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Doxorubicin (DOX) is an effective chemotherapeutic drug developed against a broad range of cancers, and
its clinical applications are greatly restricted by the side effects of severe cardiotoxicity during tumour
treatment. Herein, the DOX-loaded biodegradable porous polymeric drug, namely, Fc-Ma-DOX, which
was stable in the circulation, but easy to compose in the acidic medium, was used as the drug delivery
system avoiding the indiscriminate release of DOX. Fc-Ma was constructed via the copolymerization of
1,1'-ferrocenecarbaldehyde with bp-mannitol (Ma) through the pH-sensitive acetal bonds.
Echocardiography, biochemical parameters, pathological examination, and western blot results showed
that DOX treatment caused increased myocardial injury and oxidative stress damage. In contrast,
treatment with Fc-Ma-DOX significantly reduced myocardial injury and oxidative stress by DOX
treatment. Notably, in the Fc-Ma-DOX treatment group, we observed a significant decrease in the
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1. Introduction

Doxorubicin (DOX) is a powerful antitumour drug against
a broad range of cancers." However, the high risk of complica-
tions posed during anticancer therapy, such as cardiotoxicity,
anaphylaxis, bone marrow suppression, rash, hair loss, mouth
inflammation and vomiting, particularly cardiotoxicity, severely
limits the clinical applications of DOX.** DOX has been widely
reported to induce dose-dependent, progressive, and potentially
lethal myocardial damage. Despite decades of research, the
molecular mechanisms of DOX-induced cardiotoxicity remain
controversial® There are several mechanisms that have been
proposed for doxorubicin-induced cardiotoxicity; free radical
generation and apoptosis are the most widely reported. Apart
from this, other mechanisms are also involved in DOX-induced
cardiotoxicity such as impaired mitochondrial function,
a perturbation in iron regulatory protein, disruption of Ca**
homeostasis, autophagy, the release of nitric oxide and
inflammatory mediators and altered gene and protein
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uptake of DOX by H9C2 cells and a significant decrease in reactive oxygen species (ROS) production.

expression that involved apoptosis.® Therefore, for the real
application of DOX in the clinic, development of a new drug
delivery method is urgently needed to protect against the car-
diotoxicity induced by DOX.

In recent years, various methods have been developed to
reduce the cardiotoxic potency of DOX, including the concur-
rent administration of cardioprotective agents (e.g., dexrazox-
ane, beta-blockers, angiotensin-converting enzyme inhibitors,
and angiotensin receptor blockers),” the use of anthracycline
analogues and the employment of novel drug delivery systems
(polymeric, lipid and inorganic nanoparticle-based nano-
formulations, nanogels, nanotubes and nanocrystals).’
However, there are still many issues that need to be addressed.
For example, as the only FDA-approved cardioprotective agent
for anthracycline-induced cardiotoxicity, the simultaneous
administration of dexrazoxane with DOX might increase the
incidence of second primary malignancies (myelodysplastic
syndrome and acute myeloid leukaemia) in paediatric
patients.”™** Cardiotoxicity can be minimized with the use of
a carrier-based DOX delivery system, which could alter the
pharmacological distribution of DOX, ultimately reducing its
accumulation in the heart.™ Lipophilic lipid formulations with
high affinity for skin commonly cause palmar-plantar eryth-
rodysesthesia, known as hand foot syndrome (HFS).*>'® Mean-
while, inorganic carriers, mainly metal-based particles, face the
difficulty of biodegradation.”” Additionally, traditional drug
delivery systems suffer from instability, complexity of synthesis,
and low drug efficacy, which greatly limit their treatment effi-
ciency in tumours.”®' Hence, it is necessary to develop new
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drug delivery systems that not only overcome the issue of car-
diotoxicity but also retain or even enhance the therapeutic
efficacy of anticancer drugs.

Porous organic polymers (POPs) represent an emerging class
of lightweight multifunctional network materials constructed
by covalently linking organic building blocks.”® The pure
organic structure endows POPs with unique physicochemical
characteristics, such as good biocompatibility, large specific
surface area, high porosity, and excellent stability, as well as
customizable structure and functions.?*** Over decades of
development, thousands of POPs with numerous structures and
functions have been developed for various applications in fields
ranging from the environment to biomedicine, involving gas
storage and separation, heterogeneous catalysis, biomedicine,
sensing, optoelectronics, and energy storage and
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conversion.”®?” The intrinsic organic and porous structure of
POPs not only facilitates drug loading but is also favourable for
the desired postmodification, further enhancing their applica-
tion properties.?®?>®

