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We designed and synthesized a nanoplatform for chemotherapy (CT) combined with enhanced
chemodynamic therapy (CDT). A self-assembly of FM@OXA-PEG was formed by a water-soluble and
amphipathic ferrous metallacage (FM), hydrophilic copolymer (PEG2000-COOH) and oxaliplatin (OXA).
The FM proved to be an excellent Fenton reaction catalyst and a potential CDT agent. OXA can not only
act as an anti-tumor drug but also activate intracellular nicotinamide adenine dinucleotide phosphate
oxidase (NOX) and superoxide dismutase (SOD) to produce H,O,, enhancing the CDT effect and
realizing synergistic CT and CDT. In vitro and in vivo experimental results showed that FM@OXA-PEG
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had almost no toxicity to normal cells but had obvious killing capacity for tumor cells and significantly
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1. Introduction

Chemodynamic therapy (CDT) catalyses the Fenton or Fenton-
like reaction of hydrogen peroxide (H,O,) to produce the highly
cytotoxic hydroxyl radical (*OH) to kill tumors."™ Due to its
advantages of high specificity, low side effects and negligible
drug resistance, CDT has attracted much attention for tumor
treatment. However, there are still some problems hindering
the application of CDT, such as the Fenton reaction activity,
H,0, content and short lifetime of *OH.*®

Several materials can efficiently trigger Fenton and Fenton-
like reactions, including iron®* or transition metal ion-based
nanomaterials (Mn**, Cu®*, Mo*", etc.)."**® Among these cata-
lytic nanomaterials, iron ions are one of the essential elements
for biological functions. Additional iron is injected into the
body to activate the Fenton reaction and these materials
include iron oxide,*! iron nanoclusters** and iron-based
MOFs.>*2® Iron generates inactive ferric hydroxide (Fe(OH),)
at a physiological pH before reaching acidic tumor tissues,
causing loss of the iron source and subsequent weak Fenton
reactions.”’ On the other hand, Fe®* presents dramatically
higher catalytic activity, by several magnitudes, than Fe** for
the Fenton reaction but may suffer from premature bio-
oxidation processes.”® General iron-based inorganic catalysts
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comprising Fe*" ions exhibit slow catalytic activity and need
additional reductive compounds such as TA or other poly-
phenols.”® Thus, novel ferrous based materials with high stability
in a weak alkaline environment need to be developed.*

Besides the low catalytic efficiency of Fe*", insufficient H,0,
content in the tumor also severely limits the generation effi-
ciency of *OH.**** Therefore, it is very important to design a
CDT agent that can increase the H,0, content.>*® To date,
many studies have focused on increasing H,O, levels in tumors
through various H,0,-producing agents such as glucose
oxidase,*® B-lapachone”® and gold nanoparticles.*' Moreover,
*OH has a rather short lifetime and can be consumed by
intracellular GSH, resulting in rather weak CDT efficiency.****
One effective measure to deal with these problems is to combine
CDT with other kinds of therapy. Platinum drugs are one of the
most used chemotherapy drugs; as a CT drug, they can specifically
activate nicotinamide adenine dinucleotide phosphate oxidase
(NOX) in cancer cells to produce O,, which can be differentiated
into H,0, by superoxide dismutase (SOD).** Therefore, platinum
drug-mediated chemotherapy can continuously generate H,O, for
the Fenton reaction and serve as an ideal complement to CDT.

Metallacages are cage-like coordinate compounds with
discrete structures and a unique cavity in which bio-molecules
can be captured.*>*” Metallacages are also good ferrous ions
carriers through coordinate interaction with organic ligands.
Here, we synthesized water soluble tetrahedral metallacage based
ferrous ions (FM). Fe** was six coordinatively saturated and
catalysed the Fenton reaction to produce hydroxyl radicals. After
assembly with PEG2000-COOH and chemotherapy drug OXA, FM
was transformed into self-assembled FM@OXA-PEG with strong
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stability and biocompatibility. More importantly, in vivo and
in vitro experimental results showed that FM@OXA-PEG has
synergistic therapeutic effects and is a very promising drug for
cancer treatment.

2. Experimental details

2.1. Materials and reagents

All the chemicals are commercially available and were used
without further purification.

