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1  | INTRODUC TION

Iron is an essential nutrient for cell metabolisms including DNA 
synthesis and ATP production.1 Cancer cells have high iron re-
quirements due to their rapid growth and proliferation, and iron 
overload has been reported to promote oncogenesis and tumor 

growth.1,2 In this context, iron depletion using iron chelators has 
been reported to inhibit cancer cell proliferation by inducing cell 
cycle arrest and apoptosis.3-6 In particular, deferoxamine (DFO), 
which is the widely used iron chelator for iron overload disease, 
has attracted much attention in cancer treatment because of the 
safety profiles approved by the US FDA. Due to its hexadentate 
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Abstract
Cancer cells have high iron requirements due to their rapid growth and prolifera-
tion. Iron depletion using iron chelators has a potential in cancer treatment. Previous 
studies have demonstrated that deferoxamine (DFO) specifically chelates Fe(III) and 
exhibited antitumor activity in clinical studies. However, its poor pharmacokinetics 
has limited the therapeutic potential and practical application. Although polymeric 
iron chelators have been developed to increase the blood retention, none of previ-
ous studies has demonstrated their potential in iron chelation cancer therapy. Here, 
we developed polymeric DFO by the covalent conjugation of DFO to poly(ethylene 
glycol)-poly(aspartic acid) (PEG-PAsp) block copolymers. The polymeric DFO exhib-
ited iron-chelating ability comparable with free DFO, thereby arresting cell cycle and 
inducing apoptosis and antiproliferative activity. After intravenous administration, 
the polymeric DFO showed marked increase in blood retention and tumor accumula-
tion in subcutaneous tumor models. Consequently, polymeric DFO showed signifi-
cant suppression of the tumor growth compared with free DFO. This study reveals 
the first success of the design of polymeric DFO for enhancing iron chelation cancer 
therapy.
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hydroxamates structure (Figure  1A), DFO specifically chelates 
Fe(III) with a log stability constant of 30, while it has a relatively 
low affinity to the other essential metals because of their divalent 
charge.7,8 In addition, the hexadentate ligand prevents Fe(III) from 
producing hydroxy radicals via Fenton reaction,7,9,10 which may 
contribute to avoidance of untoward toxicity. Previous studies 
have demonstrated that numerous cancer cell lines are sensitive 
to iron depletion by DFO.6,11-15 In addition, several clinical stud-
ies have shown that DFO exhibits antitumor activity in patients 
with neuroblastoma, leukemia, and hepatocellular carcinoma.16-18 
However, DFO has an extremely short plasma half-life of approx-
imately 20 min in human,7 limiting the therapeutic efficiency. To 
make up for such short blood retention, DFO must be infused for 
8-24 h consecutively per day for several days per week,16-18 which 
may lead to arduous regimen for patients. In addition, systemically 
administered DFO cannot target tumors, and this may compromise 
its therapeutic potential.7 Overcoming these challenges may per-
mit efficient iron chelation cancer therapy.

A promising way to increase the plasma half-life of DFO is covalently 
conjugating DFO to biocompatible polymers using its terminal amino 
group which does not contribute to iron chelation (Figure 1A).7 There 
has been extensive research in this field for iron overload diseases,19-21 
in which polymeric DFO successfully increased the plasma half-life of 
DFO and resulted in enhancing the therapeutic effect. For iron chela-
tion cancer therapy, due to prolonged blood retention, polymeric DFO 
has been expected to passively target tumors through an enhanced 
permeability and retention (EPR) effect.7 However, none of previous 
studies has reported the augmented antitumor activity of polymeric 
DFO and quantitatively evaluated its tumor accumulation.22,23

Here, to realize effective iron chelation cancer therapy, we syn-
thesized the polymeric DFO, termed PEG-PAsp(DFO), by covalently 
conjugating DFO to poly(ethylene glycol)-poly(aspartic acid) (PEG-
PAsp; Figure  1B, upper). Our previous studies have reported that 
PEG-poly(amino acid) block copolymers could be promising plat-
forms for cancer treatment due to its prolonged blood retention and 
enhanced tumor accumulation with efficient intratumoral penetra-
tion.24,25 Thus, we used PEG-PAsp as a backbone of our polymeric 
DFO. In addition, PEG-PAsp(DFO) could be synthesized with a nar-
row molecular weight distribution which may be useful as a model 
of polymeric DFO to investigate the pharmacokinetics. We studied 
the iron-chelating ability and antiproliferative activity in cultured 
cancer cells and examined its biodistribution and tumor growth sup-
pression effect in subcutaneous tumor models. Our results indicated 
that intravenously injected PEG-PAsp(DFO) exhibited significantly 
prolonged blood circulation and enhanced tumor accumulation 
compared with free DFO. After internalization via endocytosis, 
PEG-PAsp(DFO) could chelate lysosomal Fe(III), which is believed 