In this work, a biocompatible ferrocenyl-based (Fc-Ma)
porous drug delivery system (Fc-Ma-DOX) connected by pH-
sensitive acetal bonds was designed for the controllable
release of DOX to tumour sites. The drug delivery system could
ultimately alter the pharmacological distribution of DOX,
thereby reducing the myocardial injury caused by it.>** For the
first time, we concurrently studied the potential of a POP to
enhance cancer therapy and minimize DOX-induced car-
diotoxicity. Both the biochemical parameters and pathological
examination results demonstrated that Fc-Ma could serve as
a smart carrier with a specific acidic tumour microenvironment
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Fig. 1 Schematic illustrating the formation of the Fc-Ma-DOX and mechanism to reduce cardiotoxicity.
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(TME)-induced release behaviour, which could effectively avoid
the early release of DOX in normal tissues, significantly
reducing the aggregation of DOX in normal tissues. Therefore,
the drug delivery system could reduce myocardial oxidative
stress and apoptosis by reducing the DOX-induced over-
production of oxygen free radicals, significantly lowering the
cardiotoxicity induced by DOX (Fig. 1).

2. Materials and methods

2.1. Synthesis of Fc-Ma

The biocompatible ferrocenyl-based (Fc-Ma) porous drug
delivery system was formed according to our previous studies.**
Briefly, ferrocene (Fc) pre-dissolved in n-hexane, n-butyllithium
solution and tetramethyl ethylenediamine was added to a round
bottom flask with a magnetic stirrer. Under continuous stirring,
anhydrous dimethylformamide (DMF) was slowly injected into
the reaction system. 1,1-Ferrocenecarbaldehyde was obtained
as a red solid after the full reaction.

Under ultrasonication, 1,1-ferrocenecarbaldehyde (0.50 g,
2.07 mmol), p-mannitol (Ma) (0.38 g, 2.07 mmol), and p-meth-
ylbenzene sulfonic acid (7.64 g, 40.16 mmol) were added to the
reaction tube. The reaction system was heated to 180 °C. After
72 h, a black solid was obtained and named Fc-Ma. Fc-Ma and
DOX were dissolved in deionized water, and the prepared Fc-
Ma-DOX was obtained after continuous stirring.

2.2. Characterization of Fc-Ma and Fe-Ma-DOX

Fourier transform infrared spectroscopy (FTIR) was performed
on KBr pellets in the range from 4000 to 400 cm™' using
a Spectrum Spotlight 400 system. Transmission electron
microscopy (TEM, Tecnai G2 20 TWIN) images were obtained by
dipping the prepared samples on a Cu-net. The morphology was
further confirmed by employing field-emission scanning elec-
tron microscopy (FESEM, Ultra 55).

2.3. Invitro DOX release

DOX release from Fc-Ma-DOX was measured under different pH
conditions (pH 5.5, 6.5 and 7.4) by the dialysis method. Briefly,
Fc-Ma-DOX was transferred into a dialysis bag (MWCO: 8000-
14000) and immersed in 50 mL of phosphate-buffered saline
(PBS) with different pH conditions at 37 °C. At fixed time
intervals, 1 mL of the solution outside the dialysis bag was
removed for fluorescent measurements, and an equal volume of
fresh buffer was added. The amount of DOX released from the
POPs was determined using an automatic enzyme immuno-
assay instrument (Multiskan Go, America) at 481 nm by
comparison with DOX standard curves.

2.4. Animals and treatments

All animal experiments were carried out with the approval of the
Institutional Animal Care and Use Committee of Weifang
Medical University. Male C57BL/6 ] mice (8-10 weeks old) were
purchased from the Institute of Medical Laboratory Animal
Center, Weifang Medical University (Shandong, China) and
kept in a specific pathogen-free barrier system with free access
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to the standard diet and water. After acclimation for one week,
mice were randomly divided into 4 groups: (I) control group; (II)
Fc-Ma group; (III) DOX group; and (IV) Fe-Ma-DOX group. To
mimic chronic DOX exposure, the mice in the DOX groups (n =
10 for each group) were injected intraperitoneally with free DOX
(5 mg kg~ ") every week for 4 weeks.?? The mice in the Fc-Ma and
Fc-Ma-DOX groups (n = 10 for each group) were injected
intraperitoneally with Fc-Ma and Fc-Ma-DOX (Fc-Ma-DOX was
administered at a dose with an equivalent amount of DOX to
that of free DOX, and the DOX concentration in Fc-Ma-DOX was
calculated based on drug loading®') every week for 4 weeks. The
control mice received saline, and the animals were weighed
once a week. One week after the last injection, cardiac functions
in the mice were examined, all animals were sacrificed, and
blood samples were harvested. The hearts were rapidly removed
and weighed. Part of the heart tissue was fixed, and the
remaining samples were stored at —80 °C for further assays. To
observe the survival rate in mice exposed to DOX, the mice (n =
5-15 for each group) were injected intraperitoneally with free
DOX (5 mg kg™, every three days), Fc-Ma, Fe-Ma-DOX (at a DOX
equivalent dose of 5 mg kg™ ') and saline 7 times. After the first
injection of DOX, the mice were observed daily for 30 days.