2.2. Characterization

NMR experiments were carried out on an AVANCE III HD
spectrometer operating at resonance frequencies of 400 MHz.
All UV-vis absorption spectra were recorded on a Lambda
20 UV-vis spectrometer (PerkinElmer, Inc., USA). Mass spectra
(FT-ICR MS) were recorded on a Bruker Compact spectrometer
using methanol as the mobile phase. X-ray photoelectron
spectroscopy was performed on a Thermo Scientific K-Alpha+.
Scanning electron microscopy (SEM) images were collected on a
Zeiss EVO MA 25/LS 25. Transmission electron microscopy
(TEM) images and energy dispersive spectra (EDS) mapping
were collected on a JEOL-2100F/F200. The dynamic hydration
size and zeta potential were characterized on a Nano-ZS90.
Analytical high performance liquid chromatography (HPLC)
was performed on an Agilent 1260 with UV detection. An
analytical Tc-C18 column (4.6 mm x 25 cm, 5 pm) from Agilent
was used.

2.3. Preparation of ferrous metallacage (FM)

The ligand and the ferrous metallacage were synthesized based
on reported literature with slightly modified conditions.
A mixture of L (19 mg, 0.04 mmol), pyridine-2-formaldehyde
(8.5 mg, 0.08 mmol) and FeSO,-7H,0 (17 mg, 0.06 mmol) was
stirred in water (5 mL) at R.T. for 12 h. "H NMR (D,0, 400 MHz):
8.88 (12H, s), 8.43 (12H, d), 8.24 (12H, dd), 7.56 (12H, dd), 7.27
(12H, d), 7.04 (24H, s), 6.80 (12H, s), 5.41 (24H, s), 3.80 (12H, s),
3.63 (24H, s), 3.34 (24H, s).

2.4 Synthesis of FM@OXA-PEG

FM®@OXA-PEG was synthesized through hydrophilic and hydro-
phobic interaction. PEG2000-COOH (30 mg) and oxaliplatin
aqueous solution (100 pL, 1 mg mL™ ') were added dropwise
into FM solution (100 mL, 1 mM) successively under ultrasonic
condition for 30 min. The free components were removed by
centrifugation with an ultrafiltration tube (MWCO 8000) and
the upper purple solution containing FM@OXA-PEG was con-
centrated for later use.

2.5. Invitro FM and OXA release studies

We carried out the release profile by the oscillating water bath
dialysis method. Briefly, FM@OXA-PEG (10 mL, 2.5 mM) was
placed in a dialysis bag (MWCO 8000), immersed in 20 mL of
PBS buffer (pH = 6.5) and placed on a shaker oscillator (37 °C,
100 rpm). At predetermined times (1, 3, 4, 8, 12, 24, 48 h), 2 mL
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solution was removed for evaluation and replenished with 2 mL
fresh PBS to maintain constant conditions. The withdrawn
solution was analysed by UV-vis spectrophotometer and HPLC
to obtain the concentrations of the released FM and OXA,
respectively, based on their standard curves. Afterward, a
time-dependent drug release percentage was calculated from
three repeated processes.

2.6. Extracellular *OH detection

Terephthalic acid (TPA) was chosen as the indicator to detect
*OH produced by FM@OXA-PEG in the solution. The fluores-
cence spectrum of TPA in the aqueous solution mixture (10 mM
TPA, 1 mM FM and 0.8 mM H,0,) was detected every 10 min.

The generation of *OH was also detected by ESR spectro-
scopy with DMPO (0.2 mM) as a spin collector. The experiment
was divided into five groups: H,0,, FM@PEG, FM@OXA-PEG,
FM@PEG + H,0,, and FM@OXA-PEG + H,0,.

2.7. Cytotoxicity

The toxicity of FM@OXA-PEG was determined by MTT assay on
3T3 and 4T1 cells. The cells were seeded into 96-well plates
(4000 cells per well) and cultured at 37 °C with CO, for 24 h. The
experiment was divided into four groups: 3T3 cells + FM@OXA-
PEG (0, 0.0625, 0.125, 0.25, 0.5, 1 mM), 4T1 cells + FM@PEG
(0, 0.0625, 0.125, 0.25, 0.5, 1 mM), 4T1 cells + OXA (0, 0.875,
1.75, 3.5, 7, 14 ug mL™"), and 4T1 cells + FM@OXA-PEG
(0, 0.0625, 0.125, 0.25, 0.5, 1 mM). The culture was continued
with MTT for another 4 h; after that, the reductant MTT was
sucked out, DMSO was added, and the absorbance was tested
with a microplate reader.

