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Radioactive cesium (Cs) is a significant concern due to its role as a major byproduct of nuclear fission and its
potential for radioactive contamination. Internal contamination with radioactive Cs is characterized by
immoderate production of reactive oxygen species (ROS), resulting in severe radiation damage.
Therefore, the development of therapeutic strategies should focus on enhancing the excretion of
radioactive Cs and reducing radiation-induced oxidative damage. However, current therapeutic drugs
like Prussian blue (PB) have limited efficacy in addressing these issues. In this study, we present
Cus[Fe(CN)glo (CuFe) nanoparticles, a Prussian blue analog (PBA), which can not only efficiently
sequester Cs but also exhibit resistance against radiation damage. The results of the adsorption studies
demonstrate that CuFe outperforms PB in terms of adsorption performance. Further mechanistic
investigations indicate that the increased adsorption capacity of CuFe may be attributed to the presence
of additional defects resulting from the [Fe(CN)g] missing linkers. Moreover, CuFe mimics the functions
of catalase (CAT) and superoxide dismutase (SOD) by effectively eliminating O,"~ and H,O, while

scavenging "OH, thereby mitigating ROS induced by radiative Cs. Importantly, in vivo study confirms the
Received 6th June 2023 fficient Cs d t bility of CuFe. The fecal lati tion rate of CuF h
Accepted 11th September 2023 efficient Cs decorporation capability of CuFe. The fecal cumulative excretion rate of CuFe reaches

69.5%, which is 1.45 times higher than that of PB (48.8%). These findings demonstrate that CuFe exhibits
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1 Introduction

The demand for clean energy has led to the development of
nuclear energy in recent decades. However, nuclear leakage
causes a significant threat to public health.’® Major nuclear
accidents such as Chernobyl and Fukushima released a large
number of radioactive nuclides, resulting in serious mortality.
Among these radioactive species, radioactive Cs (***Cs and
37Cs) is particularly hazardous due to its long half-life, high
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excellent Cs removal performance and ROS scavenging ability, making it an attractive candidate for the

water solubility, and ability to migrate easily.*® It can readily
enter the organisms vig ingestion or the food chain.” Further-
more, radioactive Cs shares chemical similarities with potas-
sium (K), leading to its uniform distribution throughout soft
tissues in organisms. Once absorbed, Cs radioactivity can
trigger the production of reactive oxygen species (ROS) in cells,
causing damage to biomolecules and potentially leading to
tissue and organ harm as well as the development of cancer.®®
Therefore, efficient removal of Cs and ROS is crucial in reducing
the harmful effects of Cs on human health.

To enhance the excretion rate of radioactive Cs, decorpo-
ration agents can be used. The Food and Drug Administration
(FDA) has approved only one such medication, the insoluble
form of bulk Prussian Blue (PB) known as ferric (m) hex-
acyanoferrate (u) or Radiogardase®, for the treatment of
radiation contamination caused by radioactive Cs."'***> PB has
a channel diameter of approximately 3.2 A, similar to the
hydration radius of Cs ion."”® This property enables PB to
selectively trap radioactive Cs in the intestines, preventing its
absorption. However, the intracrystalline diffusion coefficient
of Cs to bulk PB is extremely low (less than 3.3 x 107> m*s™ %),
resulting in a slow adsorption rate of Cs. To overcome this
challenge, nanoscale PB and hollow PB with high specific
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surface areas have been reported to exhibit improved Cs
uptake kinetics.”®?° However, further enhancement of Cs
decorporation efficiency is limited by the incomplete under-
standing of PB's crystal engineering. Furthermore, the ROS
scavenging effects of these adsorbents have not been
adequately evaluated.

