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ABSTRACT

Traditional microtubule inhibitors fail to significantly enhance the effect of colorectal cancer; hence, new
and efficient strategies are necessary. In this study, a supramolecular nanoreactor (DOC@TA-Fe>*) based
on tannic acid (TA), iron ion (Fe>*), and docetaxel (DOC) with microtubule inhibition, reactive oxygen
species (ROS) generation, and glutathione peroxidase 4 (GPX4) inhibition, is prepared for ferroptosis/
apoptosis treatment. After internalization by CT26 cells, the DOC@TA-Fe>* nanoreactor escapes from the
lysosomes to release payloads. The subsequent Fe*/Fe?* conversion mediated by TA reducibility can
trigger the Fenton reaction to enhance the ROS concentration. Additionally, Fe3* can consume gluta-
thione to repress the activity of GPX4 to induce ferroptosis. Meanwhile, the released DOC controls
microtubule dynamics to activate the apoptosis pathway. The superior in vivo antitumor efficacy of
DOC@TA-Fe3* nanoreactor in terms of tumor growth inhibition and improved survival is verified in CT26
tumor-bearing mouse model. Therefore, the nanoreactor can act as an effective apoptosis and ferroptosis
inducer for application in colorectal cancer therapy.

© 2022 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Microtubules are found in almost all eukaryotic cells. As one of
the main components of the cytoskeleton, microtubules play an
important role in cell morphology maintenance, intracellular ma-
terial transport, cell division and differentiation, and other physi-
ological processes [1—3]. Tubulin has become an important target
for the research and development of new anticancer drugs [4].
Tubulin inhibitors acting on the microtubule system have also
become an effective class of antitumor drugs [5,6]. Docetaxel (DOC),
a tubulin inhibitor, has a high affinity for microtubules or tubulin to
regulate microtubule dynamics, especially during the vulnerable
mitotic stage in the cell cycle [5,7,8]. Although DOC has a significant
effect on cancer treatment, single-drug therapies fail to satisfy the
clinical application in long-term treatment. Many efforts have been
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recently devoted to combining microtubule inhibitors with other
strategies, and promising results have been obtained for cancer
therapy [7,9].

Ferroptosis, a new iron-dependent regulated form of cell death,
is distinct from apoptosis, autophagy, and necrosis [10,11]. A series
of studies were conducted to induce ferroptosis by delivering
exogenous iron to the tumor site [12—17]. The Fenton reaction ac-
tivity of iron ion (Fe3*) is several magnitudes lower than that of
ferrous ion (Fe?*), and insufficient intracellular iron levels severely
hinder the effect of ferroptosis [18,19]. Apart from iron metabolism,
the intervention of glutathione peroxidase 4 (GPX4) can trigger
ferroptosis [20]. GPX4 inactivation by depleting glutathione (GSH)
with Fe3* to convert to oxidized glutathione disulfide ultimately
results in ferroptotic cell death [21,22]. In this regard, delivering
Fe>* to deplete GSH and convert Fe?* may be a promising tactic for
ferroptosis therapy. We speculated that combining ferroptosis and
microtubules may be a great idea to induce tumor cell death.
Although certain amounts of Fe are necessary to trigger ferroptosis,
abnormal Fe accumulation is associated with fatigue, low immu-
nity, and chronic degenerative diseases [18]. These inevitable bar-
riers provoke an urgent need for a suitable delivery system.
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In this study, we constructed a supramolecular structure based
on polyphenol (tannic acid, TA) and iron ions to deliver DOC
(DOC@TA-Fe>*) with functions of microtubule inhibition, reactive
oxygen species (ROS) generation, and GPX4 inhibition for ferrop-
tosis/apoptosis treatment. Because of its reducibility, TA can
convert Fe** into Fe’* in a sustained manner to dynamically
regulate the Fenton reaction activity [15,23]. The DOC@TA-Fe>*
nanoreactor can rapidly accumulate in mouse tumor tissues once
administered through the tail vein. When the DOC@TA-Fe**
nanoreactor is internalized, it depolymerizes and releases TA, Fe>™,
and DOC. The released TA converts Fe>* into Fe?* to continuously
supply iron ions for ferroptosis initiation. Moreover, the released
DOC from the DOC@TA-Fe** nanoreactors can control microtubule
dynamics, which subsequently induces apoptosis in tumor cells.
Significant antitumor therapeutic efficacy is achieved via ferrop-
tosis and microtubule inhibition in vitro and in vivo.

