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Abstract

Chelation therapy is frequently used to help reduce excess iron in the body, but current chelators 

such as Deferoxamine (DFO) are plagued by short blood circulation times, which necessitates 

infusions and can cause undesirable toxic side effects in patients. To address these issues, 

polyrotaxanes (PR) were synthesized by threading α-cyclodextrin (α-CD) onto poly(ethylene 

glycol) bis(amine) (PEG-BA, MW 3400 g/mol) capped with enzymatically cleavable bulky Z-L 

Phenylalanine (Z-L Phe) moieties. The resulting PR was conjugated to DFO and 

hydroxypropylated to generate the final polyrotaxane-DFO (hPR-DFO). The iron chelating 

capability of hPR-DFO was verified by UV-Vis absorption spectroscopy and the ability of 

materials to degrade into smaller CD-conjugated DFO fragments (hCD-DFO) in the presence of 

the protease was confirmed via Gel Permeation Chromatography (GPC). In vitro studies in iron-

overloaded macrophages reveal that hPR-DFO can significantly reduce the cytotoxicity of the drug 

while maintaining its chelation efficacy, and that it is more rapidly endocytosed and trafficked to 

lysosomes of iron-overloaded cells in comparison to non-iron overloaded macrophages. In vivo 
studies indicate that iron-overloaded mice treated with hPR-DFO displayed lower serum ferritin 

levels (a measure of iron burden in the body) and could eliminate excess iron by both the renal and 

fecal routes. Moreover, there was no gross evidence of acute toxicological damage to the liver or 

spleen.
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Introduction

Iron is an essential biological element for the human body as it participates in many 

metabolic processes.1 Unfortunately, humans do not have an efficient means of excreting 

excess iron;2, 3 this can lead to eventual leakage of the metal ions from storage proteins (i.e. 

ferritin, hemosiderin) and iron saturation of transferrin, which ultimately results in the metal 

spilling into the bloodstream in the form of reactive non-transferrin bound iron (NTBI) that 

can then cause irreversible oxidative damage due to their preferential uptake by 

cardiomyocytes in the heart and hepatocytes in the liver.4-6 A large body of clinical evidence 

has demonstrated that iron overload conditions can further drive inflammation and increase 

the risk of cardiovascular disease in patients as well as encouraging infections. 7-9

Iron chelators such as DFO are often administered to patients suffering from iron overload 

conditions.10 Unfortunately, DFO needs to be administered under careful medical 

supervision to avoid undesirable toxic side effects.11 In addition, because of the extremely 

short residence time of DFO in the human body (ca. 20 min), the drug needs to be infused 

over prolonged periods of time and requires constant patient monitoring to avoid removing 

too much iron since it is a critical metal for downstream proteins involved in processes such 

as cellular respiration and metabolism.12 In an attempt to address these problems, we are 

exploring an environment-responsive carrier system capable of taking advantage of the 

inflammatory environment characteristic of iron-overload conditions. It is important for the 

carrier to maintain the iron chelation capability of DFO while minimizing its well-known 

cytotoxicity issues in cells13, 14 and to prolong drug residence time while incorporating 

suitable triggers for biodegradation of the carrier and elimination of iron- chelates from the 

body. In spite of the applicability of chelation therapy to iron overload conditions and other 

diseases characterized by metal imbalances, there have been few publications advancing this 

area of research over the years.15-18

Recently, cyclodextrin-based polyrotaxanes (PR) have attracted much attention as carriers 

for various drug delivery systems due to their biocompatibility and unique chemical 

composition.19-22 The presence of abundant hydroxy groups on the CD moiety makes it 

possible to easily attach various functional molecules and desirable drugs onto the carrier 
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system depending on the strategy used.23-26 The degradable properties of PR can be 

designed and triggered either chemically or enzymatically for controlled release of drugs 

from the carrier backbone.27-29 Herein we report on a strategy for the preparation of iron-

chelating PR capable of degrading via enzymatic cleavage of the endcaps (Scheme 1). 

Enzymatic cleavage was incorporated into the design due to the inflammatory nature of the 

iron overload condition and subsequent overexpression of various proteases; these factors 

should help speed up the biodegradation of PR in cells and allow for controlled elimination 

of iron from the body. In general, PR were formed by threading multiple α-CD rings onto 

PEG-BA chains and capping the ends with enzymatically cleavable bulky Z-L Phenylalanine 

(Z-L Phe) moieties.30 After forming PR, hydroxy groups on CD moieties were oxidized into 

aldehydes (PR-CHO) using Dess-Martin Periodinane (DMP) and the terminal amine of DFO 

was conjugated to oxidized PR via Schiff-base chemistry (PR-DFO). To further increase the 

water solubility of the carrier, remaining hydroxy groups on CDs were subjected to 

hydroxypropylation to afford the final hPR-DFO. The overall synthetic scheme for 

generating hPR-DFO is summarized in Figure 1.