to come from ferritin that is degraded in lysosomes to supply Fe(II) 
to cytosolic iron pool. Eventually by inhibiting the supply of Fe(II), 
PEG-PAsp(DFO) decreased cytosolic Fe(II) levels. This chelation ulti-
mately led to the antiproliferative effect in cultured cancer cells and 
the augmented suppression of the tumor growth compared with free 
DFO in a subcutaneous tumor model. To the best of our knowledge, 
this is the first report to demonstrate the advantages of polymeric 
iron chelators in cancer treatment.

2  | MATERIAL S AND METHODS

2.1 | Materials

Materials are described in Doc S1.

2.2 | Cell lines and animals

DLD-1 cells and CT26 cells were purchased from the American Type 
Culture Collection (Manassas, VA). DLD-1 cells and CT26 cells were 
cultured in RPMI 1640 medium supplemented with 10% FBS and 1% 
penicillin/streptomycin under a humidified atmosphere containing 5% 
CO2 at 37°C. BALB/c and BALB/c nu/nu mice (female, 4 wk old) were 
purchased from Charles River Laboratories Japan, Inc (Yokohama, 
Japan). All animal experiments were approved by the Animal Care and 
Use Committee of Tokyo Institute of Technology and performed in 
accordance with the Guidelines for the Care and Use of Laboratory 
Animals as stated by the Tokyo Institute of Technology.

2.3 | Synthesis of PEG-PAsp(DFO)

PEG-PAsp was synthesized as previously reported (Doc S1).26 DFO 
was conjugated to PEG-PAsp by condensation reaction of the pri-
mary amino group of DFO and the carboxyl group of PEG-PAsp. The 
detailed methods on synthesis and characterization are described 
in Doc S1.

2.4 | Colorimetric analysis of iron-chelating ability

DFO and PEG-PAsp(DFO) (DFO concentration  =  0.313  mmol/L, 
80  µL) in D-PBS(-) were mixed with FeCl3 (1.25  mmol/L, 20  µL, 
1.00 eq to DFO) in D-PBS(-), respectively. Absorption spectrum was 
measured using an absorptiometer (NanoDrop One, Thermo Fisher 
Scientific, Inc).

F I G U R E  1   Expected effects of PEG-PAsp(DFO). A, Chemical structures of DFO and DFO/Fe(III). B, Chemical structure of PEG-
PAsp(DFO) and its expected effects. Due to its high molecular weight, PEG-PAsp(DFO) should prolong blood retention and enhance tumor 
accumulation through the EPR effect, while DFO is quickly cleared from the bloodstream. In the tumor, PEG-PAsp(DFO) is expected to be 
endocytosed into cells and localized in lysosomes. As lysosomes are rich in iron ions because of degradation of Fe(III)-loaded ferritin and 
supply Fe(II) to the cytosol, PEG-PAsp(DFO) may chelate lysosomal Fe(III) and prevent release of Fe(II) to the cytosol, reducing the amount of 
metabolically active cytosolic Fe(II)
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2.5 | Flow cytometric analysis of intracellular 
iron ions

DLD-1 cells were seeded in 24-well plates (5.0 × 104 cells/well) and 
incubated at 37°C overnight. The cells were treated with samples 
(DFO concentration = 200 µmol/L) for 24 h. After incubation, the 
cells were washed with D-PBS(-) and incubated with 0.1  µmol/L 
calcein-AM for 30  min. The cells were washed with D-PBS(-) and 
the fluorescence intensities of calcein were measured using a flow 
cytometer (Guava easy-Cyte 6-2 L, Merck Millipore, Billerica, MA).

2.6 | Microscopic imaging of intracellular Fe(II)

Details are described in Doc S1.

2.7 | Fluorometric analysis of intracellular Fe(II)

Details are described in Doc S1.