2. Materials and methods
2.1. Materials

TA, FeCl3-6H,0 and H,0, were purchased from Sigma-Aldrich
(St. Louis, MO, USA). DOC and calcein acetoxymethyl ester (cal-
cein-AM)/propidium iodide (PI) detection kits were obtained from
Dalian Meilun Biotech Co., Ltd. (Dalian, China). Methylene blue (MB),
ethanol, hydroxylamine hydrochloride, tetrazolium (MTT) 1,10-
phenanthroline monohydrate, GSH, vitamin E (VE), glutamate
(Glu), cysteine (Cys), Tween 20, and phosphate buffer solution (PBS)
were bought from Aladdin-Reagent Co., Ltd. (Shanghai, China).
Deferoxamine mesylate (DFO), ferrostatin-1 (Fer-1), necrostain-1
(Nec-1), 3-methyladenine (3-MA), and benzyloxycarbonyl-Val-
Ala-Asp(OMe)-fluoromethylketone (APO) were acquired from
MedChemExpress (Monmouth Junction, NJ, USA). Chlorin e6 (Ce6)
was purchased from Shanghai Yuanye Bio-Technology Co., Ltd.
(Shanghai, China). Primary monoclonal antibodies (Bax, Bcl2, cas-
pase 9, GPX4, COX2, XCT, and SLC3A2) and secondary antibodies
were purchased from HuaBio (Huangzhou, China).

2.2. Preparation of DOC@TA-Fe*+ nanoreactor

DOC powder was dissolved in ethanol at 5, 10, and 20 mg/mL.
Briefly, 10 mL of DOC solutions at different concentrations were
added to 970 pL of Milli-Q water and ultrasonicated for 2 min. Af-
terward, 10 pL of TA solution (10, 20, 40, 60, and 80 mg/mL) and 10 uL
of FeCls solution (5, 10, 15, and 20 mg/mL) were immediately added
to the above dispersion of DOC nanocores under ultrasonication. The
nanoparticles were rinsed with distilled water to remove excess Fe>*
and TA.

2.3. Characterization

The hydrodynamic diameter of the DOC@TA-Fe3* nanoreactor
was measured using a dynamic laser light (DLS) (Nano-ZS 90,
Malvern, UK). The morphologies of the DOC nanocores and
DOC@TA-Fe>* nanoreactor were detected via transmission electron
microscopy (TEM; HT7800, Hitachi, Tokyo, Japan). The ultraviolet-
visible (UV-Vis) spectra of TA, Fe3*, and TA-Fe3* were measured
using UV (Shimadzu, Kyoto, Japan). The X-ray photoelectron spec-
troscopy (XPS) of the DOC@TA-Fe3+ nanoreactor was obtained via a
Thermo Scientific Escalab Xi+ (Waltham, MA, USA). Details on
encapsulation efficiency (EE) and drug loading (DL) assay can be
found in the Supplementary data.
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2.4. -OH generation mediated by Fenton-like reaction

MB degradation was performed to detect -OH generation. MB
(25 pg/mL) and H,0, (10 mM) were added to water as a control. FeCl3
solution and TA-Fe>* solutions containing MB and H,0; were shaken
for 30 min at 37 °C. UV-vis was used to analyze MB degradation.

For the examination of TA's capacity to convert Fe>* into Fe?*,
TA-Fe3* solutions with pH 7.4 and 5.6 containing MB and H,0,;
were incubated at 37 °C for 30 min to observe the UV spectrum of
MB. The -OH generated by the Fenton-like reaction was further
detected via electron spin resonance (ESR) spectroscopy (EMXplus,
Saarbrucken, Germany). Only DOC@TA-Fe>* nanoreactor was ar-
ranged as a control. Briefly, 100 uL of DOC@TA-Fe>* + H,0, (pH 7.4)
and DOC@TA-Fe** + H,0, (pH 5.6) solution were added to 5,5-
dimethyl-1-pyrroline N-oxide buffer solution. After incubation for
15 min, X band EPR spectra were detected.