PB is a metal-organic framework (MOF) with catalytic and
adsorption performance owing to its well-defined crystal
structures, tunable pore volume and defects.*** Increasing the
number of defects has been proposed as a means to increase Cs
adsorption sites.>*® Metal nodes coordinated with cyanides
have also been identified as important in controlling the defect
density of PB.”7*° For example, studies have shown more
vacancies in two Prussian blue analogs (PBAs), cobalt hex-
acyanocobaltate (CoCo) and copper hexacyanoferrate (CuFe)
compared to Prussian blue,” and it is worth mentioning that
some studies have proved that PBAs have excellent Cs adsorp-
tion properties.**** However, few studies have examined the
effect of metal center substitutions in PBs on Cs decorporation
rates. Moreover, considering the enzyme-like characteristics of
PB nanoparticles, partial substitution of transition metal
elements (such as Cu and Mn) could impart PB with diverse
natural enzyme-like activity, such as Mn/Cu-superoxide dis-
mutase (Mn-SOD, Cu-SOD),***” which can remove ROS and
alleviate radiation damage.

In the present study, we prepared various Prussian blue
analogs (PBAs) with comparable size and shape by partially
replacing Fe with different transition metals. We investigated
how these chemical variations impacted the adsorption
properties. Subsequently, we assessed the antioxidant activity
and Cs decorporation efficiency of CuFe, considering its
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superior adsorption selectivity, faster adsorption rate,
biocompatibility, and stability. To ensure effective action in
the intestines, where CuFe is needed, we developed a pH-
dependent oral delivery system called Alg-CuFe, which
employed alginate as a polymer to protect against stomach
acid erosion. Based on our comprehensive findings, we
conclude that CuFe not only enhances Cs excretion but also
effectively mitigates radiation damage (Scheme 1). The devel-
opment of CuFe-based strategies holds significant potential in
addressing the detrimental effects of Cs on human health,
which would show striking therapeutic benefits in the treat-
ment of radioactive Cs contamination.

2 Experimental
2.1 Materials

The following materials were used without further purifica-
tion: potassium ferricyanide (=99.5%, Aladdin), manganese
sulfate monohydrate (99.9%, Aladdin), ferric nitrate non-
ahydrate (99.99%, Aladdin), cupric acetate monohydrate
(99.99, Aladdin), cobalt nitrate hexahydrate (99.99%, Aladdin),
potassium ferrocyanide (99.99%, Aladdin), cesium chloride
(99.9%, Aladdin), nickel tetrahydrate acetate (99.9%, Aladdin),
iron(u) chloride (98%, Aladdin), citric acid (99.5%, Aladdin),
DMPO (Aladdin), BMPO (DOJINDO), polyvinylpyrrolidone
(TCI).

2.2 Synthesis

PB and PBA were synthesized following a previously published
protocol.*®** The preparation of Fe,[Fe(CN)¢];(FeFe), Cuj[-
Fe(CN)g]»(CuFe), and Nis[Fe(CN)g],(NiFe) is described as

. ROS

SN ®  Radio-Cs
m 9 CuFe NPs
T EEe T S —_— =  CuFe NPs
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Scheme 1 Schematic illustration of the therapeutic principle based on CuFe nanoparticles for simultaneous removal of cesium and reactive

oxygen species.
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follows: 5 mmol citric acid and 0.5-5 mmol K,[Fe(CN)s] or
K;3[Fe(CN)y] were dissolved in 20 mL of deionized water (DI) H,O
with stirring at 60 °C (solution A). In another container, 5 mmol
citric acid and 2.5-7.5 mmol Fe(NO;);-9H,0 (or Cu(CHj;-
COO0),-H,0, Ni(CH3CO00),-4H,0) were dissolved in 20 mL DI
H,O (solution B). Then, solution B was added dropwise (1
mL min ') into solution A under stirring (1000 rpm) at 60 °C
and stirring was continued for an additional 5 min. The reac-
tion mixture was then cooled to room temperature under stir-
ring (1000 rpm). The resulting mixture was centrifuged to
collect the product (10000 rpm, 10 min) and washed three
times with ethanol. Finally, the obtained product was dried at
40 °C for 12 h in a vacuum oven. Cos[Fe(CN)s],(CoFe) and
Mn;[Fe(CN)g]o(MnFe) were synthesized by a similar procedure:
CoFe was synthesized at room temperature using Co(NOj3),-
-6H,0 and K;[Fe(CN)g]; MnFe was synthesized at room
temperature using MnSO, and Kj[Fe(CN)g]. The detailed
synthesis parameters are summarized in Table S1.} Synthesis of
Alg-CuFe and Alg-FeFe involved the following steps: a 4 mg
mL " solution of CuFe or FeFe and 2% sodium alginate solution
were mixed and stirred for 2 h to prepare Alg-CuFe and Alg-
FeFe, respectively.