2.8. Calcein-AM/PI staining

After 4T1 cells and FM@PEG (1 mM), OXA (14 pg mL™ ') or
FM@OXA-PEG (1 mM) were incubated together for 24 h, the
culture medium was removed and fresh culture medium was
supplemented. Then, the 4T1 cells were stained with Calcein-
AM/PI for 30 min and confocal laser scanning images were
collected. Image] software was used for the average fluores-
cence intensity analysis.

2.9. Intracellular *OH production

The experiment was divided into four groups: PBS, FM@PEG
(1 mM), OXA (14 pug mL™") and FM@OXA-PEG (1 mM). At the
end of incubation (12 h), the culture medium was removed and
the cells were washed with cold PBS. Then, 2/,7’-dichlorodi-
hydrofluorescein diacetate (DCFH-DA, 10 uM) was added and
the confocal laser scanning images of each group were
collected.

2.10. Increasement of intracellular H,O,

Intracellular H,O, concentration was studied by hydrogen
peroxide detection kit. The 4T1 cells were incubated with
OXA (14 ug mL™ ") for 0, 3, 6, 8, 10, and 12 h. Samples at each
time point were washed with PBS, treated with cell lysate
(200 pL) and centrifuged (12000 rpm min~") for 5 min at 4 °C.
The supernatant was divided into a 96-well plate (50 UL per well)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and hydrogen peroxide detection kit (150 pL) was added to each
well. After incubation for 30 min at room temperature, the H,0,
concentration was determined by measuring the absorbance
(I = 560 nm) according to the standard curve.

2.11. Mitochondrial membrane potential

After incubation with FM@OXA-PEG for 24 h, 4T1 cells were
incubated with 5,5',6,6'-tetrachloro-1,1’,3,3'-tetraethylbenz-
imidazolylcarbocyanine iodide (JC-1) for 30 min. Then the
culture medium was removed, the cells were washed with
buffer twice, and the images were observed using CLSM.

2.12. Pharmacokinetics of FM@OXA-PEG

To determine the in vivo pharmacokinetics of FM@OXA-PEG,
mice received FM@OXA-PEG (0.28 mg kg™ body weight for
FM) by tail vein injection (n = 3). Blood was collected and kept
in heparinized tubes. The amount of Fe in the plasma was
determined by ICP-MS. The distribution of Fe was calculated by
the percentage of injected dose per gram (% ID g™ ).

2.13. In vivo inhibition on 4T1 solid tumor

Mice were purchased from Shanghai JieSiJie Laboratory Animal
Co., Ltd and used strictly in line with the standards of the
Animal Protection and Use Committee, as approved by the
Animal Ethics Committee of Shanghai Normal University. The
tumor-bearing mice were randomly divided into 4 groups: PBS,

View Article Online

Paper

FM®@PEG, OXA and FM@OXA-PEG. The mice were treated by
tail vein injection of different materials (0.28 mg kg ™" for FM,
0.07 mg kg~ for OXA) twice, on the first day and the 7th day.
During the 14 day treatment, the tumor volume and body
weight of the mice in each group were measured every other
day. The relative tumor volume was calculated as V/V,, in which
V, is the initial tumor volume for each mouse.

3. Results and discussions

3.1. Synthesis and characterization of FM@OXA-PEG

Diaminoterphenylene (L) was synthesized from 1,4-dimethoxy-
benzene through a five step reaction according to a reference
(Fig. S1-S5, ESIf).*® The ferrous metallacage (FM) was built
from L, 2-formylpyridine and FeSO, in a 6:12:4 molar ratio
(Fig. 1(A)). The successful formulation of FM was supported by
'H nuclear magnetic resonance (NMR), Fourier transform ion
cyclotron resonance mass spectrometry (FT-ICR MS) and UV-vis
spectroscopy. The discrete metallacage was proved by a single
set of "H NMR resonances (Fig. S6, ESI{); the expected isotopic
pattern at 823.41 belonged to [Fe,LsSO,-5H,0-H']’" and that at
1085.64 belonged to [Fe,Lg(SO,), 12H,0]"" (Fig. S7, ESI). The
absorbance near 550 nm in the UV-vis absorption spectra of FM
was assigned to the d-d electronic transition (Fig. 1(B)), indi-
cating the formation of a Fe-N coordination bond. The iron ion
in FM was in the +2-oxidation state, as suggested by the Fe 2p;/,
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Fig. 1 Characterization of FM@OXA-PEG. (A) Synthetic route of FM. (B) UV-vis spectra of L, FM and FM@OXA-PEG. (C) XPS test of FM. (D) DLS
distributions of FM@OXA-PEG. (E) SEM of FM@OXA-PEG. (F) TEM of FM@QOXA-PEG. (G) Hydrate particle size stability of FM@OXA-PEG in PBS, FBS and