2.8 | Subcellular distribution

DLD-1 cells were seeded in 35  mm2 glass base dishes (5.0  ×  104 
cells/dish) and incubated at 37°C overnight. The cells were treated 
with samples (DFO concentration = 200 µmol/L) for 24 h. After in-
cubation, the cells were washed with D-PBS(-) and incubated with 
100  nmol/L LysoTracker Red DND-99 for 30  min. The cells were 
washed with D-PBS(-) and incubated with 16 µmol/L Hoechst 33342 
stain for 5 min. The cells were washed with D-PBS(-) and observed 
in medium using a confocal laser scanning microscope (LSM710, Carl 
Zeiss Co., Ltd., Oberkochen, Germany).

2.9 | Cellular uptake

DLD-1 cells were seeded in 75  mm2 flasks (5.0  ×  106 cells/flask) 
and incubated at 37°C overnight. The cells were treated with 
Ga(III)-coordinated samples (DFO concentration = 200 µmol/L; the 
preparation method is described in Doc S1) for 24 h. After incuba-
tion, the cells were washed with D-PBS(-), harvested, and counted. 
The cells were then ashed with 200 µL of 70% HNO3. The ashed 
samples were diluted to 2.0 mL with water. Ga concentration was 
measured using an inductively coupled plasma-mass spectrometry 
(Agilent 7900 ICP-MS, Agilent Technology Co., Ltd., Santa Clara, 
CA). Cellular uptake was calculated using the following equation:

where internalized Ga is the Ga content in the investigated sample, and 
dosed Ga is the Ga content in the treatment solution.

2.10 | Antiproliferative activity

Antiproliferative activity was examined using a Cell Counting Kit-8 
(CCK-8), following the manufacturer's instruction. Briefly, DLD-1 
cells were seeded in 96-well plates (1.0 × 103 cells/well) and incu-
bated at 37°C overnight. Cells were treated with samples at various 
concentrations for 72 h. After incubation, the cells were incubated 
with CCK-8 solution for 2  h. Absorbances at 450  nm were meas-
ured using a microplate reader (iMark Microplate Reader, Bio-Rad, 
Hercules, CA).

2.11 | Cell cycle analysis

DLD-1 cells were seeded into 6-well plates (1.0 × 105 cells/well) and 
incubated at 37°C overnight. The cells were treated with samples at 
respective IC50 for 72 h. After incubation, the cells were harvested 
and fixed in 70% ethanol overnight at −20°C. The cells were washed 
with D-PBS(-) and incubated with staining solution containing 10 µg/
mL propidium iodide (PI) and 100 µg/mL RNase A for 30 min. The fluo-
rescence intensities of PI were measured using Guava easy-Cyte 6-2 L.

2.12 | Flow cytometric analysis of DNA synthesis

Details are described in Doc S1.

2.13 | Microscopic imaging of DNA synthesis

Details are described in Doc S1.

2.14 | Apoptosis assay

Apoptosis assay was carried out using Apoptosis Kit, following the 
manufacturer's instruction. DLD-1 cells were seeded into 6-well 
plates (1.0  ×  105 cells/well) and incubated at 37°C overnight. The 
cells were treated with samples (DFO concentration = 100 µmol/L) 
for 24 h. After incubation, the cells were washed with D-PBS(-) and 
incubated with staining solution containing FITC-annexin V and PI 
for 15 min. The fluorescence intensities of FITC and PI were meas-
ured using Guava easy-Cyte 6-2 L.

2.15 | Biodistribution study

Female 5-wk-old BALB/c mice were inoculated subcutaneously with 
CT26 cells (1.0  ×  105 cells/mouse). The tumor size was measured 
using an electronic caliper, and the tumor volume (V) was calculated 
using the following equation:

Cellular uptake(%Ga/cell)

=(internalized Ga) ∕ (dosed Ga)×100∕cell number,

V=a×b2∕2,
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where a and b are the major and minor axes of the tumor, respectively. 
When the average tumor volume reached around 200 mm3, Ga(III)-
coordinated samples (the preparation method is described in Doc S1) 
were intravenously injected into the tail vain (1.52 µmol DFO/mouse). 
Mice were sacrificed 1, 3, 6 and 24 h after intravenous injection, and 
blood, organs, and tumors were collected and weighed. The samples 
were then ashed with 1.0 mL of 70% HNO3. The ashed samples were 
diluted to 10  mL with water. Ga concentration was measured using 
Agilent 7900 ICP-MS.