2.3 Characterization

Scanning electron microscopy (SEM; Hitachi S-4800) and
transmission electron microscopy (TEM; Tecnai G2 spirit Bio-
Twin) images were acquired to observe the morphology. The
size distributions of the PB and PBA nanocubes were deter-
mined using a Nano particle size analyzer (DLS; Malvern Zeta-
sizer Nano ZS90). Infrared spectroscopy (IR) was employed to
obtain infrared spectra (NICOLET iS 50). X-ray diffraction (XRD)
patterns were recorded using an X-ray powder diffractometer
(D8 Advance). Electron paramagnetic resonance (EPR, Billerica,
MA) spectra were obtained using an EPR spectrometer. The
elemental composition of PB and PBAs was determined by
inductively coupled plasma optical emission spectroscopy (ICP-
OES; ICAP7200) and X-ray Photoelectron Spectroscopy (XPS;
EXCALAB 250 XI).

2.4 Preparation of cesium standard solution

To ensure the safety of the experiment due to the radiation risk
associated with the radionuclide **”Cs, the stable isotope '**Cs,
which is non-radioactive, was used instead. Cesium chloride
powder was accurately weighed and dissolved in water to
prepare a 1000 mg L ™" cesium ion solution, which was stored at
4 °C.

2.5 Invitro Cs adsorption assay

In a Cs adsorption experiment, 500 pg mL~" PB and PBA
nanocubes were mixed with 100 ppm Cs ion solution, and then
the samples were shaken at 37 °C. After 1 h, 2 h, 6 h, and 12 h,
the samples were collected via centrifugation and filtering with
a 0.22 pum filter membrane. Finally, the Cs ion concentration
was measured by inductively coupled plasma-mass spectrom-
etry (ICP-MS).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.6 Adsorption kinetics and adsorption isotherm

Adsorption kinetics. For the adsorption kinetics study, 500
pg mL~" of FeFe or CuFe nanocubes was mixed with a 100 ppm
Cs ion solution. The mixture was then shaken at 37 °C. After
specific time intervals of 0.1 h, 0.2 h,1h,2h,4h,6 h,and 12 h,
the samples were collected by centrifugation and filtered using
a 0.22 um filter membrane. Finally, the Cs ion concentration
was measured by ICP-MS.

Adsorption isotherm. To investigate the adsorption
isotherm, sorption isotherm experiments of CuFe and FeFe
were carried out by varying the initial concentration of Cs ions
from 1 ppm to 500 ppm. Then, 500 ug mL ™' FeFe or CuFe
nanocubes was mixed with Cs ion solution, and the samples
were shaken at 37 °C for 12 h. After the incubation period, the
samples were filtered through a 0.22 um filter membrane, and
the concentration of cesium ions was determined using ICP-MS.

2.7 Adsorption selectivity test of CuFe

To evaluate the adsorption selectivity of CuFe for cesium ions,
a solution containing Cs*, Mg>*, Zn**, Co**, Ni**, Mn*" (100
ppm) and CuFe (500 ug mL ') was shaken for 24 h. Then, the
sample was centrifuged and filtered through a 0.22 um filtration
membrane. The cesium ion concentration was measured by
ICP-MS after 1000x dilution with deionized water.