2.5. In vitro drug release behavior

To evaluate the drug release from free DOC and DOC@TA-Fe3*
nanoreactor, a dialysis method was used. Dialysis bags were filled
with 1 mL of free DOC or DOC@TA-Fe3* (molecular weight cut-off:
1000 Da) and submerged in 10 mL of PBS (pH 5.6 and 7.4) with
0.05% (V/V) Tween 20. The beakers were placed in a shaker. Briefly,
2 mL of dialysate was collected, and the fresh buffer was added at a
specific time. The released DOC was monitored using high-
performance liquid chromatography (Waters E2695, Milford, MA,
USA).

A standard curve was established to assay the release behavior
of iron ions. The content of Fe>* in the DOC@TA-Fe** nanoparticles
was detected. Briefly, 1 mL of DOC@TA-Fe>* solution was placed in a
dialysis bag, which was immersed in 10 mL of PBS (pH 5.6 and 7.4)
and then placed in a shaker at 37 °C and 100 r/min. Afterward, 1 mL
of the solution was collected and supplied with the same volume of
fresh solution at different time points. Hydroxylamine hydrochlo-
ride was added to the above solution and incubated for 15 min.
Finally, 1,10-phenanthroline (1 mg/mL) was provided to react with
the mixed solution and measured at 510 nm [24].

2.6. Colocalization of DOC@TA-Fe*+

CT26 cells were seeded onto confocal dishes and cultured
overnight. A fresh medium containing Ce6-doped DOC@TA-Fe>*
was added and incubated for 2, 4, 6, and 8 h. The cells were stained
with Hoechst 33342 and Lysotracker green (Beyotime, Shanghai,
China) for 10 and 20 min, respectively. Finally, colocalization was
investigated via confocal laser scanning microscopy (CLSM; Zeiss
LSM880, Oberkochen, Baden-Wurttemberg, Germany). The
methods of cell culture, cell uptake, and cell cycle assay are shown
in the Supplementary data.

2.7. Cell cytotoxicity

Briefly, 3 x 10> CT26 cells were seeded into 96-well plates,
incubated for 12 h, added with free DOC, DOC@TA-Fe3*, and
DOC@TA-Fe>* + DFO at various concentrations, and incubated for
another 24 h. Afterward, 20 pL of MTT (5 mg/mL) was added to the
cells for 4 h, and absorbance was detected using a microplate reader
(BioTek, Winooski, VT, USA).

The DOC@TA-Fe>* solution was added to the 96-well plate with
CT26 cells. After incubation for 2 h, ferroptosis inhibitors and ac-
tivators (namely, Fer-1, GSH, VE, DFO, Glu, and Cys), a necroptosis
inhibitor (necrostain-1), an autophagy inhibitor (3-MA), and an
apoptosis inhibitor (APO) were added to the DOC@TA-Fe3+-treated
cells for 24 h. Finally, MTT was added for tumor cell viability assay.
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2.8. Cell apoptosis

Annexin V-fluorescein isothiocyanate (FITC)/7-amino-actino-
mycin D (7AAD) kit (BD Biosciences, NJ, USA) was used to track
CT26 cell apoptosis. The CT26 cells were treated with Fe3*, TA-
Fe3*, DOC, DOC@TA-Fe>", and DOC@TA-Fe3* + DFO. After incu-
bation for 24 h, the cells were collected by adding free ethyl-
enediaminetetraacetic acid tyrisin and incubated with the
Annexin V-FITC/7AAD detection kit. Finally, the cell apoptosis
ratio was analyzed via flow cytometry (ACEA Pharma, San Diego,
CA, USA).

The CT26 cells were plated in plates to further visualize the live
and dead cells after treatment with Fe>*, TA-Fe**, DOC, DOC@TA-
Fe3*, and DOC@TA-Fe3* + DFO. After treatment for 24 h, the cells
were coincubated with calcein-AM and PI for 30 min in the dark to
observe with CLSM.

2.9. Western blot (WB) assay

CT26 cells were treated with FeCls, DOC, TA-Fe>*, DOC@TA-Fe>*,
and DOC@TA-Fe3* + DFO for 24 h, collected, and washed with cold
PBS. The cells were then lysed and sonicated with radio-
immunoprecipitation assay lysis buffer in an ice bath. The super-
natants containing protein were obtained via centrifugation at 4 °C.
Protein concentration was detected using a bicinchonininc acid kit
(Biosharp Life Sciences, Hefei, China). The supernatants were mixed
with loading buffer to boil for 10 min. Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis was used to determine protein
expression. The proteins were then transferred to 0.45-pm poly-
vinylidene fluoride membranes, treated with primary monoclonal
antibodies (1:2000; Bax, Bcl2, caspase 9, GPX4, COX2, XCT, and
SLC3A2), and incubated with horseradish peroxidase-coupled sec-
ondary antibody for observation.