2.16 | Tumor growth suppression

Antitumor activity of free DFO and PEG-PAsp(DFO) was examined 
using BALB/c nu/nu mice bearing subcutaneous DLD-1 tumors and 
BALB/c mice bearing subcutaneous CT26 tumors. Female 5-wk-old 
BALB/c nu/nu and BALB/c mice were subcutaneously inoculated 
with DLD-1 cells (1.0 × 106 cells/mouse) and CT26 cells (1.0 × 105 
cells/mouse), respectively. When the average tumor volume reached 
around 100  mm3, DFO or PEG-PAsp(DFO) was intravenously in-
jected into the tail vain (1.52 µmol DFO/mouse).

2.17 | Blood test and histological analysis

Details are described in Doc S1.

3  | RESULTS

3.1 | Synthesis of PEG-PAsp(DFO)

PEG-PAsp(DFO) was synthesized by simple conjugation of DFO 
to the PAsp segment of the hydrophilic PEG-PAsp (Figure 1B; Mn 
of PEG: 10 000; polymerization degree of PAsp: 35) (the synthetic 
scheme is shown in Figure S1). The introduction number of DFO 
to PAsp side chain was determined to be 10 using 1H NMR spec-
troscopy (Figure S2). Although the amide formation of DFO should 
decrease its water solubility,27 the PEG-PAsp offered excellent 
hydrophilicity and PEG-PAsp(DFO) showed a narrow molecular 
weight distribution in aqueous solution without distinctive aggre-
gates, which was confirmed by gel permeation chromatography 
(Figure S3).

3.2 | Iron-chelating properties

To elucidate iron-chelating ability of PEG-PAsp(DFO), the absorp-
tion spectra of free DFO and PEG-PAsp(DFO) were measured in 
the absence or presence of Fe(III). It is known that sole Fe(III) has 
an absorbance peak around 270 nm while the complex of DFO and 
Fe(III) (DFO/ Fe(III)) exhibits a characteristic absorption peak around 

430  nm.28,29 Indeed, as shown in Figure  2A, free DFO/Fe(III) re-
vealed the peak around 430  nm, whereas free DFO itself did not 
have this characteristic peak. Importantly, the mixture of PEG-
PAsp(DFO) and Fe(III) (PEG-PAsp(DFO)/Fe(III)) also exhibited the 
peak around 430 nm, and the absorption spectrum was considerably 
similar to DFO/Fe(III), suggesting that PEG-PAsp(DFO) possessed 
iron-chelating ability comparable with free DFO.

We also examined intracellular iron-chelating ability of PEG-
PAsp(DFO) by calcein method, an established method to evaluate 
a level of intracellular iron ions.30-32 Although fluorescent calcein 
is widely used for the analysis of Ca(II), it also forms a complex 
with cytosolic iron ions and quenches the fluorescence. The de-
crease in the number of cytosolic iron ions prevents this complex 
formation, leading to enhancement of the fluorescence intensity 
of calcein. Thus, the fluorescence intensity of calcein inversely 
correlates with a level of cytosolic iron ions. Figure  2B shows 
the calcein fluorescence of cells treated with free DFO or PEG-
PAsp(DFO). Both free DFO and PEG-PAsp(DFO) significantly in-
creased calcein fluorescence, indicating considerable chelation of 
cytosolic iron ions.

Note that the calcein method cannot clearly distinguish Fe(II) 
and Fe(III) while recent studies reported the preferential complex 
formation of calcein with Fe(III).33 To get more insight into the che-
lation effect of free DFO and PEG-PAsp(DFO), we observed intra-
cellular Fe(II) using confocal laser scanning microscopy (CLSM) using 
FerroOrange, which emits strong fluorescence upon reaction with 
Fe(II) (Figure  2C). Free DFO and PEG-PAsp(DFO) significantly de-
creased FerroOrange fluorescence. The decreased fluorescence 
intensity was further confirmed by quantitative fluorometric analy-
sis (Figure 2D). Although DFO specifically chelated Fe(III) with high 
stability, these results suggested that free DFO and PEG-PAsp(DFO) 
decreased intracellular Fe(II) level.