RPMI-1640 culture medium over 11 days.
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and Fe 2p,/, peaks at around 709 eV and 721 eV, respectively, in
the XPS spectra (Fig. 1(C)). Due to the hanging propylene glycol
group on the ligand and the hydrophilic counterion (SO4>"),
FM had good water solubility.

To improve the stability of FM in the physiological environ-
ment and obtain a tumor therapeutic agent with multi-
modality, FM@OXA-PEG was formed through hydrophilic inter-
action between FM with PEG2000-COOH and hydrophobic
interaction between FM with OXA (Scheme 1). EDS mapping
results showed that the elements C, O, Fe and Pt were dis-
tributed uniformly in the NP, indicating that both ferrous ions
and OXA distributed homogeneously in the nanoplatform
(Fig. S8, ESIT). The absorbance at 572 nm observed in the UV-
vis spectrum of FM@OXA-PEG further proved that the assembled
FM@OXA-PEG was obtained successfully and the structure of FM
remained intact (Fig. 1(B)). The morphology and size were eval-
uated by dynamic light scattering (DLS), scanning electron micro-
scopy (SEM), and transmission electron microscopy (TEM)
(Fig. 1(D)~(F)). The results show that FM@OXA-PEG was a nearly
spherical particle with an average hydration diameter of 102.6 +
3.5 nm. The surface charge of FM@OXA-PEG had a —3.7 +
0.58 mV potential as evaluated by the zeta potential (Fig. S9,
ESIt), which is beneficial to biological applications. The zeta
potential changed from a positive value (19.6 + 2.6 mV of FM)
to the negative value after assembly, indicating the formation of
FM@OXA-PEG. The molar ratio of iron to platinum in the
assembly was 28:1 as determined by inductively coupled plasma
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mass spectrometry (ICP-MS). The amount of OXA was relatively
lower than that of PM but was enough to kill tumor cells through
chemotherapy.

The stability of a material under biophysical conditions is
vital for application as a diagnostic and therapeutic agent. The
hydrodynamic diameter of FM@OXA-PEG had no obvious change
after incubation in PBS, fetal bovine serum (FBS) or 1640 medium
for 11 days, indicating that the assembly was able to retain
its supramolecular structure in a physiological environment
(Fig. 1(G) and Fig. S10, ESIt). UV-vis absorbance position and
intensity are evidence for the structural stability of coordination
compounds.”® The individual structure of FM in FM@OXA-PEG
under the above conditions and different pH conditions (5.3, 6.5,
7.4) was estimated with this method. The unchanged spectral
shape and up to 0.8 A/A, value at 572 nm proved that FM
maintained its cage-like structure (Fig. S11 and S12, ESIY). All in
all, the assembly has excellent water solubility and stability under
biological conditions which are conductive to therapeutic applica-
tion in vivo. The leakage of OXA and FM were studied by HPLC
and UV-vis absorption spectrometry, respectively (Fig. S13, ESI}).
OXA and FM released slowly from FM@OXA-PEG and nearly
83.0% OXA and 87.3% FM were released from the assembly after
50 hours in the absence of H,0, (Fig. S14, ESIf).

3.2. ROS production ability of FM@OXA-PEG

Terephthalic acid (TPA) was chosen as the *OH-detecting agent
because it can be oxidized by *OH into hydroxyterephthalic