2.10. Intracellular -OH assay

With the aid of ROS, 2,7-dichlorodihydrofluorescein diacetate
(DCFH-DA) (Beyotime, Shanghai, China) could be oxidized to DCF
with a green fluorescence signal. Thus, DCFH-DA was chosen for the
assay of intracellular -OH generation. CT26 cells seeded in 24-well
plates were treated with Fe3* (30 pg/mL), TA-Fe3*, DOC, DOC@TA-
Fe3*, and DOC@TA-Fe3* + DFO. After incubation for 4 h, DCFH-DA
solution (10 uM) was added to the stain for 30 min in the dark.
Finally, the fluorescence images were observed with Apotome mi-
croscopy (Zeiss Company, Oberkochen, Baden-Wurttemberg, Ger-
many). The cells were collected for flow cytometry assay.

2.11. Immunofluorescent staining

CT26 cells were incubated with FeCls, TA-Fe>*, DOC, DOC@TA-
Fe>*, and DOC@TA-Fe3" + DFO. After incubation for 24 h, the cells
were fixed with 4% paraformaldehyde (Servicebio, Wuhan, China)
for 20 min, permeabilized with 0.1% Triton-100 (Sigma-Aldrich, St.
Louis, MO, USA) for 20 min, and sealed with 1% bovine serum al-
bumin (Aladdin) for 1 h. The cells were then treated with anti-
tubulin antibodies (1:150; HuaBio), incubated with goat antirabbit
secondary antibody (HuaBio) for 2 h, and stained with 4’,6-
diamidino-2-phenylindole (Aladdin). Finally, the cells were
observed with CLSM.

2.12. In vivo fluorescence imaging
Female BALB/c mice (7—8 weeks) were obtained from Beijing

HFK Bioscience Co., Ltd. (Beijing, China). All animal experiments
were approved by the Animal Ethics Committee of West China
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Hospital of Sichuan University (Chengdu, China) and conducted in
accordance with the Guidelines for Care and Use of Laboratory
Animals of Sichuan University (Approval No: 20211055 A).

Tumor-bearing mice were established by subcutaneously
injecting 1 x 10° CT26 cells in 100 pL of serum-free 1640 medium.
The mice were used for in vivo imaging when the tumor volume
reached 100 mm?> Ce6-labeled DOC@TA-Fe** in PBS solution
(200 uL) was intravenously injected into CT26-bearing mice (Ce6:
3.5 mg/kg). Fluorescence images were captured at 1, 3, 6, and 12 h
using an IVIS in vivo imaging instrument (PerkinElmer, Waltham,
MA, USA).

2.13. In vivo efficacy study

Once the tumor volume reached 100 mm?, the tumor-bearing
mice were randomly divided into six groups and intravenously
injected with normal saline (NS), FeCl;, TA-Fe>*, DOC, DOC@TA-
Fe**, and DOC@TA-Fe3* + DFO solutions three times a day every
two days (DOC: 10 mg/kg; FeCls: 3.5 mg/kg). DFO was also
administered via intraperitoneal injection (10 mg/kg). Finally, the
tumors and major organs were collected and stained with hema-
toxylin and eosin staining (H&E) for histological examination. The
tumors were used to determine the expressions of CD31 and Ki67
(Servicebio, Wuhan, China). CT26 in-situ tumor-bearing mice were
also used to evaluate the therapeutic effect of the nanoreactor.

2.14. Statistical analysis

Student's t-test and one-way analysis were used to evaluate the
differences and determine the significance of the efficacy studies.
Data were expressed as mean + standard deviation.