3.3 | Subcellular distribution and cellular uptake

To examine subcellular distribution of PEG-PAsp(DFO), DLD-1 
cells were incubated with Cy5-labeled PEG-PAsp(DFO) (Cy5-PEG-
PAsp(DFO)) for 24  h and observed using CLSM (Figure  3A). Cy5-
PEG-PAsp(DFO) was localized in endo-/lysosomes, suggesting that 
Cy5-PEG-PAsp(DFO) should be taken up through endocytic pathway. 
Next, cellular uptake of DFO in PEG-PAsp(DFO) was compared with 
that of free DFO. As DFO forms stable complex with Ga(III) with high 
stability constants second to Fe(III),34-36 we used Ga-coordinated 
DFO (DFO/Ga(III)) and PEG-PAsp(DFO) (PEG-PAsp(DFO)/Ga(III)) to 
quantify the cellular uptake. DLD-1 cells were incubated with DFO/
Ga(III) or PEG-PAsp(DFO)/Ga(III) for 24 h and the amount of intra-
cellular Ga was quantified using inductively coupled plasma-mass 
spectroscopy (ICP-MS; Figure 3B). PEG-PAsp(DFO)/Ga(III) exhibited 
less cellular uptake than DFO/Ga(III). This might be due to a steric 
hindrance conferred by PEG that inhibits interaction with the sur-
face of cancer cells.37
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3.4 | Antiproliferative activity

We next examined antiproliferative activity of free DFO and 
PEG-PAsp(DFO) (Figure 4). Free DFO clearly inhibited cell pro-
liferation even in the low concentration region (<10 µM), which 
is consistent with the previous reports.3,11-15 PEG-PAsp(DFO) 

also exhibited antiproliferative activity in a dose-dependent 
manner. IC50 values of free DFO and PEG-PAsp(DFO) were 3.5 
and 20  µmol/L (DFO equivalent), respectively. This relatively 
low antiproliferative activity of PEG-PAsp(DFO) might be due 
in part to the less cellular uptake compared with free DFO 
(Figure 3B).

F I G U R E  2   Iron-chelating ability. A, 
Absorption spectra in the presence or 
absence of Fe(III) in D-PBS(-). B, Flow 
cytometric analysis of intracellular iron 
ions using calcein-AM. DLD-1 cells were 
incubated with samples for 24 h. The 
results are expressed as means ± SD 
(n = 4). Statistical significance was 
evaluated using Tukey's multiple 
comparison test. ****P < .0001. C, CLSM 
imaging of intracellular Fe(II) using 
FerroOrange. DLD-1 cells were incubated 
with samples for 24 h. Yellow: Intracellular 
Fe(II) (FerroOrange). D, Fluorometric 
analysis of intracellular Fe(II) using 
FerroOrange. DLD-1 cells were incubated 
with samples for 24 h. The results 
are expressed as means ± SD (n = 5). 
Statistical significance was evaluated 
using Tukey multiple comparison test. 
****P < .0001

(A) (B)

(C) (D)

F I G U R E  3   Subcellular distribution and cellular uptake. A, Subcellular distribution. Cells were incubated with Cy5-PEG-PAsp(DFO) for 
24 h. Subcellular distribution was imaged using CLSM. Red: Cy5-PEG-PAsp(DFO); green: endo-/lysosomes (LysoTracker Red DND-99); blue: 
nuclei (Hoechst 33342). B, Cellular uptake. Cells were treated with DFO/Ga(III) or PEG-PAsp(DFO)/Ga(III) for 24 h. The amount of cellular Ga 
uptake was quantified using ICP-MS. The cellular uptake (%Ga/cell) is defined as (internalized Ga)/(dosed Ga) × 100/ cell number. The results 
are expressed as means ± SD (n = 3). Statistical significance was evaluated using Student t test. **P < .01

(A) (B)
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Iron chelators have been reported to inhibit cancer prolifera-
tion by inducing cell cycle arrest and apoptosis.3-6 To explore the 
antiproliferative mechanisms of PEG-PAsp(DFO), we first ana-
lyzed cell cycle of cells treated with free DFO and PEG-PAsp(DFO) 
at IC50 doses (Figure  5). Free DFO and PEG-PAsp(DFO) increased 
the S phase fraction from 16.2% of non-treatment group to 60.4% 
and 58.0%, respectively. This result suggested that free DFO and 
PEG-PAsp(DFO) arrested the cell cycle at S phase. As iron is an es-
sential component of enzymes that are responsible for DNA synthe-
sis,38,39 this S phase arrest might be attributed to inhibition of DNA 
synthesis. Thus, we analyzed DNA synthesis inhibition using BrdU. 
Immunofluorescence staining revealed that free DFO and PEG-
PAsp(DFO) inhibited the incorporation of BrdU (Figure  6A). This 
was further confirmed by CLSM observation, in which free DFO and 
PEG-PAsp(DFO) decreased the number of cells exhibiting a punctate 
BrdU staining pattern (Figure 6B). This inhibition of DNA synthesis 
may contribute to the S phase arrest.