2.5. Echocardiography

After mice were anaesthetized with 1.5% isoflurane, echocar-
diography was conducted using a high-resolution Vevo 3100LT
(Visual Sonics, Toronto, Canada) imaging system to analyze
cardiac functions. M-mode images of the left ventricle were
recorded at the papillary muscle level. Ejection fraction (EF),
fractional shortening (FS), left ventricular end-diastolic
dimension (LVEDD) and left ventricular end-systolic dimen-
sion (LVESD) were measured.*® At least three separate cardiac
cycles were averaged for the echocardiographic measurements.

2.6. Histopathology

Myocardial tissues were fixed in 4% paraformaldehyde for 24
hours at room temperature. The fixed tissues were embedded in
conventional paraffin wax and cut into 5 pm sections, and then
the sections were stained with haematoxylin and eosin (H&E).
Horizontal heart sections were stained with Masson's trichrome
blue (Sigma Aldrich, USA) for the analysis of fibrosis. Specimens
were observed under a light microscope (400 amplification:
Nikon Tokyo, Japan).

2.7. Biochemical analysis

The blood was centrifuged at 3000 rpm for 10 min, the super-
natant was then taken, and the serum levels of lactate dehy-
drogenase (LDH), cardiac isoform of troponin T (¢TnT) and the
creatine kinase isoenzyme (CK-MB) were detected by perform-
ing enzyme-linked immunosorbent assay (ELISA) in strict
accordance with the manufacturer's instructions (JianCheng,
Nanjing, China). Oxidative stress indices, such as malonyl dia-
ldehyde (MDA), superoxide dismutase (SOD), and glutathione
peroxidase (GSH-Px), were analyzed with commercial Kkits
(Beyotime, Shanghai, China). The experiment was performed in
triplicate.

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

H9C2 cells were maintained in Dulbecco's modified Eagle's
medium (DMEM) (Gibco, NY, USA) supplemented with 10%
fetal bovine serum (FBS, Life Technologies, UK) and antibiotics
(100 TU mL™" penicillin and 100 mg mL ™" streptomycin) in
a humidified atmosphere of 5% CO, and 95% O, at 37 °C.

2.9. Intracellular ROS detection

Superoxide production in the myocardium of mice and H9C2
cells was detected by dihydroethidium (DHE) staining and 2',7"-
dichlorofluorescin diacetate (DCFH-DA) staining according to
the manufacturer's instructions, respectively (Beyotime,
Shanghai, China). Briefly, frozen heart sections were stained
with DHE (10 pmol L"), while H9C2 cells were incubated with
DCFH-DA (10 pmol L") in a dark chamber at 37 °C for 30 min,
and then fluorescence microscopy (Olympus; Tokyo, Japan) was
used to examine the sections in a blinded manner.

2.10. DOX-induced cell injury

A Cell Counting Kit-8 (CCK-8) assay kit (Dojindo Laboratories,
Tokyo, Japan) was used to determine cell viability following the
manufacturer's instructions. H9C2 cells were seeded into 96-
well plates at a density of 1 x 10° cells per well, incubated for 48
hours, and then pretreated for 24 hours with the indicated
concentrations of free DOX, Fc-Ma and Fc-Ma-DOX. The cells in
the control groups were treated with 0.1% dimethyl sulfoxide
(DMSO, Sigma-Aldrich Chemical Co., USA) using an automatic
enzyme immunoassay instrument (Multiskan Go, America) to
measure the absorbance at a wavelength of 450 nm. The
experiments were repeated 3 times.

2.11. DOX uptake in H9C2 cells

HOIC2 cells were seeded into 6-well plates at a density of 6 x 10*
cells per well in 1 mL DMEM and incubated for 48 hours. Free
DOX and Fc-Ma-Dox were added to each well. After 6 hours of
further incubation, the culture medium was removed, and the
cells were washed three times with PBS buffer. The fluorescence
was observed under an inverted fluorescence microscope
(Olympus; Tokyo, Japan).