3. Results and discussion
3.1. Preparation and characterization of DOC@TA-Fe>*

Polyphenols, which have biological activities including anti-
tumor, antioxidation, and antiradiation activities, are widely present
in tea, fruits, and vegetables. The catechol hydroxyl of polyphenols
can coordinate with multivalent metal ions without the help of
special solvents. Because of the rapid, simple, and green preparation
and the simultaneous introduction of one or more metal ions, metal-
polyphenol supramolecular complexes are being used for drug de-
livery, biological imaging, and catalysis. The metal ions of the metal-
polyphenol structure can induce ferroptosis in tumor cells [15,17]. In
this study, nanoscale metal-polyphenol supermolecules possessing
DOC nanocores (DOC@TA-Fe>*) were fabricated via a reported co-
ordination method [23]. The size of the prepared various DOC@TA-
Fe>* supermolecules was measured using DLS. The morphology of
the DOC nanocore and DOC@TA-Fe>* was observed via TEM
(Fig. 1A). TEM revealed the typical network structure of DOC@TA-
Fe>* formed because of the coordination between Fe3* and TA. A
series of nanoreactors with different concentrations of TA and Fe>*
were prepared, and the size of these DOC@TA-Fe>* nanoreactors
was measured using DLS (Fig. S1). The concentration of Fe3* (10 mg/
mL) was fixed, and the EE and DL of DOC were measured at various
TA concentrations (Table S1). The stability of these nanoreactors was
also measured using DLS (Fig. S2). The results suggested that the
nanoreactor (Fe>*: 10 mg/mL; TA: 40 mg/mL) showed great stability.
Additionally, the size of the other nanoreactors with different TA
concentrations started to improve with time. Based on the analysis
of DL and stability, DOC@TA-Fe3* (Fe**: 10 mg/mL; TA: 40 mg/mL)
was used for a subsequent experiment. The element species of
DOC@TA-Fe** was investigated via XPS (Fig. 1B). The spectrum of
iron displayed three main peaks at 712.6, 7154, and 725.8 eV
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(Fig. S3), which were attributed to Fe>*2ps 5, Fe3*2ps); satellite, and
Fe3+2p1/2, respectively [25—28]. As shown in Fig. 1C, the UV-vis
absorption spectrum of the DOC@TA-Fe3* nanoreactor displayed a
broad peak at 560 nm, which was caused by the coordination
complexation between the metal and phenol and indicated the
formation of a metal-phenolic supermolecule [29,30]. Given that the
efficiency of ferroptosis is dependent on the Fenton reaction, MB
was used to evaluate the occurrence of the Fenton reaction [25,31].
The absorbance of MB in the TA-Fe>* reaction systems (pH 7.4 and
5.6) declined (Figs. 1D and S4) compared with that in the MB-only
group, indicating that -OH was generated. Particularly, the absor-
bance of MB decreased with the increased acidity because the su-
pramolecular structure of metal-polyphenols is pH-responsive
[32,33]. TEM images of DOC@TA-Fe>" nanoreactor with acidic in-
cubation showed that the nanoreactors were depolymerized
(Fig. S5). When the acidity increased, metal-phenol depolymeriza-
tion was intensified, leading to an increase in the amount of iron ions
participating in the Fenton reaction. Additionally, accelerating the
transformation of Fe>* to Fe?* in a sustained manner is a simple and
efficient method to dynamically regulate the Fenton reaction
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activity. Because of its high reduction property, TA can convert Fe>*
into Fe?* to improve the efficiency of the Fenton reaction under
acidic conditions [23,34]. As shown in Fig. S6, ESR spectroscopy was
used to further detect -OH. Compared with that of the only
DOC@TA-Fe** group, the ESR signal of the DOC@TA-Fe>t + H,0,
reaction system was enhanced. Additionally, the ESR signal of
DOC@TA-Fe** + H,0, was further improved after pH adjustment.
This trend was consistent with the above results from the MB assay.
The realization of ferroptosis with the as-prepared nanoreactor
essentially depends on the efficient release of Fe>* from the
DOC@TA-Fe>* nanoreactor. Therefore, the acid-induced dissocia-
tion behavior of the nanoreactor was measured. As shown in Figs. 1E
and F, Fe3* and DOC were not released at pH 7.4. Conversely,
DOC@TA-Fe** displayed a fast DOC and Fe** release rate in the
acidic medium (pH 5.6).