OXA

LR PP0000
Odgda‘b'oo

PEG2000-COOH

QAT (T
68080000y

Drug release

&
Chemotherapy -
y
NOXs, SOD
-
-
Enhanced CDT

&,

Scheme 1 Schematic illustration of FM@QOXA-PEG for chemotherapy combined with enhanced chemodynamic therapy.
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acid (hTPA) which shows a fluorescence emission at 435 nm
(Fig. 2(A)). The fluorescence emission intensity gradually
increased with the incubation time of FM@OXA-PEG with
H,0,, suggesting that *OH was produced via a Fenton-like
reaction (Fig. 2(B) and (C)). To make sure of the Fenton
reaction catalytical component in FM@OXA-PEG, control
experiments were carried out. As seen in Fig. S15 (ESIf), the
fluorescence emission intensity of TPA increased in the FM
group and had no obvious change in the presence of OXA,
indicating that FM played the role of Fenton reaction catalyst
here. A standard four-fold peak of 1:2:2:1 electron cyclone
resonance of the *OH radical was observed in the groups
FM@PEG + H,0, and FM@OXA-PEG + H,0, (Fig. 2(E)). Distinctly,
no signal was observed under identical experimental conditions
for the blank (H,0,) and control groups (FM@PEG and FM@OXA-
PEG). Therefore, FM@OXA-PEG with H,0, could produce *OH
radicals, showing potential for cancer treatment as a CDT agent.

This result showed that the coordinate cage based on Fe**
had obvious Fenton reaction catalytic activity. Besides the
catalytic performance, we were also interested in and further
explored the catalytic mechanism.

As the vertex of the tetrahedral cage, the Fe®" ions partici-
pated in a redox reaction resulting in Fe*" (Fe 2p;,, = 709 eV,
Fe 2py;, = 721 €V) being oxidized to Fe*" (Fe 2ps, = 710 eV,
Fe 2py/, = 723 €V) by H,0,. The valence state change of iron was
verified by XPS (Fig. 2(F)). Also, the UV-vis absorbance of FM at
572 nm disappearing suggested that the cage structure col-
lapsed (Fig. 2(D)). In addition, FM showed no apparent
T,-weighted MRI capability due to the low spin Fe** having
no single electron. However, the longitudinal relaxativity of
FM was greatly enhanced, from r; = 0.012 mM ' s to
r1 = 0.24 mM ' s™', after *OH production. Unfortunately, the
enhanced relaxativity was still too low to shorten the relaxation time
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of water, though this phenomenon gave us an idea about designing
MRI contrast agents responsive to pH or H,O,.

3.3. Anti-tumor performance of FM@OXA-PEG in vitro

As good biocompatibility is of great significance for the bio-
logical application of nanoparticles, the cell viability was eval-
uated by MTT method. Embryonic fibroblast cells (3T3)
were incubated with different concentrations of FM@OXA-
PEG (calculated by Fe concentration) for 12 h and 24 h.
As shown in Fig. 3(A), the cell viability was above 80%, indicat-
ing its good bio-compatibility and proving that the cell killing
capacity of FM@OXA-PEG was triggered by the tumor micro-
environment and it is friendly to normal cells. Meanwhile, the
toxicity and side effects of the chemotherapeutic drug OXA were
lowered after its assembly into FM@OXA-PEG.

The 4T1 cell viability decreased to 69.2% and 59.6% after
treatment with FM@PEG (cp. = 1 mM) and OXA (14 pg mL ™) for
24 h. (Fig. 3(B) and (C)). The unsatisfactory CDT performance of
FM®@PEG may be attributed to the limitation of intracellular H,O,
content. Besides, as a chemotherapy drug, OXA can activate
nicotinamide adenine dinucleotide phosphate oxidase (NOX) and
peroxide dismutase (SOD) to produce H,O,, providing raw materi-
als for the Fenton reaction and further enhancing the therapeutic
effect of CDT. The killing capability of FM@OXA-PEG through the
combined effect of CDT and chemotherapy was also estimated with
the MTT method. As shown in Fig. 3(D), the viability of 4T1 cells
treated with FM@OXA-PEG (cg. = 1 MM, coxa = 14 pg mL ™) was
only 12.3%. The 87.7% cytotoxicity of FM@OXA-PEG was much
larger than the sum cytotoxicity of FM@PEG (30.8%) and OXA
(40.4%), meaning that there was a synergistic chemodynamic/
chemotherapeutic effect after the combination of FM and OXA.
The increased intracellular H,O, concentration after incubation
with OXA was estimated by CLSM with a hydrogen peroxide
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Fig. 2 Determination of *OH production capacity. (A) Schematic diagram of the principle of *OH detection by TPA. (B) Fluorescence intensity of TPA at
different times (FM@OXA-PEG + H,05,). (C) I/l of TPA from (B). (D) UV-vis spectra of FM treated with H,O, under pH 6.5 at different times. (E) ESR spectra
using DMPO as spin trap agent under different measurement conditions. (F) XPS test of FM treated with H,O,.