2.12. TUNEL staining

H9C2 cells were fixed with 4% paraformaldehyde, and
a terminal deoxynucleotidyl transferase-mediated nick-end
labelling (TUNEL) assay was performed according to the
manufacturer's protocol to detect apoptosis (Promega Corpo-
ration, Madison, WI, USA). The nucleus was labelled with DAPI.

2.13. Western blotting assay

Immunoblotting was performed as previously described.** In
brief, protein lysates were extracted from frozen heart samples
or HOC2 cells. A BCA Protein Assay Kit (Thermo Fisher Scien-
tific, Waltham, MA, USA) was used to determine the protein
concentrations of the samples. Equal amounts of protein were
separated by 8-12% SDS-PAGE and then transferred onto PVDF

© 2023 The Author(s). Published by the Royal Society of Chemistry
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membranes (Merck Millipore, MA, USA). The membranes were
then blocked with 5% bovine serum albumin for 2 hours at
room temperature and incubated at 4 °C overnight with primary
antibodies (anti-HO-1, 1:1000, Abcam; anti-Nrf2, 1:1000,
Abcam; anti-NQO-1, 1: 1000, Abcam; and anti-GAPDH, 1 : 1000,
Abcam). After incubation with horseradish peroxidase-
conjugated secondary antibodies (1 :2000, Abcam, Cambridge,
MA) for 60 min, immune reactive protein bands were detected
by a BioSpectrum Gel Imaging System (UVP, California, USA)
and quantified by Odyssey Image Studio 5.1. GAPDH was used
as a loading control for whole cellular protein.

2.14. Statistical analysis

GraphPad Prism 8.0 (GraphPad, USA) statistical software was
used for data analysis, and one-way analysis of variance (one-
way ANOVA) was used for comparisons among multiple
groups. A t test was used to analyze differences between two
groups. A repeated-measures ANOVA was used to examine the
alteration in body weight. Data are expressed as the mean +
standard deviation (x + s), and statistical significance was
accepted at values of p < 0.05.

3. Results and discussions

3.1.
DOX

Morphology and characterization of Fc-Ma and Fc-Ma-

The route for the preparation of Fc-Ma-DOX is shown in
Fig. S1.t Fc-Ma was obtained via the copolymerization of fer-
rocenedicarboxaldehyde and p-mannitol (Ma) in 1,2-dichloro-
benzene with catalytic p-toluene sulfonic acid, which was
further used as the carrier for the noncovalent loading of DOX
through the formation of H-bonds, m-m conjugation, and
porous adsorption.**¢

The successful preparation of the porous networks was
concurrently verified by the absence of a characteristic vibration
band of the aldehyde group in Fc at 1690 cm ', and the
appearance of new absorption peaks ascribed to the tensional
vibration of the cyclic acetal appeared at 1704 cm™* (Fig. S2at),
corresponding to the acetal bonds. Notably, the characteristic
absorption peaks of DOX located at 1621, 1407, and 1007 cm ™
were also observed in Fc-Ma-DOX (Fig. S2bf), indicating the
successful loading of DOX into the carrier. In addition,
according to our previous study, the change in the porosity also
confirmed the loading of DOX into Fc-Ma.** The morphology of
Fc-Ma and Fc-Ma-DOX was confirmed by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM), respectively. As shown in Fig. S3,} tiny near-spherical
particles with numerous macropores were observed by SEM of
Fc-Ma, and they were well retained after the entry of DOX
(Fig. S3at). Furthermore, widely distributed pores were also
observed in the TEM images (Fig. S3b¥). Due to the presence of
a pH-labile acetal bond in Fe-Ma-DOX, it should show pH-
responsive DOX release behavior, with DOX release increasing
with decreasing pH. As exhibited in Fig. S4,7 the cumulative
release amount of DOX (72 h) reached 80.3% and 63.9% in the
buffers at pH 5.5 and 6.5 (pH of tumour tissues), respectively,
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which was much higher than that in the neutral media (pH 7.4,
equal to blood plasma). Overall, the evaluation results indicated
that the pH-triggered drug delivery system can evade normal
tissues, which would be critically important to reduce the
toxicity and side effects of anticancer drugs in normal tissues.