To further examine antiproliferative mechanisms, the apoptosis 
fraction was quantified using FITC-annexin V and PI (Figure 7). Free 
DFO and PEG-PAsp(DFO) exhibited significantly higher fraction of 
early apoptotic cells, achieving 31.0% and 37.9%, than the non-treat-
ment group (10.7%). A slight increase of late apoptotic and necrotic 
cells fractions was also observed in free DFO and PEG-PAsp(DFO) 
(3.31% and 3.95%, respectively) compared with the non-treatment 
group (1.58%). In summary, PEG-PAsp(DFO) induced S phase arrest 
by inhibiting DNA synthesis and caused cell apoptosis, thereby ex-
hibiting the antiproliferative effect.

3.5 | Biodistribution study

To examine biodistribution, we intravenously injected DFO/Ga(III) 
or PEG-PAsp(DFO)/Ga(III) into mice bearing subcutaneous CT26 tu-
mors and quantified the amount of Ga in the tissues using ICP-MS 
(Figures 8 and S4). Consistent with previous studies,7,40 DFO/Ga(III) 
was rapidly cleared from blood, revealing 0.25% dose/mL 1 h after 
injection (Figure 8A). Free DFO/Ga(III) should be excreted through 
the kidneys where its high accumulation was observed (Figure S4A). 
By contrast, PEG-PAsp(DFO)/Ga(III) showed drastically prolonged 
retention in blood, achieving >10% dose/mL 6  h after injection 
(Figure 8A), which can be explained by the high molecular weight of 
the polymer.

As iron ions in blood dominantly exist as transferrin-loaded form 
and DFO cannot chelate these iron ions,41 enhancing intertumoral 
concentration of DFO must be key to efficient iron chelation can-
cer therapy. Regarding tumor accumulation (Figure 8B), DFO/Ga(III) 
exhibited only a 0.13% dose/g tumor 6 h after injection due to its 
rapid clearance from the body. By contrast, PEG-PAsp(DFO)/Ga(III) 
efficiently accumulated in tumor tissue and gradually increased the 
level, achieving 3.9% dose/g tumor 6 h after injection, which corre-
sponds to 30 times higher level than DFO/Ga(III). Additionally, PEG-
PAsp(DFO)/Ga(III) maintained high concentration in tumor tissue 
even 24 h after injection, revealing 1.99% dose/g tumor. This aug-
mented tumor accumulation could be explained by the EPR effect.

3.6 | Tumor growth suppression and safety studies

Finally, antitumor activity of PEG-PAsp(DFO) was examined using 
mice bearing subcutaneous DLD-1 tumors (Figure  9A,B). PEG-
PAsp(DFO) significantly suppressed tumor growth compared with 
free DFO (P  =  .043 on day 16). No obvious weight loss was ob-
served in the treatment period, suggesting that free DFO and PEG-
PAsp(DFO) did not cause severe side effects. A similar result was 
also obtained for subcutaneous CT26 tumor models (Figure 9C,D). 
In addition, we investigated the possible effects of PEG-PAsp(DFO) 
on the kidneys where its high accumulation was observed (Figure 
S4B); no significant differences were observed in the levels of BUN, 
CRE, and uric acid (Table  S1), suggesting that PEG-PAsp(DFO), as 
well as free DFO, did not induce apparent damage to the kidneys. 
The safety of PEG-PAsp(DFO) was further confirmed by histological 
analysis of the kidney (Figure S5).

F I G U R E  4   Antiproliferative activity. DLD-1 cells were 
incubated with samples at various concentrations for 72 h. Cell 
proliferation was analyzed using CCK-8. The results are expressed 
as means ± SD (n = 5)

F I G U R E  5   Cell cycle analysis using 
flow cytometry with PI. DLD-1 cells 
were treated with samples at respective 
IC50 for 72 h. Results are expressed as 
means ± SD (n = 3). Statistical significance 
was evaluated using Tukey multiple 
comparison test. ****P < .0001
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4  | DISCUSSION

Many previous studies reported that iron deprivation has a great 
potential in cancer treatment in in vitro conditions,6,11-15 and DFO 
has been most extensively investigated as the efficient iron chelator 
because of its excellent iron-selectivity and safety.7,10 However, only 
a few studies have demonstrated its in vivo therapeutic efficiency 
probably due to its poor biodistribution. To overcome the short 
blood retention, Kemp et al and Blatt et al investigated the poten-
tial of polymeric iron chelator, hydroxyethyl starch conjugated-DFO 

(HES-DFO).22,23 Despite the fact that HES-DFO has successfully in-
creased the blood retention,21,22,42 HES-DFO alone failed to inhibit 
the tumor growth, and its tumor accumulation level remains to be 
clarified. Hence, this study investigated the physicochemical proper-
ties, in vitro activity, pharmacokinetics, and antitumor effect of our 
polymeric iron chelator, PEG-PAsp(DFO).