Results and Discussion

Structural and Physical Characterizations of hPR-DFO

The synthesis of hPR-DFO was confirmed by 1H-NMR spectroscopy (Figure 2). In the 1H-

NMR spectra of PR (Figure 2A), peaks belonging to PEG were found at 3.46 ppm (–CH2–) 

and peaks belonging to α-CD were observed at 3.10-3.94 ppm (C2–H, C3–H, C4–H, C5–H, 

C6–H), 4.39 ppm (C6–OH), 4.75 ppm (C1–H), 5.46 ppm (C3–OH), and 5.63 ppm (C2–OH); 

there was also a broad multiple peak observed at 7.13-7.30 ppm which belongs to the 

aromatic protons of Z-L-Phe. By integrating various corresponding CD peaks with respect to 

the PEG peak and assuming one CD threads over every two repeating units of ethylene 

glycol, it was estimated that there is an average of 28 CD units threaded onto the PEG 

backbone. This result is similar to what has previously been reported and confirms the 

formation of inclusion complexes between PEG and α-CD.31 Next, hydroxy groups of CD 

were converted to aldehydes via Dess-Martin oxidation and a peak corresponding to these 

aldehyde protons (-CHO) was observed at 9.70 ppm (Figure 2B). The formation of PR-DFO 

via Schiff-base chemistry was verified by noting the absence of the aldehyde groups at 9.70 

ppm in the spectra, and the presence of new peaks at 1.15-1.50 ppm (– CH2-), 7.60-7.75 

ppm (-NH-), and 9.51-9.64 ppm (-N-OH) corresponding to conjugated DFO (Figure 2C). 

Following hydroxypropylation, the -CH3 peak corresponding to hydroxypropyl groups were 

observed at 0.96 ppm in the final hPR-DFO product (Figure 2D); hydroxypropylated PR 

without DFO (hPR) served as a control for in vitro and in vivo studies. To further confirm 

peaks assigned to hPR-DFO, hydroxypropylated CD-DFO (hCD-DFO) was also synthesized 

as a reference and its 1H-NMR spectra is available in Figure S1. DMP is a mild oxidizer that 

allows for selective conversion of alcohols to aldehydes or ketones, with the length of the 

reaction as well as exposure time to the oxidizer playing an important role in controlling 

hydroxy to aldehyde conversion levels.32 This means that although we were able to detect 

the presence of the aldehyde proton in PR-CHO (Figure 2B), it is not possible to confirm 

that every threaded α-CD will have at least 1 aldehyde group available for conjugation to 
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DFO. An indirect UV-Vis absorption methodology was therefore utilized to calculate DFO 

conjugation levels (see DFO Conjugation and Iron Chelation Properties).

The morphological structure of hPR-DFO was examined by transmission electron 

microscopy (TEM) and reveals near-spherical shapes with diameters of ca. 4.0 nm (Figure 

3A). Similarly, dynamic light scattering (DLS) displayed a single peak that was 

characterized by a z-average diameter of ca. 3.5 nm (Figure 3B). The polydispersity index 

(PDI) reported by DLS was 0.15 and indicates that resulting nanoparticles formed are 

reasonably monodisperse. These results are consistent with other reports which have 

demonstrated that PR behaves as random coils in good solvents, which explains their small 

sizes and spherical appearances.20

DFO Conjugation and Iron Chelation Properties

To probe the iron chelating capability of this nanocarrier, UV-Vis was used to confirm the 

formation of a 1:1 complex between hPR-DFO and ferric iron, Fe(III), by monitoring its 

characteristic absorption peak at ca. 430 nm.33 After mixing the 1 mg/ml solution of hCD-

DFO (as a control) or hPR-DFO with FeCl3 (1 mg/ml), a distinct clear yellow-brown color 

immediately formed, indicative of complex formation between hydroxylamine groups and 

iron (Figure 4). Although the characteristic complex formation peak at ca. 430 nm is broad, 

there is negligible absorption at that wavelength for hCD-DFO, hPR-DFO, and Fe(III) 

compared to mixtures of hCD-DFO/Fe(III) or hPR-DFO/Fe(III) (Figure 4A).

DFO is known to stoichiometrically bind iron with a stability constant on the order of 1031 

M−1 at a 1:1 mole ratio,34 therefore peak intensity can be proportionally related to complex 

formation in order to indirectly quantify final conjugation levels of DFO to PR. First, a 

standard curve for free DFO and Fe(III) was generated by mixing solutions of 10 mM 

Fe(III) to increasing concentrations of DFO (up to 10 mM) and monitoring peak intensities 

(Figure S2). Next, hCD-DFO or hPR-DFO at the concentrations of 1 mg/ml was mixed with 

10 mM Fe(III) at room temperature and the resulting absorbance at 430 nm was read. Final 

calculations revealed that ca. 35.7% (w/w) of the total weight of hPR-DFO contribution 

came from DFO, and assuming an average of 28 CD per PR, we calculated that there are 

approximately 28 DFO drug moieties per PR or an average of 1 DFO conjugated to every 

CD.