3.2. Verification of DOX-induced cardiotoxicity in a mouse
model

One of the manifestations of chronic DOX-induced cardiotox-
icity is congestive heart failure.’” Accordingly, we conducted
echocardiography to investigate cardiac dysfunction in mice

(a)
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induced by DOX (Fig. 2a). Compared with the control group,
echocardiography showed that EF and FS were markedly
decreased, while LVESD and LVEDD were increased in DOX-
treated mice (Fig. 2b-e), suggesting that a marked decrease in
left ventricular contractile function was caused by DOX. Path-
ological changes in the myocardial tissue of mice were observed
by H&E staining, which showed that the myocardial tissue cells
from the mice treated with DOX were disordered with vacuolar
degeneration and severe cell necrosis, while the myocardial
tissue cells of the control groups appeared grossly normal
(Fig. 2f). Masson's trichrome staining (Fig. 2g) revealed that the
cardiac collagen fraction was significantly increased in DOX-
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Fig. 2 Verification of the DOX induced cardiotoxicity in mice model: (a) representative M-mode echocardiography of left ventricular chamber
change from mice (n = 6); (b)—(e) ejection fraction (EF%), fraction shortness (FS%), left ventricular end-diastolic dimension (LVEDD) and left
ventricular end-systolic dimension (LVESD) of mice as determined via echocardiography (n = 6); (f) representative images of H&E staining (n =6,
scale bar 20 um); (g) representative images of Masson's trichrome staining (n = 6, scale bar, 20 um); (h)—-(j) biochemical determination of CK-MB,
LDH and cTnT serum levels (n = 6). Values represent the mean + SD. *p < 0.05, **p < 0.01 vs. control group.
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treated mice. As shown in Fig. 2h-j, compared with those in the
control group, the levels of serum ¢TnT, CK-MB, and LDH were
obviously increased in mice injected with DOX, demonstrating
severe damage to the cardiac membrane integrity. These results
indicated the successful establishment of DOX-induced car-
diotoxicity in a mouse model.

3.3. DOX aggravates oxidative damage in a mouse model

Oxidative stress and reduced antioxidant status are thought to
be primarily responsible for DOX-induced cardiotoxicity
because myocardial tissues lack sufficient antioxidant mecha-
nisms.*® Therefore, the reactive oxygen species (ROS) level in the
heart was detected by DHE staining, which demonstrated that
the injection of DOX resulted in increased ROS production in
the heart of mice (Fig. 3a and b). To assess the effects of DOX on

Con

DOX

(a)
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oxidative stress, typical indicators of oxidative stress, such as
SOD, MDA and GSH-Px, were also examined. Compared with the
control group, MDA was significantly increased, while SOD and
GSH-Px were decreased in the hearts of mice treated with DOX
(Fig. 3c-e). Furthermore, nuclear factor erythroid 2-related
factor 2 (Nrf-2), which is an emerging regulator of cellular
resistance to oxidants controlling the basal and induced
expression of an array of antioxidant response element-
dependent genes, was also examined.***° As shown in Fig. 3f
and g, compared with the control group, the expression of Nrf-2
was downregulated after DOX treatment. Accordingly, the
expression levels of the downstream molecules haem
oxygenase-1 (HO-1) and NADPH quinone oxidoreductase-1
(NQO-1) were also reduced.
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Fig. 3 DOX aggravates oxidative damage in mice model: (a) and (b) representative DHE staining images and the quantitative results, from top to
bottom, the images show cell nuclei stained by DAPI (blue), ROS fluorescence (red) and the merge of the two images (n = 6, scale bar 20 um);
(c)—(e) the levels of GSH-Px, MDA and SOD in heart samples (n = 6); (f) and (g) Western blots and the statistical results of Nrf-2, HO-1and NQO-1
proteins (n = 6). Values represent the mean + SD. **p < 0.01 vs. control group.
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3.4. Fc-Ma-Dox alleviates doxorubicin-induced
cardiomyopathy in vivo
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were markedly varied in the Fc-Ma-treated group (Fig. 4b-e). In
the histopathological examinations, the H&E staining results

showed no differences between the Fc-Ma-DOX and Fc-Ma-
treated groups and the control group, revealing normal heart
histology, myocardial degeneration, and necrosis; occasional
vacuolization was observed in the DOX-treated group (Fig. 4f).
Myocardial fibrosis was significantly increased in the DOX-
treated group compared to the control group and was
decreased in the Fc-Ma-DOX-treated group compared to the
DOX-treated group (Fig. 4g). Furthermore, typical biochemical
markers, such as LDH, CK-MB and cTnT, were detected to

