reasonable oral
bioavailability [76], which indicates the potential for development of oral nanochelator therapies. Nanomaterials
have been shown to accumulate in the liver following lymphatic and nonlymphatic GI uptake [77], which could
provide additional therapeutic benefits of nanochelators since the liver is a major iron storage organ. Furthermore,
the degree of oral absorption depends heavily on the surface characteristics of the nanoparticle (78], which indicates
nanochelator chemistry could be modulated to enhance uptake. Sustained release technologies can be used to
enhance GI residence time of nanochelators and thus promote oral absorption. Mucoadhesives have been used
to enhance the oral bioavailability of large molecules such as insulin [79] and nanoparticles (78] by adhering to GI
walls and increasing the residence time of the therapeutics. Another approach to enhance GI residence time is
currently under development at Lyndra Therapeutics. They have created an ultra-long acting dosage form that
expands within the stomach and reduces gastric transit rate due to a star shaped geometry (80]. This approach has
been used for once weekly antiretroviral therapy for HIV [81] and biweekly antimalarial therapy (82). It is unclear
how this specific technology would be applied to nanochelators and how stable nanochelators would be in gastric
acids; however, this needs to be empirically explored.

Ultimately, there is great promise for the application of sustained release technologies to the treatment of iron
overload with nanochelators. Release rate of nanochelator from depot systems should be optimized to balance the
availability of nanochelator with the availability of chelatable iron in both circulation and tissues. Achieving this
balance can significantly enhance efficacy while reducing dose frequency, both of which would have a significant
impact on the quality of life of patients suffering from iron overload disorders.

Conclusion

Secondary iron overload is a serious condition that impacts patients with certain anemic hemoglobinopathies,
including thalassemia and sickle cell disease. Repeated transfusions associated with managing these diseases lead to
accumulation of excess iron and increases the risk of serious toxicities, including death from heart failure. While
current chelation therapies are effective at managing iron overload associated disease, therapeutic efficacy is highly
dependent upon compliance. This is problematic since both potentially severe side effects and often complex dosing
schemes can contribute to low compliance with iron chelation therapy. Nanochelators are a promising technology
for overcoming these limitations of existing iron chelation therapies. A number of novel delivery technologies have
been applied to develop nanochelators that show efficacy in treating preclinical animal models of iron overload.
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Conjugation and controlled release are the main approaches that have been employed to turn existing chelators
into nanochelators.

Recent studies on nanochelators demonstrate a clear relationship between nanochelator size and resulting changes
in pharmacokinetic properties and biodistribution. Reducing nanochelator size near the renal filtration threshold
can still increase half-life compared with free chelator, followed by rapid renal excretion. On the other hand,
increasing nanochelator size generally increases half-life; however, this comes with a decrease in the rate and extent
of excretion of the iron-chelator complex and potential accumulation in organs. In addition to nanochelator size,
biodegradability has a large impact on pharmacokinetic properties. Biodegradable bonds can decrease nanochelator
size in vivo, which decreases half-life and increases excretion compared with non-degradable constructs. In this
context, biodegradability is favored to enhance iron excretion and ensure that nanochelators do not accumulate in
the body. A lack of persistent accumulation is required to ensure nanochelators can be clinically translated. The
chronic nature of secondary iron overload necessitates repeat dosing, and persistent nanoparticle accumulation can
be associated with toxicities.

While there is great promise for nanochelators, there are some intrinsic limitations to current technologies that
will need to be addressed in order to enable clinical translation. Of clear importance is striking a balance between
the extension of chelator half-life and rapid clearance of iron-bound chelators. Extended half-life can be useful
to reduce dose frequency and to increase the exposure of the nanochelator to chelatable iron. However, the iron-
chelator complex should be rapidly removed from the body to minimize toxicities and adverse events associated
with polymer-based chelators. At the same time, nanochelators should not be excreted too rapidly since this can
decrease chelation efficiency by causing the excretion of iron-unbound chelators. Since only a small fraction of
iron is chelatable, the nanochelator must stay present in the plasma to compensate for the time it takes for iron to
mobilize from iron-loaded tissue to circulation.

Progress toward this goal is evident when reviewing recent developments in the field. Large nanochelators with
half-lives over 24 h have had their excretion increased by introducing biodegradable linkers that induce nanochelator
fragmentation. These technologies can be optimized to fine tune the balance between extended plasma half-life
and improved excretion. This could be done by modulating the identity and distribution of degradable linkers
in order to control rate of degradation and the size of the final degradants. In contrast to these large constructs,
small nanochelators with half-lives of hours have been developed that have exclusive urinary excretion due to their
size being under the renal filtration threshold. The rapid clearance can be counter-balanced by slowing the rate of
nanochelator administration. This has been demonstrated using subcutaneous administration, and can be further
developed by applying controlled release technologies to better modulate nanochelator delivery. Future studies
should achieve a balance between longer circulation half-life and rapid excretion in order to develop nanochelator
formulations that are viable candidates for clinical translation.
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Executive summary

Iron disorders

e Iron is an essential metal for life; however, excess concentrations of iron are toxic.

e A number of disorders can result in dysregulation of iron homeostasis, including hemochromatosis and
hemoglobinopathies, such as p-thalassemia and sickle cell disease.

e Secondary iron overload results from repeated transfusions associated with hemoglobinopathies, since there is no
mechanism to excrete the extra iron from transfused blood.

e Iron overload disorders are associated with a number of pathological outcomes, including liver dysfunction,
diabetes and cardiovascular complications that include heart failure.

Clinically available iron chelators

e Iron chelation therapy is the primary treatment for secondary iron overload.

e Clinically approved therapies include deferoxamine (DFO), deferiprone (DFP) and deferasirox (DFX), all of which
require daily administration.

e DFO treatment can be associated with hypotension, local skin reactions, and ophthalmic and auditory toxicities.

o DFP and DFX treatments increase the risk of infection and renal and hepatic injury, respectively.

e Inconvenient dosing regimens and adverse events are both key drivers of patient compliance with approved
chelators, which reduces therapeutic efficacy and enables disease progression.

Recent advances in nanochelator development

e Nanochelators are an attractive approach to iron chelation therapy. Not only can nanochelators enhance the
efficiency of iron chelation, but they can also overcome the two key drivers of low patient compliance.

e The use of nanochelators can reduce dose frequency and alleviate adverse events by increasing chelator half-life
and altering tissue distribution.

e Following early efforts that lead to some clinical trials, the past decade has seen a renewed interest in the
application of nanochelators to iron overload disorders. DFO-based nanochelators have been of particular
interest, possibly due to the lower intrinsic toxicity of DFO than that of DFP or DFX.

e A variety of DFO-based nanochelator technologies are reviewed, including linear and branched polymers,
dendrimers, polyrotaxane, micelles, nanogels, polymeric nanoparticles and liposomes.

e These nanochelators possess a range of pharmacokinetic, efficacy, and safety profiles, in part due to each
modality’s unique physicochemical properties. Indeed, hydrodynamic diameter and surface chemistry have a large
impact on the plasma-half life and clearance route of nanochelators.

Perspectives on nanochelator development

e There is a clear need for more standardized approaches to readily enable comparison of the numerous available
technologies.

e Efficacy and safety studies should demonstrate clinically relevant readouts in order to reflect their actual
therapeutic usage.

Future perspective

e Continued development of nanochelators should consider the combination of sustained release technologies
with chelators in order to increase efficacy and safety.

e The slow mobilization of iron from tissue stores would be most compatible with slow release of drug. Injectable
hydrogels, microparticles, large volume subcutaneous dosing technologies, and sustained release oral
technologies could all be applied to this end.
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