To further verify that DFO was indeed conjugated to PR and not just loosely associated, free 

DFO/Fe(III), hCD-DFO/Fe(III), and hPR-DFO/Fe(III) mixtures were washed extensively 

with a centrifugal filtration unit (MWCO 10,000). Small complexes such as those formed 

between DFO/Fe(III) and hCD-DFO/Fe(III) can easily pass through the membrane and this 

was visually confirmed by the presence of yellow-colored filtrates after the first wash; this 

was not the case for larger complexes formed between hPR-DFO/Fe(III) where the bottom 

filtrate remained a clear color (Figure 4B). To confirm this further, the absorption at 430 nm 

for hPR-DFO/Fe(III) was measured and repeatedly found to be very strong in the top 

concentrate solution but almost no signal was detected in the bottom filtrate after each 

successive wash (Figure 4C). In contrast, a signal was repeatedly detected (different 

intensities with each wash) in both the top concentrates and bottom filtrates of DFO/Fe(III) 

and hCD-DFO/Fe(III).
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Enzyme-Triggered Degradation Studies

Most diseases characterized by inflammation are often associated with the overexpression of 

a variety of proteases such as cathepsin B, L, and H, and carboxypeptidases (which are 

present in Kupffer cells, macrophages, or other reticuloendothelial systems).30 Similarly, 

protracted iron overload conditions can cause chronic inflammation7 and the overexpression 

of many of these proteases. This can be particularly advantageous for more rapidly 

triggering the biodegradation of hPR-DFO. The use of a nanocarrier such as PR for DFO is 

important to help improve the overall residence time of the drug while minimizing toxic side 

effects. And the incorporation of enzymatically cleavable endcaps on PR provide a 

mechanism for triggering the release of iron-bound chelates from the carrier once they have 

been taken up by macrophages where a vast majority of ferritin and hemosiderin proteins are 

found. In this study, the kinetics of protease-induced degradation of hPR-DFO was 

monitored by GPC for up to 312 h (13 days). Papain of wide specificity was used in the 

degradation studies to simulate cathepsin, a commonly overexpressed protease found in 

lysosomes of cells.35 The intact hPR-DFO eluted at 11.8 min, in comparison to the elution 

time of PEG-BA, glutathione (GSH) (added to reduce papain), and hCD-DFO which 

occurred at 17.3 min, 20.6 min, and 23.2 min respectively (Figure 5A). As shown in Figure 

5B, distinct peaks corresponding to PEG-BA, GSH, and hCD-DFO can clearly be observed 

at 48 h, but with increased incubation the area under the peak for hPR-DFO began to 

decrease over time until it completely disappeared after 312 h, indicative of hCD-DFOs 

threading off the PEG chains in response to enzymatic cleavage of the endcaps. The 

degradation study with papain was conducted in a closed stationary environment therefore it 

is difficult to draw predictive correlations between these studies and the rate at which the 

carrier would actually degrade in vivo. However it does show that the design for the carrier 

works and that endcaps of hPR-DFO were indeed eventually cleaved off to allow for hCD-

DFO to release from the PEG chains.

Cytotoxicity Studies in Macrophages

Although DFO is the oldest standard drug for treating iron overload conditions, it does 

possess undesirable cytotoxic effects and has been investigated as an anticancer agent 

against advanced hepatocellular carcinoma in clinical trials.36, 37 To investigate this issue, 

the cytotoxicity of free DFO and hPR-DFO were compared in J774A.1 non-iron overloaded 

mouse monocyte/macrophage cells as well as cells that had been iron-overloaded with 100 

μM ferric ammonium citrate (FAC). The J774A.1 cells were selected for evaluation because 

excess iron due to transfusions tends to accumulate first in macrophages of the 

reticulendothelial system for storage in ferritin and hemosiderin.5

To evaluate the cytotoxicity of hPR-DFO, cells in complete DMEM medium were treated 

with equivalent amounts of free DFO, hCD-DFO, hPR, or hPR-DFO from 0.05-1000 μM 

and allowed to incubate for 48 h prior to evaluating cytotoxicity with a metabolism-based 

resazurin assay. As shown in Figure 6A, free DFO inhibited 50% viability of cells at 

concentration as low as ca. 8 μM, which is comparable to a previous cytotoxicity report.18 In 

contrast, hPR-DFO was 85-fold less toxic compared to free DFO with a 50% cell viability 

observed at ca. 700 μM. Similar data was obtained for the formulations in the iron-

overloaded macrophages (Figure 6B), with DFO inhibiting 50% cell viability at ca. 9 μM in 
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contrast to ca. 800 μM for hPR-DFO. The significant decrease in toxicity for hPR-DFO may 

be attributed to the absence of DFO's reactive primary amino group conjugated to PR. When 

equivalent concentrations of hCD-DFO and hPR were evaluated, the hPR backbone 

appeared non-toxic whereas hCD-DFO exhibited a toxicity profile very similar to hPR-DFO 

at the highest concentration evaluated; the toxicity may be attributed to chelating too much 

iron from critical intracellular proteins which can vastly disrupt metabolic and cellular 

respiration processes.