To determine whether Fc-Ma-DOX treatment could effectively
prevent DOX-induced heart dysfunction through the pH-
responsive effect, we examined the effect of Fc-Ma-DOX treat-
ment by echocardiography (Fig. 4a). Ejection fraction (EF) and
fractional shortening (FS) were significantly increased and
LVESD and LVEDD were significantly decreased in the mice
treated with Fc-Ma-DOX compared with those given free DOX.
Compared with the control group, none of these conditions
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Fig. 4 Fc-Ma-DOX alleviates Doxorubicin induced cardiomyopathy in vivo: (a) representative M-mode echocardiography of left ventricular
chamber change from mice (n = 6); (b)—(e) ejection fraction (EF%), fraction shortness (FS%), left ventricular end-diastolic dimension (LVEDD) and
left ventricular end-systolic dimension (LVESD) of mice as determined via echocardiography (n = 6); (f) H&E staining (n = 6, scale bar 50 pm); (g)
Masson's trichrome staining (n = 6, scale bar 50 um); (h)—(j) the levels of CK-MB, LDH and cTnT in serum (n = 6); (k) body weight change (n = 6);
(1) the survival curves up to 30 days after the first DOX injection in mice (n = 5-15). Values represent the mean £ SD. *p < 0.05, **p < 0.01 vs.
control group, #p < 0.05, ##p < 0.01 vs. DOX group, ns indicates no significance.
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evaluate the effect of Fc-Ma-DOX treatment on cardiac
membrane integrity. As expected, the levels of these markers
were significantly increased in the mice treated with DOX and
were much higher than those in the mice treated with Fc-Ma-
DOX. Meanwhile, as seen from Fig. 4h-j, no significant differ-
ences were detected in the myocardial levels of ¢TnT, LDH, or
CK-MB for the mice treated with Fc-Ma compared with the
control group. Additionally, we found that Fc-Ma-DOX

Con Fc-Ma
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treatment significantly attenuated DOX-induced body weight
loss in mice, which raised the possibility for further clinical use
(Fig. 4k). As shown in Fig. 41, compared with the control group,
the survival rate of mice treated with DOX was much lower,
which was effectively alleviated by Fc-Ma-DOX treatment, and
the survival rate of mice treated with Fc-Ma was not significantly
different.
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Fig.5 Fc-Ma-DOX attenuated DOX-induced oxidative stress in vivo: (a) and (b) representative DHE staining images and the quantitative results,
from top to bottom, the images show cell nuclei stained by DAPI (blue), ROS fluorescence (red) and the merge of the two images (n = 6, scale bar
20 pm); (c)—(e) the levels of MDA, SOD and GSH-PX in heart samples (n = 6); (f) and (g) Western blots and the statistical results of Nrf-2, HO-1and
NQO-1 proteins (n = 6). Values represent the mean =+ SD. **p < 0.01 vs. control group, **p < 0.01 vs. DOX group, ns indicates no significance.
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3.5. Fc-Ma-DOX attenuated DOX-induced oxidative stress in
vivo

Oxidative stress, as a chief component of the molecular and
cellular determinants of doxorubicin cardiotoxicity, contributes
to the development of DOX-related cardiac injury.® As displayed
in Fig. 5a and b, compared with the control group, DHE staining
demonstrated that the mice treated with Fc-Ma displayed no
significant differences in ROS generation. Cardiac ROS gener-
ation in mice was notably increased after DOX treatment;
conversely, it was decreased by Fc-Ma-DOX treatment. In addi-
tion, the levels of important antioxidant enzymes, including
SOD and GSH-Px, were significantly decreased in the mice
treated with DOX. However, this downregulation was remark-
ably blocked by Fc-Ma-DOX treatment. Moreover, MDA,
a biomarker related to lipid peroxidation, was significantly
increased in the mice treated with DOX, but the abnormal
accumulation of MDA was inhibited by Fc-Ma-DOX treatment.
Compared with the control group, none of the antioxidant
enzyme levels markedly varied in the Fc-Ma-treated group
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(Fig. 5c—e). Nrf-2 acts as a critical transcription factor to main-
tain redox homeostasis.** Interestingly, Fig. 5f and g clearly
shows that Fc-Ma-DOX treatment significantly attenuated DOX-
induced downregulation of Nrf-2, HO-1 and NQO-1 in the heart,
and the above protein levels were not significantly different in
the Fc-Ma-treated group compared with the control group.