3.2. Cellular uptake

As shown in the results of CLSM and flow cytometry analysis in
Fig. S7, the fluorescence signal of CT26 cells pretreated with free Ce6
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Fig. 1. Physicochemical characterization of docetaxel (DOC)@tannic acid (TA)-Fe** nanoreactors. (A) Transmission electron microscopy (TEM) images of DOC nanocore and
DOC@TA-Fe>* nanoreactors. (B) X-ray photoelectron spectroscopy (XPS) pattern of DOC@TA-Fe>*. (C) Ultraviolet-visible (UV-Vis) absorption spectra of FeCls, TA, and DOC@TA-Fe>*.
Inset: The absorption of Fe>*, TA, and DOC@TA-Fe>* solutions within 400—800 nm. (D) Methylene blue (MB) degradation of TA-Fe>* solutions in the presence of H,0, at pH 5.6 and

7.4. (E) Fe>* and (F) DOC release from DOC@TA-Fe** at pH 5.6 and 74.
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Fe3* + deferoxamine mesylate (DFO) for 24 h. (B) Cell viability of CT26 cell coincubated with DOC@TA-Fe3* and necrostain-1 (NC-1), 3-methyladenine (3-MA) (Aut), benzyloxycarbonyl-
Val-Ala-Asp(OMe)-fluoromethylketone (APO), and ferrostatin-1 (Fer-1) for 24 h. (C) Western blot analysis of caspase 9 (Cas 9), Bax, and Bcl2 expressions in CT26 cells posttreatment with
different formulations. (D) Annexin V- fluorescein isothiocyanate (FITC)/7-amino-actinomycin D (7AAD) analysis of CT26 cells treated with different formulations for 24 h via flow
cytometry. (E) Fluorescent images of CT26 cells stained by calcein acetoxymethyl ester (calcein-AM) (live cells) and propidium iodide (PI) (dead cells) after treatment. (F) Microtubule
imaging in CT26 cells treated by the different formulations. I: normal saline (NS); II: FeCls; III: TA-Fe>*; IV: DOC; V: DOC@TA-Fe>*; VI: DOC@TA-Fe>* + DFO. GAPDH: glyceraldehyde-3-
phosphate dehydrogenase. ““P<0.01; ns: no difference.
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and the Ce6/DOC@TA-Fe** nanoreactor was enhanced with time,
suggesting the successful internalization into the CT26 cells. The
fluorescence intensity of Ce6 was higher than that of Ce6/DOC@TA-
Fe3* possibly because of the passive diffusion of Ce6 (a small
molecule). The efficient intracellular delivery of the nanoreactor and
release of therapeutic payloads are important issues in tumor ther-
apy. However, after internalization, Ce6/DOC@TA-Fe3* is seques-
tered in cellular lysosomes to reduce the therapeutic bioavailability,
leading to poor therapeutic outcomes. Thus, lysosomal escape has
been considered as a critical “bottleneck” for on-demand intracel-
lular delivery [35,36]. Colocalization analysis of Ce6/DOC@TA-Fe3+ in
CT26 cells was conducted via CLSM. The DOC@TA-Fe>* nanoreactors
were phagocytized by CT26 cells (Fig. 2A). After 2 h of incubation, the
red signal of the nanoreactor overlapped with the yellow signal of
lysosomes, and an enhanced yellow signal was found inside the cells
at 4 h. Some nanoreactors escaped from the lysosomes when the
incubation time was prolonged. This phenomenon is attributed to
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the TA-Fe>* complexation state changing from tris to bis, enabling
the disruption of lysosomal membranes [36]. The pH-responsive
multivalent coordination endowed the metal-polyphenol with a
pH-buffering capacity [36]. The TEM images of the cells revealed the
cellular uptake of DOC@TA-Fe** and the disruption of lysosomal
membranes (Fig. 2B).

3.3. Mechanism underlying DOC@TA-Fe>*-induced cell death

The nanoreactor can be efficiently taken up and escape from
lysosomes. Next, its antitumor efficacy was examined. In the MTT
assay, the DOC, DOC@TA-Fe3*, and DOC@TA-Fe>* + DFO groups
presented dose-dependent cytotoxicity (Fig. 3A). Compared with
free DOC and DOC@TA-Fe*>* + DFO, DOC@TA-Fe** effectively
enhanced the cytotoxicity because of the synergistic effects of
apoptosis and ferroptosis. Additionally, polyphenol exhibits anti-
tumor effects in several cancers, thus promoting the cytotoxicity of