Iron Chelation Efficacy Studies in Macrophages

Macrophages were iron-overloaded with 100 μM FAC for 24 h, as done previously for the 

cytotoxicity studies, to increase their overall ferritin expression levels.2 We had previously 

found that treating macrophages with 100 μM FAC offered the best balance for inducing 

increased cellular ferritin expression without affecting cell viability (>80% cells were still 

viable).18 As shown in Figure 6C, 100 μM FAC treatment increased cellular ferritin 

expression in macrophages from 6.30 to 12.02 ng/μg total protein (p < 0.001). Next, iron-

loaded cells were treated for 48 h with either 10 μM or 50 μM DFO, equivalent hCD-DFO, 

or hPR-DFO. DFO administered at 10 μM was able to reduce the cellular ferritin level from 

12.02 to 5.69 ng/μg total protein (52.7% decrease, p < 0.001), and to 3.40 ng/μg total protein 

at 50 μM (71.7% decrease, p < 0.001). Treatment with hCD-DFO administered at 10 μM 

decreased the ferritin expression level from 12.02 to 6.08 ng/μg total protein (49.4% 

decrease, p < 0.001), and to 3.24 ng/μg total protein at 50 μM (73.0% decrease, p < 0.001). 

For hPR-DFO, the ferritin levels decreased from 12.02 to 6.42 ng/μg total protein at 10 μM 

(46.6% decrease, p < 0.001), and to 3.33 ng/μg total protein at 50 μM (72.3% decrease, p < 

0.001).

Interestingly, free DFO, hCD-DFO and hPR-DFO generated similar treatment effects when 

comparing decreases in ferritin concentrations at both 10 and 50 μM equivalent DFO 

concentrations (ns); all the formulations were able to return iron-overloaded cell ferritin 

levels back to control baseline levels (non-iron overloaded) in spite of the conjugation 

chemistry performed. These results are consistent with the knowledge that the three 

hydroxylamines on the drug are solely responsible for the iron-chelating properties of DFO 

and thereby unaffected by conjugation chemistry to the primary amine.16 However, it is 

worthwhile to note that there was a drastic difference in cytotoxicity and safety between 

hPR-DFO (>100% cells were viable) and DFO (ca. 50% cells viable) (Figure 6A and 6B) at 

10 μM concentration in spite of their similar iron chelation efficacies; at 50 μM 

concentration, the cytotoxicity of DFO was even more pronounced compared to hPR-DFO, 

with <50% cells viable compared to >100% cells treated with hPR-DFO. That means hPR-

DFO appears to be not only as effective as DFO at chelating iron but also much less toxic to 

macrophages.

Cell Uptake Studies in Macrophages

Confocal laser scanning microscopy (CLSM) was used to track the cellular uptake behavior 

of hPR-DFO after labeling with fluorescein cadaverine (Fc). The primary amino group on 

the Fc fluorophore was conjugated to unreacted aldehyde groups present on PR-DFO and 

the final construct was hydroxypropylated to generate hPR-DFO-Fc. The fluorescently 
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labeled hPR-DFO-Fc was incubated for 4 h at 37 °C with non-iron overloaded and iron-

overloaded macrophages. Cells were stained for 30 min with the lysosomal probe 

LysoTracker Deep Red prior to imaging. Co-localization images confirm that hPR-DFO-Fc 

do appear to enter cells through endocytosis and are eventually trafficked to lysosomes of 

non-iron overloaded and iron-overloaded macrophages (Figure 7). Previous reports 

investigating the mechanisms of intracellular iron chelation between DFO and the new oral 

chelators Deferasirox (DFX) and Deferiprone (DFP) have indeed found differences in 

uptake behavior for these drugs. In contrast to DFX and DFP which exert their chelating 

effects in the cytosol of cells, DFO cannot pass through cell membranes and is taken into 

cells through endocytosis into lysosomes, where a large amount of iron-bound ferritin and 

hemosiderin storage proteins are found.38

There was more evidence of co-localization between hPR-DFO-Fc with LysoTracker in 

lysosomes of iron-overloaded cells in comparison to non-iron overloaded macrophages at 

the 4 h time point. As shown in Figure 7A, the labeled carrier was rapidly internalized by 

iron overloaded macrophages after 4 h incubation at 37 °C, with cell morphology still 

appearing normal. Interestingly, the labeled carrier did not seem to internalize as rapidly or 

to the same extent in the non-iron overloaded cells (Figure 7B). After washing the cells, 

replacing the culture media, and incubating cells for another 12 h, the intracellular co-

localization of hPR-DFO and Lysotracker in lysosomes was even more pronounced in the 

iron-overloaded cells compared to non-iron overloaded cells, as shown in Figure S3. Since 

adding excess iron to macrophages does result in a doubling of ferritin expression levels 

(Figure 6C), our studies seem to point to a correlation between rapid trafficking of hPR-

DFO-Fc to lysosomes when there is more ferritin expressed. It has indeed previously been 

observed that DFO alone appears to induce ferritin to accumulate in lysosomes, in contrast 

to DFX and DFP, and that this mechanism may perhaps be unique to how the drug exerts its 

iron chelating effects.38

Efficacy and Elimination Studies in Iron-Overloaded Mice

Efficiency of iron binding and elimination was investigated in vivo in iron-overloaded mice. 