3.6. DOX uptake in H9C2 cells

We exposed HIC2 cells to various concentrations of free DOX
(0.1, 0.625, 1.25, 2.5, 5.0, 10.0, 20.0, and 40.0 pg mL™*), Fc-Ma-
DOX (Fc-Ma-DOX was administered at doses with equivalent
amounts of DOX to those of the various concentrations of free
DOX) and Fe-Ma (25, 50, 75, 100, 125, 150, 175, and 200 ug
mL ") for 24 hours to assess the cell viability of H9C2 cells by
CCK-8 assay. As shown in Fig. 6a, the viability of H9C2 cells
administered 5 pg mL ™' DOX was significantly reduced; there-
fore, we chose this condition for the subsequent in vitro studies.
We found that the viability of H9C2 cells did not decrease
significantly even with large doses of Fc-Ma, indicating that Fc-
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Fig. 6 DOX uptake in HOC2 cells: (a) and (b) cell viability was assessed by the Cell Counting Kit-8 method after 24 hours of exposure to the
various concentrations of free DOX, Fc-Ma, Fc-Ma-DOX; (c) inverted fluorescent microscopy images of HOC2 cells treated with Fc-Ma-DOX at
different pH values (pH 6.5 and 7.4) for 6 hours, from top to bottom, the images show cell nuclei stained by DAPI (blue), DOX fluorescence (red),
and the merge of the two images (scale bar 20 um); (d) inverted fluorescent microscopy images of HOC2 cells treated with Fc-Ma-DOX and DOX
at the pH value was 7.4 for 6 hours, from top to bottom, the images show cell nuclei stained by DAPI (blue), DOX fluorescence (red), and the

merge of the two images (scale bar 20 um).
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Ma has good biosafety (Fig. 6b). To evaluate the endocytosis
capacity of DOX in cardiomyocytes, H9C2 cells were exposed to
Fc-Ma-DOX at different pH values (6.5 and 7.4) for 6 hours.
Inverted fluorescence microscopy images showed strong DOX
fluorescence in H9C2 cells administered Fc-Ma-DOX at a pH
value of 6.5, whereas only a weak fluorescence (Fig. 6¢) was
found at a pH of 7.4. Moreover, as presented in Fig. 6d,
compared to the strong fluorescence of H9C2 cells incubated
with free DOX, the cells incubated with Fc-Ma-DOX only showed
low fluorescence in neutral media (pH = 7.4). Notably, the data
in our previous study also suggested that the accumulation of
DOX in the heart of mice treated with Fc-Ma-DOX was signifi-
cantly decreased compared with that in mice treated with free
DOX.** All these results suggested that the degradation of Fc-
Ma-DOX was markedly decreased under neutral conditions,
which could effectively reduce the accumulation of DOX in
cardiomyocytes, thus effectively reducing DOX cardiotoxicity.

3.7.
vitro

Fc-Ma-DOX inhibits oxidative stress and apoptosis in

Previous studies showed that ROS generated by DOX caused
cardiac injury and cardiomyocyte apoptosis.”** We detected
ROS levels in H9C2 cells by DCFH-DA staining to further
investigate the effect of Fc-Ma-DOX treatment on DOX-induced
cardiotoxicity in vitro. The H9C2 cells were plated in 6-well
culture plates at a density of 6 x 104 cells per mL and then
treated with free DOX (5 pg mL "), Fc-Ma (5 pug mL ") and Fe-
Ma-DOX (at a DOX equivalent dose of 5 pg mL™') for 24
hours, as shown in Fig. 7a. DOX treatment resulted in increased
oxidative stress in the H9C2 cells, and Fc-Ma-DOX treatment
almost completely inhibited ROS production. Moreover, the
production of ROS was hardly increased in the H9C2 cells
treated with Fc-Ma. As expected, western blotting revealed that
the Nrf-2 protein level was downregulated in the H9C2 cells
treated with DOX and that the downstream HO-1 and NQO-1
protein levels were also decreased, while the above protein
levels were preserved in the H9C2 cells treated with Fc-Ma-DOX
(Fig. 7b and c). TUNEL staining results suggested that DOX
incubation caused massive apoptosis in H9C2 cells, which was
notably reversed by Fc-Ma-DOX treatment (Fig. 7d).