2.8 Scavenging activity assay of H,0,, O," and ‘OH

To evaluate CuFe's ability to remove H,0,, the reaction was
initiated by mixing CuFe with different concentrations of H,0,
ranging from 0.1 to 100 mM. The mixture was incubated at
30 °C for 1 minute. After the incubation period, the remaining
H,0, was detected by the horseradish peroxidase-3,3',5,5"-tet-
ramethylbenzidine (HRP-TMB) cascade reaction to determine
the consumption of H,0,. For the scavenging activity assay of
0O,"", a total superoxide dismutase assay kit with nitro blue
tetrazolium (NBT) was utilized. EPR spectroscopic measure-
ments were also conducted to assess CuFe's scavenging capacity
against ROS. EPR spectroscopic measurements: To evaluate
CuFe's ability to scavenge O, ", a reaction mixture was prepared
containing 0.1 M BMPO (spin trap), CuFe nanocubes, 1 mM
xanthine, and 0.1 U mL~" xanthine oxidase (XOD). Xan/XOD
generates O,", and CuFe nanocubes were tested for their
ability to scavenge it. Two minutes after introducing XOD to
initiate the production of superoxide, the ESR spectra were
taken, allowing for the evaluation of CuFe's scavenging of O, .
To assess CuFe's scavenging capacity against hydroxyl radicals
(‘OH), a reaction mixture was prepared containing 0.1 M BMPO
(spin trap), CuFe nanocubes, 0.02 mM Fe**, and 100 mM H,0,.
Fe®" and H,0, react to produce "OH, and CuFe nanocubes were
tested for their ability to scavenge ‘OH. Two minutes after
introducing H,0, to start the production of ‘OH, the ESR
spectra were taken to evaluate CuFe's scavenging of "OH.

2.9 Cell culture

HUVEC and L02 cells were cultured in high-sugar DMEM sup-
plemented with streptomycin (100 pg mL™"), penicillin (100
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units per mL), and FBS (10%). The cells were placed in a cell
incubator with a controlled environment of 5% CO, and
maintained at a temperature of 37 °C.

2.10 Cell survival assay

For cytotoxicity assays, HUVECs were seeded in 96-well plates
at 5 x 10® cells per well and allowed to attach and grow.
Subsequently, the culture medium was replaced with fresh
medium that contained varying concentrations (ranging from
100 to 300 ug mL ') of CuFe, FeFe, or MnFe. The cells were
then incubated with the respective nanocubes for an addi-
tional 24 hours. After the incubation period, the cells were
washed and incubated with medium containing 10% CCKS8
(Cell Counting Kit-8) for 1-1.5 h, and the absorbance was
tested at 450 nm. For cell viability assays, HUVECs were
similarly seeded in 96-well plates at 5 x 10° cells per well and
cultured for 24 h. Then, the culture medium was replaced with
fresh medium that contained 1 mM H,0, and 50-100 pg mL™*
CuFe. After 24 h of incubation, cell viability was tested via
a CCK-8 kit. For the antiradiation-damage assay, L02 cells were
seeded in 96-well plates at 5 x 10> cells per well, cultured for
24 h and incubated with medium containing 10-20 pg mL "
CuFe for 4 h. After that, the cells were irradiated with X-ray
irradiation equipment at a dosage of 8 Gy. The irradiated
cells were incubated for 24 h, and cell viability was tested
using a CCK-8 Kkit.

2.11 Experimental animals

All animal experimental procedures were approved by the
Ethics Committee of the China Institute for Radiation Protec-
tion (SYXK(JIN)2019-0002). The 7-8 weeks old female BALB/c
normal mice were purchased from Chang-zhou Cavens Labo-
ratory Animal Co., Ltd (China). The mice were housed at 25 °C
with 50% air humidity in metabolic cages with 12 h light/dark
cycles. For in vivo experiments, the mice were divided into
three groups (n = 6): control group, FeFe group and CuFe group.
The urine and feces were collected at 1 h,2 h,4 h,6 h,12 h, 24 h,
48 h, 72 h, and 96 h. After 96 h, the mice were sacrificed and the
heart, liver, spleen, lung, kidney, muscle, and blood were
gathered. The content of Cs in urine, feces, organs and blood
samples was used for quantification analysis by ICP-MS. 3 mL
HNO; and 1 mL HCI were add to each sample in a conical flask
and sealed for predigestion overnight, then the flasks were
placed onto a hot plate while maintaining the temperature at
150 °C until the digestion was complete. The surplus solution in
each flask was diluted with 2% HNO; and filtered with a 220 nm
filter membrane.