Normal female Balb/C mice (6 weeks old) were intravenously iron overloaded by a single 

tail vein injection of 150 mg/kg dextran/Fe (Day 1) as previously reported.15 After a week of 

monitoring animals to ensure adequate iron levels, mice were treated with either saline, free 

DFO, hPR-DFO at an equivalent dose of 150 mg/kg DFO, or control hPR at the same w/v 

ratio of hPR-DFO. Treatment began on Day 8, with an additional two doses of treatments 

administered on Day 10 and Day 12, for a total of three treatments. On Day 19, mice were 

sacrificed, organs collected, and blood drawn for the serum ferritin assay.

Ferritin, which is found to varying degrees in almost all cells, is one of the main storage 

proteins for iron and a good indicator of overall iron levels in the body.4-6 The elevated level 

of ferritin in the serum is therefore an important parameter to monitor as it often correlates 

with the degree and severity of systemic iron overload.39, 40 By Day 19, the serum ferritin 

level decreased significantly only in mice that had been treated with hPR-DFO compared to 

control treatments (p < 0.001). The serum ferritin concentrations of animals that had been 

treated with DFO was 8160.26 +/- 439.02 ng/ml ferritin, a value not statistically significant 
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from control saline (7502.92 +/- 266.05), but was 6331.15 +/- 291.52 ng/ml ferritin for hPR-

DFO, which was statistically significant compared to both control saline and DFO (p < 

0.001) (Figure 8A). To assess the safety of the carrier following the three treatments, organs 

(lungs, heart, spleen, kidneys, brain, and liver) were harvested and weighed after sacrificing 

animals on Day 19 (Figure 8B). Especially important are the spleen and liver of mice 

receiving DFO, hPR, and hPR-DFO, which were all found to weigh within the normal range 

(ns). This is encouraging and suggests that hPR and hPR-DFO may not accumulate at levels 

sufficient to cause acute toxicological damage to those organs.

Elimination of iron-bound chelates from the body is a critical parameter to investigate in 

order to minimize iron redistribution in the body. The urine and feces of mice were collected 

each day starting on Day 9 up until Day 19. Due to very low iron concentrations, urine for 

each formulation was pooled to generate a total iron urine exclusion value by the use of 

inductively coupled plasma-mass spectrometry (ICP–MS). As expected, due to its smaller 

size, DFO-treated mice were able to excrete iron chelates through the urine in significantly 

greater amounts than hPR-DFO treated animals (p < 0.01) (Figure 9A). Since the feces 

collected had higher concentrations of iron, it could therefore be measured daily by atomic 

absorption spectroscopy (AAS). A significant increase in total iron exclusion was observed 

for both DFO and hPR-DFO treatment groups compared to saline and hPR-treated mice (p < 

0.001) (Figure 9B). The daily concentration of iron (Figure 9C) and the daily amount of Fe 

(Figure 9D) excreted from feces are included to demonstrate the overall trends of iron 

excretion over time. The amount of food eaten by animals on any particular day can affect 

the overall concentration of iron excreted (even though mice were fed a low-iron diet), 

however it is possible to observe a general trend where we see significant increased iron 

elimination from feces on the day of treatment or the day after each treatment with DFO and 

hPR-DFO; these trends were not readily observed with saline or hPR-treated groups. From 

these elimination studies, it is possible to conclude that hPR-DFO can increase excretion of 

some iron via the renal route into urine; however a larger majority of carrier metabolism and 

degradation does appear to occur in the liver since there is evidence of more iron being 

excreted into the intestinal tract and into the bile for elimination via the fecal route. 

Although we did not analyze the metabolites or the form of iron chelates eliminated, the 

significantly reduced serum ferritin concentration of animals treated with hPR-DFO 

compared to DFO (Figure 8A), coupled with a lack of acute toxicological damage in the 

liver and spleen (Figure 8B), and encouraging renal and fecal elimination (Figure 9), do 

suggest that hPR-DFO may be a good candidate for further evaluations.

Conclusions

In summary, we have synthesized biodegradable nanomaterials capable of chelating iron by 

incorporating enzyme-sensitive caps onto the ends of PR and conjugating the iron chelator 

DFO onto the PR scaffold. This nanomaterial was shown to degrade into smaller hCD-DFO 

fragments upon cleavage of the endcaps by papain. hPR-DFO exhibited negligible 

cytotoxicity compared to the free drug, retained the iron-chelating efficacy of DFO, and was 

demonstrated to more rapidly co-localize to lysosomes of iron-overloaded macrophages. 