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

Mater. Adv., 2023, 4, 3813-3821 | 3817


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00264k

Open Access Article. Published on 31 July 2023. Downloaded on 1/25/2026 10:15:08 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Materials Advances
A B C
1204 120 120.
mm12h mm2h _ mm12h mm24h _ mm12h mm24h
.‘E' 804 E, 80 é) 80
> 40 2 40/ Z 40]
3 S S
0 006250125 025 05 1 0 006250125 025 0.5 0 0875 175 35 7 14
. Fe (mM) = Fe (mM) OXA (pg/mL)
1201 = 2h  mm24h
£ 801 &
< 8
S S
3
0_
0 00625 0.125 025 05 1
Fe (mM)
F =
120 oo
\? sk
3
E’so- I
z * %
£ 40 1 P g
3 b
§ L
0 z

S ; | e
oo : W Sﬁ@p@xﬁ PBS

OXA

FM@PEG FM@OXA-PEG

Fig. 3 Study on enhanced synergistic therapeutic effect in vitro. (A) Cell viability of 3T3 incubated with different concentrations of FM@OXA-PEG for 12 h
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4T1 cells for different groups with Calcein-AM (green) and PI (red) staining for the live and dead cells. Scale bar: 250 um. (F) Quantitative analysis of red
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detection kit as the probe. As shown in Fig. 4(E) and Fig. S16
(ESIt), the H,0, concentration increased to nearly 2 times the
beginning concentration.

The synergistic effect of chemo/chemodynamic therapy of
FM®@OXA-PEG was also estimated by CLSM. 4T1 tumor cells
were stained by Calcein-AM/PI (propidium iodide) after incuba-
tion with different materials (PBS, FM@PEG, OXA and
FM@OXA-PEG). CLSM shows the live and dead cells. As can
be seen from Fig. 3(E), strong green and no red fluorescence
was detected in the PBS group, suggesting that the cells were
alive under this condition. In the FM@PEG and OXA groups,
red fluorescence appeared, suggesting some tumor cells died.
The red fluorescence intensity was enhanced in the FM@OXA-
PEG group, indicating more tumor cells died. Subsequently, we
quantitatively analysed the fluorescence intensity using the
Image] program. As shown in Fig. 3(F), only 11% of 4T1 cells
survived after incubation with FM@OXA-PEG (cpe = 1 mM,
Coxa = 14 pg mLfl), while the survival rates were 80% and
66% for the FM@PEG (cg. = 1 mM) and OXA groups (coxa =
14 pg mL ™). As can be seen, the CLSM results corresponded
with the MTT arrays, further indicating that a synergistic
enhancement effect existed in FM@OXA-PEG.

Moreover, to validate the enhanced CDT by OXA, we inves-
tigated the intracellular *OH radicals on 4T1 tumor cells using

3818 | Mater. Adv, 2023, 4, 3813-3821

DCFH-DA (green fluorescence) as the probe. After cellular
incubation with FM@PEG or FM@OXA-PEG and DCFH-DA, in
order to exclude interference, control PBS and OXA groups were
used. The generation of intracellular *OH was monitored in real
time by recording the fluorescence of the probe. Obviously, the
PBS and OXA groups had no green fluorescence and the green
fluorescence was much brighter in the presence of FM@OXA-
PEG than FM@PEG (Fig. 4(A)). Quantitative results showed that
the green fluorescence intensity of the FM@OXA-PEG group
was 3 times as much as that of FM@PEG due to the extra H,O,
generated by OXA in the tumor cells (Fig. 4(B)). All these results
revealed that the cell killing ability of FM@OXA-PEG depended
on the enhanced *OH generation and chemotherapy.
Mitochondrial membrane potential (MNP) is an important
marker of mitochondrial membrane structure disruption and
cell apoptosis. The present study measured the mitochondrial
membrane potential by using JC-1 as a fluorescent probe with
the CLSM method. The ratio of green JC-1 monomers to red
JC-1 aggregates indicated the state of the mitochondria
(Fig. 4(C)). Compared to the PBS group, the statistical ratios
of JC-1 green/red fluorescence for the FM@PEG and OXA
groups were 90.8% and 167.5%, respectively, indicating that
*OH produced by both CDT and OXA could induce mitochon-
drial damage (Fig. 4(D)). Moreover, the JC-1 green/red