Regarding the iron-chelating activity of free DFO and PEG-
PAsp(DFO), they may have chelated both of intracellular and 
extracellular iron ions because they increased the antiprolifer-
ative effect after their DFO concentration exceeded the iron 

F I G U R E  6   Analysis of DNA synthesis 
using BrdU and FITC BrdU antibodies. 
A, Flow cytometric analysis. DLD-1 cells 
were treated with samples at respective 
IC50 for 72 h. B, CLSM imaging. DLD-
1 cells were incubated with samples 
at respective IC50 for 72 h. Red: BrdU 
(FITC anti-BrdU antibodies); blue: nuclei 
(Hoechst 33342)

(A)

(B)

F I G U R E  7   Apoptosis analysis using 
flow cytometry with FITC-annexin V and 
PI. DLD-1 cells were treated with samples 
(DFO concentration = 100 µmol/L) 
for 24 h. Results are expressed as 
means ± SD (n = 3). Statistical significance 
was evaluated using Tukey multiple 
comparison test. ****P < .0001
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ions concentration in the medium (~3  µM; Figure  4). Free DFO 
and PEG-PAsp(DFO) should first chelate extracellular iron ions, 
and their intracellular chelation might critically affect cell viabil-
ity. Indeed, DFO is believed to be taken up through endocytosis 
due to its poor membrane permeability, and exerts its activity by 
chelating iron ions mainly in endo-/lysosomes.43 As CLSM ob-
servation revealed that PEG-PAsp(DFO) was localized in endo-/
lysosomes (Figure 3A), PEG-PAsp(DFO) might also chelate endo-/
lysosomal iron ions. Although free DFO and PEG-PAsp(DFO) 
might chelate iron ions in endo-/lysosomes, they efficiently de-
creased the cytosolic iron ions level (Figure 2B). These interesting 
phenomena may be explained by prevention of iron ions supply 
from ferritin. Lysosomes are rich in iron ions because iron-loaded 
ferritin is degraded in lysosomes to supply iron ions into cytosolic 

iron pool44-46; and DFO localization in lysosomes has been demon-
strated to stimulate ferritin degradation,45,47 probably because ly-
sosomal iron chelation by DFO might prevent the iron ions supply. 
PEG-PAsp(DFO) in the lysosome might also prevent this supply, 
thereby lowering the cytosolic iron level as illustrated in Figure 1B. 
Note that iron in the endo-/lysosomes is likely to be Fe(II) due to 
the acidic and reducing environment.46 Regardless of the prefer-
ential chelation of DFO with Fe(III), PEG-PAsp(DFO) and free DFO 
significantly decreased intracellular Fe(II) levels (Figure 2C,D). It is 
possible that they might chelate the iron ions that are transiently 
oxidized to Fe(III). Another possibility is that they might chelate 
Fe(II) as well as Fe(III) to some extent, while their affinity to Fe(II) 
is much lower than Fe(III). These possible activities might reduce 
intracellular Fe(II).

F I G U R E  8   Biodistribution. A, B, DFO/
Ga(III) or PEG-PAsp(DFO)/Ga(III) was 
intravenously injected into the mouse 
bearing subcutaneous CT26 tumors, and 
the concentration of Ga in (A) blood and 
(B) tumors was quantified by measuring 
Ga concentration using ICP-MS. Results 
are expressed as means ± SD (n = 3). 
Statistical significance was evaluated 
using Tukey multiple comparison test. 
****P < .0001

(A) (B)