Iron-overloaded mice treated with hPR-DFO exhibited significantly lower serum ferritin 

concentrations and were able to utilize both the renal and fecal elimination routes to excrete 
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excess iron. hPR-DFO warrants further investigations and optimization of the structural 

features of this system is currently in progress.

Methods

Synthesis of Components and Material Precursors

See Supporting Information for details.

Structural and Physical Characterizations of hPR-DFO

To investigate the structural composition of PR formed, 1H-NMR experiments were carried 

out on a Varian Unity-Inova 400 MHz NMR spectrometer. The iron chelation capability of 

the final hPR-DFO was investigated via UV-Vis absorption spectroscopy in the presence of a 

surplus concentration of Fe(III) by scanning between 350–600 nm (SpectraMax Plus, 

Molecular Devices). The magnitude of the absorbance peak at 430 nm is characteristic of 

degree of complexes formed between DFO and Fe (III) and was used to determine the 

amount of DFO monomers incorporated into the PR scaffold. More specifically, a series of 

solutions containing fixed concentrations of Fe(III) (10 mM) and increasing concentrations 

of free DFO up to 10 mM were prepared and the absorption at 430 nm measured. Since free 

DFO chelates Fe(III) at a 1:1 mole ratio, a standard curve relating absorbance to DFO 

concentration was generated:

where x is the concentration of free DFO (mg/mL) and y is the absorption measured. To 

determine DFO conjugation levels on hPR-DFO, a 1.0 mg/mL solution of the carrier was 

mixed with Fe(III) (10 mM) at room temperature and the absorption at 430 nm was 

measured. The final concentration of DFO in hPR-DFO was then back-calculated based on 

known parameters obtained via NMR and known final polymer weight. Note that DFO and 

hPR-DFO samples in the absence of Fe(III) do not absorb at 430 nm.

To investigate the morphology of resulting hPR-DFO, transmission electron microscopy 

(TEM) images were taken on a Philips CM120 instrument with an acceleration voltage of 

120 kV. Sample was prepared by air-drying a drop of 0.01 mg/mL hPR-DFO suspension on 

copper grid. Thereafter, the copper grid was inverted onto a drop of aqueous solution of 

sodium phosphotungstate (2%, w/v, pH = 7) and rinsed gently with deionized water.

To investigate the hydrodynamic size and PDI of hPR-DFO, DLS measurements were 

collected on a Zetasizer Nano ZS (Malvern Instruments, UK) and analyzed with Zetasizer 

software v7.10. Briefly, hPR-DFO was suspended in ddH2O at about 1 mg/mL and the 

cumulant analysis method was used to calculate the z-average diameter and PDI. 

Measurements were conducted on three batches of samples and results are reported as mean 

± standard deviation (SD). Prior to measurements, hPR-DFO solutions were clarified by 

filtering through Millipore membranes with a 0.45 μm pore size.

Liu et al. Page 9

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2017 August 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Enzyme-Triggered Degradation Studies

Aqueous phase GPC was used to measure the apparent molecular weight changes of hPR-

DFO incubated with papain. More specifically, 20 mg of hPR-DFO was dissolved in 0.5 ml 

McIlvaine's Buffer (100 mM of citric acid, 50 mM of Na2HPO4, 2 mM EDTA, 10 mM GSH, 

and pH 7.0), followed by the addition of 1 mg papain in 0.5 mL McIlvaine's Buffer and 

stirred at 37°C. A fresh dose of 1 mg papain was added to the buffer solution every 72 h. 

The reaction mixture (0.2 ml) was sampled at various time points and immediately heated to 

precipitate the enzyme before storing at −20°C until ready for analysis by aqueous GPC. 

Samples were clarified by filtering through Millipore membranes with a 0.45 μm pore size 

and GPC data acquisition was conducted on a Shimadzu UFLC system equipped with 

Shodex OHpak SB-806M HQ column (8.0 × 300 mm) and a refractive index detector (RID), 

and eluted with corresponding McIlvaine's Buffer at a flow rate of 0.5 mL/min. GPC data 

was analyzed with Shimadzu LCsolution GPC post-run software.

Cytotoxicity Studies in Macrophages

J774A.1 macrophage cells were seeded in 96-well plates at a density of 3,000 cells/well, 

cultured at 37°C, and 5% CO2 in complete DMEM (supplemented with 10% (v/v) heat-

inactivated FBS, 100 I.U./mL penicillin and 100 μg/mL streptomycin), and allowed to settle 

for 24 h. Cells were then treated with DFO or hCD-DFO or hPR-DFO at equivalent DFO 

concentrations up to 1 mM for 48h. Equivalent hPR based on w/v to hPR-DFO 

concentrations was also investigated as a control.