2.12 Hematoxylin-eosin (H&E) staining

The heart, liver, spleen, lung, kidney, stomach and intestine of
mice were collected and fixed with 4% paraformaldehyde
solution. After fixation, the tissues were processed for paraffin
embedding. Thin slices of the embedded tissues were then
prepared and stained with hematoxylin and eosin (H&E)
staining.
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3 Results and discussion
3.1 Formulation and characterization of the PB and PBA NPs

The hydrothermal method was employed to synthesize five
types of PB and PBA NPs with similar sizes and morphologies.
As illustrated in Fig. 1a, C=N ligands were utilized to form
cyanide-bridged cubic networks by combining with Fe(u, u)
ions, resulting in Fe,[Fe(CN)g]; for PB NPs. Similarly, PBAs
(M;[Fe(CN)g],) were obtained by partially substituting Fe with
other transition metals. The coordination of different metal
atoms with C or N atoms in the C=N bridges is denoted as M;-
N=C-M,, simplifying the nomenclature of PB and PBA NPs as
M;M,.

The cubic shape of all PB and PBA NPs was confirmed
through TEM and SEM images. The size distribution analysis
indicated that the NPs ranged from 90 nm to 200 nm (Fig. 1b,
¢, S1 and S271), which was consistent with the data obtained by
dynamic light scattering (DLS) measurements (Fig. S3t). The
X-ray powder diffraction (XRD) patterns of PB and PBA NPs
demonstrated that the peaks of all samples were compatible
with the standard patterns of face-center- cubic PB NPs (JCPDS
No. 73-0687), and no other impurities were detected (Fig. 1d
and S471).***° As shown in Fig. 1e and S5,f the peaks of IR
spectra of PB and PBA NPs at the 2000-2200 cm™ ' range
correspond to the ¥(M;-C=N-M,) mode. The other two char-
acteristic peaks in the 490-600 cm ™' range were assigned to
the Fe-C=N and C=N-M, vibration absorption peaks.*
Inductively coupled plasma emission spectrometry (ICP-OES)
analysis confirmed the presence of different transition
metals in the NPs, indicating the successful incorporation of
these metals (Table S2t). Overall, the PB and PBA nano-
particles were successfully synthesized with similar sizes and
framework structures.

3.2 Invitro Cs adsorption

The adsorptive property of PB and PBAs was assessed and
compared. The results of the Cs ion uptake experiments indi-
cated that all PBAs exhibited higher adsorption efficiency
compared to PB, particularly CuFe and MnFe (Fig. S77). Based
on CuFe's biocompatibility and stability (Fig. 3d and S107),
further investigations were conducted to assess its adsorption
kinetics and isotherms. As depicted in Fig. 1f, CuFe could reach
equilibrium with large capacity within 6 h, whereas the PB NPs
required more than 12 h. Adsorption isotherm experiments
were conducted to determine CuFe's adsorptive capacity using
initial Cs" concentrations ranging from 0.5 to 500 ppm. As
demonstrated in Fig. 1g, CuFe exhibited a higher maximum
sorption capacity compared to FeFe (108.28 mg g ' versus
87.32 mg g~ '). The faster kinetics and larger sorption capacity of
CuFe may have come from more defects compared to PB.
Moreover, CuFe demonstrated superior Cs adsorption selec-
tivity. As shown in Fig. 1 h, CuFe showed no adsorption for
Cu(u), Mn(u), Co(u), Zn(u) and Fe(u), only displaying minor
adsorption of K(1) and Na(1). Together, these indicate that CuFe
exhibits better adsorption activity and selectivity toward Cs by
means of partial substitution of metal centers in PB.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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bonds. (b and c) Size and morphology of FeFe (b) and CuFe (c) characterized by DLS and TEM (inset), scale bars: 200 nm. (d) XRD spectra of FeFe
and CuFe. (e) IR spectra of FeFe and CuFe. (f) Adsorption kinetics of CuFe and FeFe using 100 ppm Cs* solutionat pH =7.4, T=310.15K, m vi=
500 pg ml~t (g), adsorption isotherm of CuFe and FeFe using 0.5-500 ppm Cs + solution at pH = 7.4, T = 310.15 K, m V™1 = 500 ug mL~* (h),
adsorption selectivity test in the presence of K(1), Na(), Cu(i), Mn(i), Co(), Zn(), Fe() (I = 100 ppm, T = 310.15 K, m V™1 = 500 pg mL™Y).