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(A) CLSM images of 4T1 cells for different groups with DCFH-DA stanning. (B) Quantitative analysis of mean fluorescence intensity. Scale bar:

50 um. (C) CLSM images of 4T1 cells of different groups with JC-1 stanning. Scale bar: 25 um. (D) Ratio of green/red fluorescence intensity in JC-1
staining. (E) In vitro H,O, production test. Data are presented as means + SD (n = 3). ***p < 0.001, **p < 0.01.

fluorescence ratio of FM@OXA-PEG was 5.22 and 2.82 times as
much as those of FM@PEG and OXA, respectively, due to the
synergistic therapeutic effect.

3.4. Anti-tumor performance of FM@OXA-PEG in vivo

We estimated the in vivo pharmacokinetics of FM@OXA-PEG in
mice after intravenous injection. As seen in Fig. S17 (ESIt), the
metabolism of iron ions was nearly complete at 24 h after
intravenous injection and the iron ion concentration in blood
decreased to the normal level (2.3% ID g '), indicating the
good biocompatibility of FM@OXA-PEG. The first (t;/5)) and
second half-life times (t1/5;) of FM@OXA-PEG were 2.72 =+
0.21 h and 21.42 + 8.84 h, respectively, calculated using a double-
compartment model fitting curve. Inspired by the excellent ther-
apeutic efficacy of FM@OXA-PEG in vitro, the synergistic CDT
performance in vivo on tumor-bearing mice (4T1) was investi-
gated. The mice were randomly divided into 4 groups (PBS,
FM@PEG, OXA and FM@OXA-PEG) and injected with a solution
of materials (0.28 mg kg™ ' body weight for FM, 0.07 mg kg™ ' body
weight for OXA) via tail vein two times, on days 0 and 7 (Fig. 5(A)).

Tumor volume changes were recorded daily during the 14 day
treatment (Fig. 5(B) and Fig. S18, ESIT). The tumor volumes for the

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

PBS, FM@PEG and OXA groups at the end of treatment had
increased greatly, e.g. 10.7, 3.0 and 2.6 times the original
volumes, respectively. A slight decrease (0.3 fold) was measured
after treatment by FM@OXA-PEG, suggesting the assembly
could inhibit tumor growth with high efficiency. After the end
of treatment 14 days later, the tumors of each group were
dissected and weighed (Fig. 5(C) and (D)). Similar to the tumor
volume change results, the tumor weights of the FM@OXA-PEG
group were much less than those of the other groups, at only
27%, 29% and 8% of the control groups (FM@PEG, OXA) and
blank group (PBS), respectively.

After treatment, H&E staining and Tunel immunofluores-
cence staining were performed on tumor slices of each group
and the results showed that the tumor of the treatment group
(FM@OXA-PEG) had the most notable tissue damage (Fig. 5(E)).
In the other groups, no notable effect or only partial damage
was observed. The different therapeutic results between FM@
OXA-PEG and FM®@PEG or OXA were mainly attributed to the
synergistic effect of enhanced CT and CDT.

In addition, the body weight of the mice was also monitored
during the treatment period (Fig. 5(F)). There was no significant
weight loss in any group except the OXA group and the large

Mater. Adv, 2023, 4, 3813-3821 | 3819
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body weight fluctuation of the OXA group might be attributed
to the toxicity and side effects of traditional chemotherapy.
H&E staining of heart, liver, spleen, lung, and kidney of FM®@
OXA-PEG and PBS group mice showed no obvious tissue
damage (Fig. S19, ESIf). The above results indicated that
FM®@OXA-PEG was bio-safe, had no systemic toxicity and was
a potential drug for treating tumors.

4. Conclusions

In summary, we built the novel tumor therapeutic platform
FM@OXA-PEG based on a water soluble ferrous metallacage.
The ferrous metallacage played not only the role of ferrous iron
carrier but also chemotherapy drug delivery. In this work, we
appropriately utilized the characteristics of FM and OXA to
assemble a synergistic anticancer drug. In vitro and in vivo anti-
tumor experimental results showed that FM@OXA-PEG had low
toxicity to normal tissues and high efficiency for killing tumor
cells with CT and enhanced CDT. FM kept its structural

3820 | Mater. Adv., 2023, 4, 3813-3821

stability and ferrous valence state in the physiological environ-
ment, showing a potential application prospect as a CDT agent.
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