Cell viability was measured with the metabolism-based resazurin assay. Briefly, the 

substrate resazurin was dissolved in cell culture medium at a concentration of 44 μM, added 

to each well (100 μl) and incubated at 37°C for 4 h. The fluorescence was measured with 

excitation at 560 nm and emission at 590 nm, on a SpectraMax Gemini EM microplate 

reader. Readings from the wells without cells were used as Eblank, and the readings from 

control cells without treatment (Econtrol) were used to represent 100% cell viability. The 

viability of treated cells at different concentrations can be calculated by the following 

equation:

Cytotoxicity was also similarly evaluated in iron-overloaded cells. Briefly, macrophage cells 

were iron overloaded for 24 h by incubating with culture medium containing 100 μM FAC 

(cells >80% viable, data not shown) prior to adding formulations.

Iron Chelation Efficacy Studies in Iron-Overloaded Macrophages

J774A.1 macrophage cells were seeded in 6-well plates at a density of 30,000 cell/well and 

allowed to settle for 24 h at 37°C, 5% CO2 in DMEM complete medium before treatment. 

First the cells were treated with 100 μM FAC (added to DMEM complete medium) for 24 h 

to induce iron overload. Subsequently, cells were washed with PBS and treated with DFO or 

hCD-DFO or hPR-DFO at both 10 μM and 50 μM for 48 h. Control group A cells were not 
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iron-overloaded with FAC; cells in control group B were iron-overloaded with FAC but not 

treated with DFO or hCD-DFO or hPR-DFO. After 48 h incubation with DFO or hCD-DFO 

or hPR-DFO, cells were lysed with cell lysis buffer (150 mM NaCl, 10 mM Tris, 1% Triton 

X-100 and protease inhibitor cocktail, pH 7.4) and total protein concentration was measured 

with the BCA protein assay kit. Cellular ferritin concentration was measured with a mouse 

ferritin ELISA kit. The results are plotted as the ratio of ng of ferritin per μg total protein 

concentration.

Cell Uptake Studies in Macrophages

Macrophage cells were seeded on cover slips at a density of 1×105 cells per well and 

incubated at 37°C, 5% CO2 in DMEM culture medium (with or without 100 μM FAC to 

iron-overload the cells) for 24 h. Next, cells were washed three times with PBS at room 

temperature before adding 2 mg/mL hPR-DFO-Fc in culture medium. Cells under non-iron 

and iron-overloaded conditions were incubated with the labeled carrier at 37 °C for 4 h or 

for 16 h (4 h + 12 h). In general, prior to imaging, cells were washed three times with PBS 

and then LysoTracker® Red DND-99 in culture medium at a final concentration of 1 μg/mL 

was added for 30 min incubation at 37 °C. Afterwards, cells were washed three times with 

PBS and fixed with 1 mL 4% paraformaldehyde (PFA) for 10 min at room temperature. 

Fixed slides were stored in PBS at 4 °C before imaging with a confocal microscope.

Efficacy and Elimination Studies in Iron-Overloaded Mice

All efficacy experiments were conducted in accordance with University of Wisconsin 

Animal Care and Use Committee guidelines and the NIH Guide for the Care and Use of 

Laboratory Animals. Female Balb/C mice, 6 weeks old, were housed in Innovive static 

microisolator cages in a room maintained at 20 ± 1°C and with 12 h light and dark cycles. 

Feed (Harlan Teklad 8604 Rodent Diet) and water were available ad libitum. Iron overload 

was achieved by single tail vein injection of dextran/Fe (Anem-X 100, Aspen Veterinary 

Resources, Ltd; 150 mg/kg of Fe, 10 μl/g body weight, BW, in normal saline) on Day 1. It 

was previously shown that this amount of dextran/Fe is sufficient to produce iron overload in 

mice based on previous studies.15 Four groups of mice (n = 3 mice per metabolic chamber) 

were started on iron-deficient powder diet (Teklad TD.80396.PWD) ad libitum on Day 6. On 

Day 8, 10, and 12, the following 4 formulations were administered via single tail vein 

injections to mice; group 1 received normal saline injections, group 2 was administered 

DFO, group 3 was administered hPR, and group 4 was administered hPR-DFO at an 

equivalent dose of 150 mg/kg DFO. The final administration volumes were all adjusted to 10 

μl/g BW in normal saline. Mice were necropsied 7 days after the last dose (Day 19).

Daily feces and urine from metabolic cages were collected and weighed from Day 6 onward 

till necropsy day, and iron content measured on each day. Iron content in urine was 

measured by magnetic-sector ICP-MS (Thermo-Finnigan Element 2) using the m/z 56 

isotope in medium resolution. Specifically, 0.1 mL aliquot of samples were placed into 

cleaned 15 mL polypropylene tubes and diluted with 5 mL of 2% Optima nitric acid. Iron 

concentration in feces was measured by standard AAS (GBC Scientific Equipment model 

932AA). Briefly, fecal material was homogenized in distilled water and iron was extracted 
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by adding 5% trichloroacetic acid (TCA)/1.5 N HCl. The fecal extract was heated to 70°C 

for 90 min and clarified before AAS measurements.