To investigate the adsorption mechanism of Cs, several
characterization techniques were employed, including TEM
mapping, electron paramagnetic resonance (EPR) and X-ray
photoelectron spectroscopy (XPS), to analyze the crystal archi-
tectural difference between CuFe and FeFe. TEM mapping
analysis of CuFe and Cs-CuFe revealed that Cs ions were
adsorbed and uniformly distributed within the CuFe crystal, as
depicted in Fig. 2b. As mentioned earlier, CuFe may possess
more defect sites, which can contribute to its faster uptake and
higher sorption capacity (Fig. 2a). Point defects or structural
defects might lead to unpaired electrons, and EPR is a tech-
nique commonly used to study chemical species with unpaired
electrons.** Therefore, EPR measurements were performed to
assess the presence of defects in FeFe and CuFe. Fig. 2c shows
that CuFe exhibited characteristic paramagnetic peaks, with
a greater signal strength compared to FeFe. This suggests that
CuFe contained more defect sites than FeFe. Finally, to further
determine the structure of the defect sites, the component was
determined by XPS. XPS surface analysis was used to determine

© 2023 The Author(s). Published by the Royal Society of Chemistry

the chemical components well as the ratio of Fe (u)/Fe(ui), Fe/
Cu, Cu/N, Fe(m)/N and C/N (Table S4t1). The Fe 2p, Cu 2p, N
1s and C 1s spectra demonstrated the presence of metal and
nonmetal components in the corresponding PB and PBA
(Fig. 2d-h and S6t). The ratio of Fe (u)/Fe(u) in FeFe is 0.74,
which was higher than the ratio of Fe/Cu (0.6) in CuFe. More-
over, the ratio of Fe(u)/N in FeFe (0.7) is smaller than the ratio of
Cu/N in CuFe (3.02). These findings suggest that CuFe can form
more CN and [Fe(CN)¢] vacancies. More [Fe(CN)g] missing
linkers in CuFe lead to the presence of additional adsorption
sites.”® Consequently, CuFe exhibits enhanced adsorption
characteristics due to the increased number of available
adsorption sites.

3.3 Antioxidant and radiation protection assay

Once radioactive Cs is taken up by cells, ionizing radiation in
the nucleus and cytoplasm can induce the generation of reactive
oxygen species (ROS). Intracellular antioxidant enzymes are
often unable to quickly remove excessive ROS, and radiation

Nanoscale Adv., 2023, 5, 5661-5670 | 5665
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can also lead to the inactivation of enzymes. Therefore, the
elimination of ROS is crucial in preventing oxidative
damage.**™*