B If
100 ket |
* * 1
1
80 ns
= ETa—
g =
Z 607
=
8
> 407
©
O
20
0-
DOC@TA-Fe* + + + + + +
Cys = + = = = N
Glu . . + - - -
GSH - - - + - -
VE - - = = + -
DFO - - - - - &
C D E
120 - R N (T 2R VAR
150 mm G2/M mm S
SLC3A2 lii PR - GO/G1
100
S
&5 | COX2|._..-_-. ‘ 2
=
S e 1 S
3 2
< 60 (o H [P——— ®
= Ll (&}
3
& A \%Wq,v
20 \Y
GAPDH -.“‘
0] VI |
o 6 T 1
10* 10° 10
FITC-H
F | Il 1] [\ \ \|
G1
16 e e 25 T e 16 61 ez 501 61 @2 10 & 16
; 2 I G1 G2
~12 i a2 ’ —~12 | 400 AL ~08 ~12 t
=} =] | =) ) /o =) =]
% | %15 il 3 i = 300 / %06 3
Zos = [ Z o8 f H J = Zos |
S | 51 5 " 8 200 8 o 504 5
3 3 '\ 3 S 3 N
0.4 | 05 0.4 255 4 5 04 ]
SR L ) BT J \ il i
0+ T T T J 0+— T T 1 0+ T — J 0+—= : = 0 T T T J 0 T T s
0 4 8 12 16 0 4 8 12 16 0 4 8 12 16 0 4 8 12 16 0 4 8 12 16 0 4 8 12 16
PerCP-A (x10°) PerCP-A (x10°) PerCP-A (10°) PerCP-A (x10°) PerCP-A (x10%) PerCP-A (x10°)

Fig. 4. The ferroptoris mechanism of docetaxel (DOC)@tannic acid (TA)-Fe3*. (A) Effect of ferroptosis inhibitors and activators on the cytotoxicity of DOC@TA-Fe3*. (B) Fluorescence
images and (C) flow cytometry assay of reactive oxygen species in CT26 cells detected via 2,7-dichlorodihydrofluorescein diacetate staining after different treatments. (D)
Ferroptosis-related protein activity of CT26 cells after different stimulations. (E, F) Cell cycle of CT26 cells after being treated with different formulations. I: normal saline (NS); II:
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Ce6/DOC@TA-Fe™

1.4
1.2

1.0

Fig. 5. Tumor targeting and retention behaviors of chlorin e6 (Ce6)/docetaxel (DOC)@tannic acid (TA)-Fe>*. The in vivo fluorescence images of CT26 tumor-bearing mice intra-
venous injection with Ce6-labeled DOC@TA-Fe** at different time intervals. The tumor section after 12 h of administration was stained with 4',6-diamidino-2-phenylindole (DAPI)

to observe the DOC@TA-Fe** distribution.

chemotherapy [37,38]. L929 cells were used to evaluate the cyto-
toxicity of DOC@ TA-Fe** against normal cells (Fig. S8). The cyto-
toxicity of the DOC@ TA-Fe>* nanoreactors to normal cells was
significantly lower than that of CT26 tumor cells.

To verify the mechanism of cell death, some inhibitors related to
cell death pathways were applied. Fer-1 and APO could remarkably
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alleviate the cell viability induced by DOC@TA-Fe*, and 3-MA and
necrostain-1 could not rescue the cell from death (Fig. 3B). Thus, we
speculated that ferroptosis and apoptosis pathways are involved in
the cell death induced by DOC@TA-Fe3*. The above results indi-
cated that apoptosis is another mechanism of DOC@TA-Fe3+-
induced cell death. The expressions of caspase 9, Bax, and Bcl, in
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Fig. 6. In vivo tumor therapeutics of docetaxel (DOC)@tannic acid (TA)-Fe>* nanoreactors by intravenous injection. (A) Tumor volume after phosphate buffer solution and DOC-
loaded nanoreactors (n = 5). (B) Photos of the tumors after intravenous treatments (day 10). (C) Body weight changes of the mice. (D) Hematoxylin-eosin staining (H&E) and
immunohistochemical analysis of CD31 and KI67. I: normal saline (NS); II: FeCls; IIl: TA-Fe3*; IV: DOC; V: DOC@TA-Fe>*; VI: DOC@TA-Fe** + deferoxamine mesylate (DFO). *P <