3.8. Discussion

Oxidative stress and the increased generation of intracellular
ROS are widely considered to be primarily responsible for DOX
cardiotoxicity.*** Due to the strong affinity of DOX for car-
diolipin, it is especially retained in the mitochondrial inner
membrane in the form of DOX-cardiolipin complexes, which
can inhibit mitochondrial enzymes involved in oxidative phos-
phorylation, interfering with the normal electron transport
chain to increase free radical reactive oxygen species (ROS)
production. Moreover, DOX can be converted to the unstable
intermediate metabolite semiquinone in the presence of
molecular oxygen, which in turn accelerates superoxide anion
generation during the redox cycling process.***>*¢ Excessive free
radicals can directly trigger oxidative damage to cardiomyocytes
characterized by lipid peroxidation, leading to cell membrane

© 2023 The Author(s). Published by the Royal Society of Chemistry
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damage, DNA damage and finally the initiation of apoptosis.**’
Because myocardial tissues lack sufficient antioxidant mecha-
nisms, ROS accumulation in DOX-induced cardiac injury is
accompanied by a disturbed antioxidant defence system in the
heart. Nuclear factor erythroid 2-related factor 2 (Nrf-2) is
a master regulator of multiple antioxidant enzymes and is
known as a cytoprotective transcription factor. It has a key role
in modulating cell redox balance and sensing the status of
cellular oxidative stress by stimulating the activity of compo-
nents of antioxidant defence, such as antioxidant enzymes
(superoxide dismutase (SOD), glutathione peroxidase (GSH-Px),
and haem oxygenase-1 (HO-1)) and the major detoxifying
enzyme quinone oxidoreductase 1 (NQO-1).***° Consistently, in
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Fig. 7 Fc-Ma-DOX inhibits oxidative stress and apoptosis in vitro: (a)
representative images of DCFH-DA staining, from top to bottom, the
images show cell nuclei stained by DAPI (blue), ROS fluorescence
(green) and the merge of the two images (scale bar 20 um); (b) and (c)
Western blots and statistical results in cultured HOC2 cells (n = 6); (d)
representative images of TUNEL staining, from top to bottom, the
images show cell nuclei stained by DAPI (blue), tunel fluorescence
(green) and the merge of the two images (scale bar 200 um). Values
represent the mean + SD. **p < 0.01 vs. control group, #*#p < 0.01 vs.
DOX group, ns indicates no significance.
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our study, cardiac Nrf-2 expression was found to be decreased
by DOX treatment, and the expression of downstream HO-1 and
NQO-1 was also reduced.

Porous organic polymers (POPs), due to their unique chem-
ical and physical properties, are frequently used for the design
of drug delivery vehicles.*"*>** Stimuli-responsive drug delivery
vehicles may assist in the controlled release of a drug because
they can respond to changes in their environmental parameters.
Both internal and external stimuli can trigger the release of
drugs by evoking a change in the drug carrier. Internal stimuli
include various changes in target tissues, such as pH, redox
status, ionic strength, and protein and enzyme concentrations,
and external (physical) stimuli include temperature, light,
ultrasound, magnetic force, and electric fields.*** In fact, there
are pH differences between many tissues and cellular
compartments of the human body; moreover, tumour tissue has
a lower pH than surrounding normal tissue due to metabolic
glycolysis and lactic acid production. Due to the widely varying
pH conditions in diverse biological systems and tissues, it has
been possible to design pH-sensitive polymers for drug
delivery.*** The use of pH-sensitive polymers may reduce
nonspecific exposure to chemotherapeutic drugs to not only
contribute to targeted drug release but also reduce drug leakage
and reduce side effects.'**"~°

In this study, we constructed a biodegradable porous organic
polymer (POP) composed of ferrocene (Fc) and p-mannitol (Ma)
through pH-responsive acetal bonding, which was then used as
the host for the loading of DOX. The acid-unstable acetal
linkage was stable in a physiological environment but degraded
at a lower pH, drug release mainly occurred due to hydrolysis of
the linker bonds in response to the decrease in pH. The DOX
released from Fc-Ma-DOX under normal physiological condi-
tions was significantly lower than that in the acidic environ-
ment.**** Compared with free DOX treatment, the accumulation
of DOX in normal and neutral myocardium with Fc-Ma-DOX
treatment was significantly reduced. Accordingly, the excessive
generation of ROS, oxidative stress and apoptosis induced by
DOX were significantly reduced in hearts treated with Fc-Ma-
DOX. Fc-Ma-DOX reduced doxorubicin-induced myocardial
damage by reducing DOX accumulation in cardiomyocytes.

4. Conclusions

In summary, we have successfully developed a biocompatible
ferrocenyl-based pH-responsive porous drug delivery system
combined with DOX, which can effectively overcome DOX-
induced cardiotoxicity. These results demonstrate the poten-
tial of this drug delivery system as a rational tool for further
studies of doxorubicin-induced cardiomyopathy.
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