PBA has been reported to possess nano-enzyme properties,*®
and thus the antioxidant activity of CuFe was evaluated. The
CAT-like activities of CuFe were first assessed by measuring the
decomposition rate of H,0,. In Fig. 3a, it can be found that the
catalytic capacity of CuFe was intensified with the increase of
H,0, concentration. The K, and V,,,, value of CuFe with H,O,
as the substrate was 71.03428 pM and 57.50567 puM s '
respectively, indicating favorable CAT-like activities of CuFe for
the degradation of H,0,. To test the superoxide dismutase
(SOD)-like activity of CuFe, electron spin resonance (ESR)
spectroscopy was employed. As shown in Fig. 3b, the EPR signal
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of O, in the CuFe group decreased significantly compared
with the control group, indicating the efficient O,"~ scavenging
ability. Besides, the SOD-like activities were then further
investigated using the total superoxide dismutase assay kit with
NBT (Fig. 3c). In the presence of CuFe, the signal of NBT (which
can be reduced by O," ) was clearly inhibited. With an increase
in CuFe concentration, the scavenging capability improved,
indicating outstanding SOD-like activity of CuFe. Furthermore,
the scavenging activity of ‘OH was also assessed using EPR
spectroscopy. Fig. 3d demonstrates that the signal strength
decreased in the presence of CuFe, indicating successful scav-
enging of ‘OH. The scavenging activity increased with higher
CuFe concentrations. Overall, these findings indicate that CuFe
could effectively eliminate ROS, suggesting its potential to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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alleviate the negative effects of oxidative stress damage. CuFe's
CAT-like activity, SOD-like activity, and ‘OH scavenging activity
contribute to its antioxidant properties, which may help coun-
teract oxidative damage induced by ionizing radiation and
contribute to cellular protection.

Then, the cytotoxicity of CuFe was investigated using
HUVECs. Cell viability was measured using CCK-8 assays. The
results, as shown in Fig. S8,T confirmed the negligible cytotox-
icity of CuFe when the concentration ranged from 0 to 300 mg
mL . Moreover, CuFe also exhibited no cytotoxicity towards
normal liver cells (L02) (Fig. S87), indicating the good biosafety
of CuFe.

Inspired by the ROS-scavenging activities and biosecurity of
CuFe, the intracellular antioxidative performance of CuFe was
further investigated in the presence of H,O, and radiation.
Compared with the control group, treatment with 1 mM H,O,
for 24 h resulted in significant cellular toxicity. However, with
the assistance of CuFe, cell viability increased by approximately
25-40% (Fig. 3e). Additionally, the intracellular ROS level was
assessed using DCFH-DA as the fluorescence probe (Fig. S97).
The fluorescence intensity decreased significantly in the pres-
ence of CuFe compared to the control group, indicating the
efficient ROS scavenging effect of CuFe. Furthermore, the
survival rate of cells can be increased under X-ray irradiation
after introducing CuFe (Fig. 3f). These results collectively
demonstrate that CuFe not only effectively eliminates ROS but
also reduces oxidative stress injury, thereby protecting cells
against the damaging effects of ionizing radiation.

© 2023 The Author(s). Published by the Royal Society of Chemistry

3.4 Invivo Cs decorporation

In order to evaluate the decorporation ability of CuFe for Cs in
vivo, a series of experiments were conducted. Prior to the in vivo
experiment, we used simulated gastric fluid (SGF) and
phosphate-buffered saline (PBS) to simulate the gastrointestinal
environment and to assess the stability and adsorption perfor-
mance of Alg-CuFe. In SGF, alginates formed crosslinks with
each other and encapsulated the nanoparticles, as depicted in
Fig. S10.1 Additionally, when Alg-CuFe was transferred from
SGF to PBS, there was minimal loss in the Cs sequestration
ability of CuFe (Fig. 4a and b). Moreover, almost no copper ions
were released during this period. The potential risk of excessive
exposure to copper ions was eliminated (Fig. S11t). These
experiments demonstrated the feasibility of pH-dependent oral
delivery systems. Subsequently, an in vivo experiment was per-
formed to verify the Cs decorporation of Alg-CuFe. Mice were
randomly divided into the control group, FeFe group and CuFe
group. Both Cs and Alg-CuFe were administered through
intragastric administration. All the mice were contaminated
with 100 pg kg™ of Cs* using '**CsCl solution. After five
minutes, 20 pg kg~ ' Alg-CuFe was administered. Urine and
feces were collected from the mice at different time points (1 h-
96 h). After 96 hours, the heart, liver, spleen, lung, kidney and
muscle were collected. The Cs" content of urine, feces and
organs was analyzed using ICP-MS to measure the amount of
excretion and deposition of Cs ions.