Mice were euthanized by CO2 overdose. Blood was collected directly from cardiac puncture 

and put into anticoagulating tubes. Blood samples were added to microcentrifuge tubes for 

serum collection and ferritin measurement by ELISA assay according to the manufacturer's 

instruction (Immunology Consultants Laboratory, Inc.). The lungs, heart, spleen, kidneys, 

brain, and liver of each animal were collected, rinsed with fresh PBS, blotted dry with 

kimwipes, and then weighed.

Statistical Analysis

Statistical analysis was performed with GraphPad Prism 5.0 software. Statistical significance 

between groups was assessed with one way ANOVA; p < 0.05 was considered statistically 

significant.
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Figure 1. 
Synthesis of hPR-DFO: a) ddH2O, b) DMSO, c) DMP, DMSO, d) NaBH3CN, DMSO, e) 

NaOH, ddH2O.
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Figure 2. 
1H NMR spectra of PR (A), PR-CHO (B), PR-DFO (C) and hPR-DFO (D).
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Figure 3. 
(A) Representative TEM image of hPR-DFO reveals ca. 4.0 nm spherical structures; (B) 

DLS size distribution of hPR-DFO dispersed in ddH2O displays a z-average diameter of ca. 

3.5 nm with a PDI of 0.15.
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Figure 4. 
(A) UV-Vis absorption spectrum of Fe(III) in solution (black line), hCD-DFO in solution 

(red line), hCD-DFO in the presence of Fe(III) (blue line), hPR-DFO in solution (green line) 

and hPR-DFO in the presence of Fe(III) (pink line). (B) Optical images of DFO (i), hCD-

DFO (ii) and hPR-DFO (iii) before addition of Fe(III) reveal clear solutions (first row of 

vials). After addition of iron, a distinct clear yellow-brown color forms immediately and is 

indicative of chelates (second row of vials). To further rule out the possibility that DFO was 

just loosely associated with PR, a microcentrifuge filter tube (MWCO 10,000 g/mol) was 

used to concentrate the material (third row of images); the yellow DFO/Fe(III) (i) or hCD-

DFO/Fe(III) (ii) colored suspension passed through the filter into the bottom filtrate whereas 

the yellow colored suspension containing polymer chelates remained in the filter unit (iii). 
(C) UV-Vis absorption spectrum of the concentrate of hPR-DFO displays strong absorption 

at ca. 430 nm (green line) and no absorption for the filtrate (blue line) after extensive 

washing with the centrifugal filtration unit; the concentrates of DFO (black line) and hCD-

DFO (red line) still absorb at ca. 430 nm but at lower magnitudes than before, reflecting 

their smaller sizes and elution through the membrane.
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Figure 5. 
(A) Individual representative GPC curves for hPR-DFO (1), PEG-BA (2), GSH (3) and 

hCD-DFO (4). (B) hPR-DFO degradation in the presence of papain was evidenced by noting 

changes in the apparent molecular weight of the carrier as monitored by aqueous GPC at RT.
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Figure 6. 
Cytotoxicity at 48 for DFO, hCD-DFO, hPR and hPR-DFO incubated in non-iron 

overloaded (A) and iron-overloaded macrophage cells (B); a representative set of data is 

shown where each data point is presented as the mean ± SD (n = 3). (C) Ferritin reduction 

assay to monitor iron chelation efficacy of DFO, hCD-DFO and hPR-DFO in iron-

overloaded macrophage cells; cells were treated with DFO or hCD-DFO or hPR-DFO at 10 

μM or 50 μM for 48 h. Cellular ferritin level was measured by a mouse ferritin ELISA assay. 

Results are normalized to total protein (ng/μg) and presented as mean ± SD (n = 3). “ns” 

means the difference was not significant. *** p < 0.001.
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Figure 7. 
Iron-overloaded and non-overloaded macrophage cells were incubated with hPR-DFO-Fc 

for 4 h prior to adding LysoTracker and imaging. From left to right, LysoTracker red 

fluorescence, hPR-DFO-Fc green fluorescence, and the overlay of images (scale bar: 20 

μm).
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Figure 8. 
(A) Ferritin level in serum of animals was measured via a colorimetric mouse Ferritin 

ELISA assay. (B) Acute toxicological effect of DFO, hPR and hPR-DFO on various organs 

based on weight; note the lack of inflammation observed in the liver and spleen of animals. 

Results are presented as mean ± SD (n = 3). “ns” means the difference was not significant. 

*** p < 0.001.
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Figure 9. 
Iron elimination trends in urine and feces of mice: (A) Total iron (Fe) excluded through 

urine; (B) Total Fe excluded through feces; (C) Daily Fe concentration excluded from feces; 

(D) Daily Fe amount (weight) excluded through feces. Results are presented as mean ± SD 

(n = 3). “ns” means the difference was not significant. * p < 0.05, ** p < 0.01, *** p < 

0.001.
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Scheme 1. 
Schematic representation of hPR-DFO chelating iron, Fe(III), and controlled biodegradation 

of the nanomaterial via enzymatic degradation of the endcaps.
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