F I G U R E  9   Tumor growth suppression. 
A, B, (A) Tumor volume and (B) body 
weight in subcutaneous DLD-1 
tumor models. Samples were injected 
intravenously into the mouse 5 times 
a week (1.52 µmol DFO/mouse). The 
results are expressed as means ± SD 
(non-treatment: n = 7; DFO: n = 8; 
PEG-PAsp(DFO): n = 8). Statistical 
significance was evaluated using Tukey's 
multiple comparison test. *P < .05. C, D, 
(C) Tumor volume and (D) body weight 
in subcutaneous CT26 tumor models. 
Samples were intravenously injected into 
the mouse every day for 15 d (1.52 µmol 
DFO/mouse). The results are expressed as 
means ± SD (non-treatment: n = 6; DFO: 
n = 8; PEG-PAsp(DFO): n = 6). Statistical 
significance was evaluated using Student t 
test. *P < .05

(A) (B)

(C) (D)
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By chelating intracellular iron ions, PEG-PAsp(DFO) induced S 
phase arrest (Figure 5). It has been reported that major cellular iron 
requirements occur during late G1 and S phases5,48 due in part to the 
increased activity of ribonucleotide reductase, which requires iron 
to catalyze a rate-limiting step of DNA synthesis.38,39 Iron depletion 
could suppress the activity of this enzyme40,49 and inhibit DNA syn-
thesis, which might lead to S phase arrest. In line with these observa-
tions, our results provided compelling evidence that PEG-PAsp(DFO) 
inhibited DNA synthesis (Figure 6). Note that iron deprivation has 
been reported to arrest the cell cycle at G1 and G2/M phases as well 
as S phase.3,48,50 It has been inferred that there are multiple stages 
that are sensitive to iron deprivation, and cellular responses should 
be dependent on experimental conditions.50,51 Consistent with the 
previous studies, when we treated DLD-1 cells with 100 µmol/L free 
DFO for 48 h, it arrested cells at the G1 phase (Figure S6). Meanwhile, 
similar treatment with PEG-PAsp(DFO) resulted in S phase arrest. 
However, precise mechanisms underlying these differences remain 
unclear; further investigation is still needed.

Despite the difference in dose dependency in cell cycle arrest, 
both iron chelators induced apoptosis with the similar efficiency 
(Figure 7). Apoptosis induction in this study might be explained by 
the iron-dependent functions of hypoxia inducible factor 1α (HIF1α) 
and p53. That is, iron deprivation has been reported to stabilize 
HIF1α by inhibiting prolyl hydroxylases, which require iron to reg-
ulate HIF1α protein level.1 The stabilized HIF1α may increase the 
p53 level,52,53 thereby inducing cell apoptosis. Furthermore, a pre-
vious study has demonstrated that the cell cycle arrest should be 
dependent on the level of p53; the normal level should lead to G1 
phase arrest, while the low level may result in S phase arrest.54 Thus, 
we will investigate the role of p53 in the biological activity of PEG-
PAsp(DFO) in a future study.

Although free DFO exhibited marked in vitro antiprolifera-
tive activity as demonstrated in Figure 4, free DFO disappeared 
rapidly from the blood and did not show the antitumor effect 
(Figures  8 and 9). By contrast, PEG-PAsp(DFO) showed signifi-
cantly prolonged retention in blood, and the DFO concentration in 
blood 1 h after injection (approximately 0.35 mmol/L) clearly sur-
passed the reported concentration of non-transferrin-bound iron 
in blood (<5.0  µmol/L).55,56 Most importantly, PEG-PAsp(DFO) 
accomplished significantly enhanced tumor accumulation at 3.9% 
dose/g tumor (~100 µmol/L DFO) 6 h after injection. This tumor 
accumulation level corresponded to the concentration for >70% 
growth inhibition in the cultured cells (Figure 4). Conversely, free 
DFO reached only 2.0 µmol/L in the tumor, at which concentra-
tion only 30% cell growth inhibition was observed (Figure  4). In 
good agreement with the biodistribution, PEG-PAsp(DFO) sig-
nificantly suppressed the tumor growth compared with free DFO 
(Figure 8A,C). Thus, our results indicated the consistency between 
the biodistribution and pharmacodynamics of the iron chelators 
in cancer treatment. The efficacy of iron chelation cancer therapy 
could be markedly enhanced by polymeric DFO. It should be noted 
that a considerable amount of PEG-PAsp(DFO) accumulated in the 
kidney (Figure S4B), however, no apparent acute toxicity could 

be observed (Table S1; Figure S5); this may be partially because 
DFO-coordinated iron ion does not participate in the Fenton reac-
tion.7,9,10 This minimal toxicity would offer great promise in a ther-
apy that combines iron chelation and anticancer drugs, as the iron 
chelation is also reported to inhibit the expression of stemness 
markers of cancer stem cells.57
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