The results of the in vivo experiment regarding the cumula-
tive excretion rate of cesium and the final Cs content in the

Nanoscale Adv., 2023, 5, 5661-5670 | 5667
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(a) Cesium adsorption assays of CuFe and Alg—CufFe after transferring from simulated gastric fluid to PBS; (b) cesium adsorption assays of

Alg—FeFe and Alg—CuFe after transferring from simulated gastric fluid to PBS. (c and d) Excretion rate of Cs ions in feces compared to the initial
Cs dose. (e) Excretion rate of Cs ions in urine compared to the initial Cs dose. (f) Total excretion rate of Cs ions compared to the initial Cs dose. (g)
Photomicrographs of heart, liver, spleen, lung, kidney, stomach and duodenum with H&E staining. Scale bars, 200 pm.

organs are presented in Fig. 4 and Fig. S12.1 In comparison to
the control and FeFe groups, the CuFe group exhibited a higher
excretion of Cs through feces (Fig. 4c-f and S12a-et), confirm-
ing the adsorption effect of CuFe in the intestinal tract. CuFe
facilitated rapid fecal excretion of Cs, particularly within 1-2 h,
2-4 h and 4-6 h time intervals (18.6%, 17.8% and 12.3%
respectively), whereas the FeFe group showed lower fecal
excretion rates of only 13.4%, 7.6%, and 1.69% during the
corresponding time intervals (Fig. 4c). Furthermore, the
cumulative fecal excretion and total excretion rates were higher
in the CuFe group compared to the FeFe group, as depicted in
Fig. 4d, f, S12a and e.} Additionally, the Cs content in the heart,
liver, spleen, lung, kidney, and muscles of the CuFe-treated
group were 26.2 ng g ', 12.52 ng g ',20.4ngg ', 20.4 ng g ',

5668 | Nanoscale Adv., 2023, 5, 5661-5670

39.65 ng g ', and 45.59 ng g~ ', respectively, which were lower
than the corresponding values in the FeFe-treated group
(Fig. S12ff). These findings provide strong evidence for the
excellent decorporation performance of CuFe. Finally, H&E
staining was employed to assess the biosafety of Alg-CuFe.
Organs from different groups were collected at the end of
treatment. As shown in Fig. 4g, there were no significant
histopathological changes under the microscope, which ruled
out the gastric, intestinal and other major organ toxicities of
Alg-CuFe. In conclusion, these results demonstrate that CuFe
showed outstanding Cs sequestration performance, which
could promote the excretion of Cs and prevent the Cs from
being reabsorbed in the intestinal tract.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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4 Conclusions

In conclusion, this study introduces a nanoantidote for radio-
active cesium that exhibits high efficiency in decorporation and
mitigating radiation damage. The in vitro adsorption experi-
ments demonstrated that the cesium adsorption performance
of PB and PBA depends on the chemical composition, with PBAs
exhibiting significantly higher adsorption efficiency than PB.
The presence of more defect sites in CuFe was identified as
a crucial factor contributing to its enhanced cesium adsorption
capacity. CuFe also exhibited low cytotoxicity and selective
adsorption of cesium, making it a decorporation drug candi-
date. In vivo tests confirmed that CuFe outperformed PB in
terms of decorporation efficacy, effectively preventing cesium
deposition in tissues and organs. Moreover, CuFe demonstrated
strong ROS scavenging ability, offering potential protection
against radiation damage caused by the radionuclide cesium.
This study opens up a new possibility for the development of
decorporation  drugs  targeting  radioactive  cesium
contamination.
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