0.05, **P < 0.01, ***P < 0.005; ns: no significance.
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CT26 cells after different treatments were analyzed to further
determine the apoptosis mechanism (Figs. 3C and S9). The results
showed that Fe3* and TA-Fe3* did not affect the transcription and
translation of apoptosis proteins. In fact, DOC, DOC@TA-Fe3+, and
DOC@TA-Fe** + DFO promoted the apoptosis of the CT26 cells.
Apoptosis ratios were analyzed via flow cytometry using Annexin
V-FITC and 7AAD. Fig. 3D shows that the cell apoptosis ratio was
significantly increased after treatment with DOC, DOC@TA-Fe3™,
and DOC@TA-Fe3* + DFO. DFO cotreatment led to ferroptosis
diminishment as a result of iron ion chelation [23]. The cell
apoptosis ratio of the DOC@TA-Fe>* group was higher than that of
the DOC and DOC@TA-Fe*>* + DFO groups. This phenomenon
occurred because ferroptosis improves cell sensitivity to apoptosis,
thus enhancing the antitumor effect [39,40]. Fig. 3E also shows an
enhanced PI fluorescence signal from the CT26 cells after treatment
with DOC-loaded nanoreactors compared with that of control,
FeCls, and TA-Fe3* groups via calcein-AM/PI staining. These results
were similar to the cytotoxicity findings.

DOC@TA-Fe>* initiates ferroptosis and acts on microtubules,
eventually leading to apoptosis. In contrast to the control group, the
DOC-loaded nanoreactors generally triggered the destruction of
microtubules and the loss of filamentous networks (Fig. 3F).
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Because of the presence of Fe** in the DOC@TA-Fe3* nanoreactors,
tumor cell death after treatment with DOC@TA-Fe3>* depends on
control microtubules and iron ions. Ferroptosis inhibitors and ac-
tivators were introduced for cell viability assay to investigate the
mechanism of ferroptosis [36,41] (Fig. 4A). The addition of Cys and
Glu (ferroptosis activators) enhanced the cytotoxicity and
decreased the cell viability in response to DOC@TA-Fe3*. GSH, VE (a
liposoluble antioxidant), and DFO (iron-chelating agent) could
relieve the cytotoxicity of DOC@TA-Fe>*, indicating the occurrence
of ferroptosis [23,42,43].

ROS accumulation plays an important role in the induction of
ferroptosis. We observed that Fe3*, TA-Fe*", and DOC@TA-Fe**
significantly increased ROS generation in CT26 cells (Figs. 4B and C).
As a reducing agent in the DOC@TA-Fe** nanoreactors, TA may
convert Fe>* into Fe?* with high catalytic activity for the Fenton re-
action. Thus, the fluorescence intensity of TA-Fe>* is higher than that
of Fe**. Compared with that in the DOC@TA-Fe>" group, ROS gener-
ation in the DOC@TA-Fe3* + DFO group was lower because DFO is an
iron chelator that can react with Fe3* to inhibit the Fenton reaction.

XCT, which mediates cysteine uptake and glutamate release,
plays an important role in intracellular cysteine balance and GSH
biosynthesis. GPX4 activity is the pivotal factor in ferroptosis.

\Y \Y

\
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20 ym

Fig. 7. The terminal dexynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling (TUNEL) and tubulin staining on the dissected tumor tissues. I: normal saline (NS); II: FeCls;
I1I: tannic acid (TA)-Fe3*; IV: docetaxel (DOC); V: DOC@TA-Fe3*; VI: DOC@TA-Fe** + deferoxamine mesylate (DFO). DAPI: 4',6-diamidino-2-phenylindole.
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Similarly, COX2 upregulation is a marker of ferroptosis. Therefore,
WB was performed to determine the expressions of xCT, GPX4, and
COX2 after treatment with different formulas. Compared with
those in the control or free DOC group, the proteins of XCT and
GPX4 showed reduced expression after the CT26 cells were treated
with FeCls, TA-Fe3*, and DOC@TA-Fe3+. This finding indicated the
occurrence of ferroptosis (Figs. 4D and S10). The protein levels of
XCT and GPX4 were upregulated after treatment with DOC@TA-
Fe3* + DFO, indicating that Fe** was involved in inducing ferrop-
tosis. Moreover, the protein levels of COX2 were upregulated when
the CT26 cells were treated with an iron-based agent compared
with those in the control. These results supported the DOC@TA-
Fe>* nanoreactor-induced ferroptosis.

After treatment with DOC@TA-Fe>*, CT26 displayed the redis-
tribution of cell cycle phases (Figs. 4E and F). The results showed
that DOC-based therapy decreased the percentage of cells in the G/
G phase. A possible reason is that DOC controls the microtubule
dynamics, leading to G/M phase arrest.

3.4. Biodistribution of DOC@TA-Fe>* nanoreactors

To evaluate the distribution of DOC@TA-Fe3* in vivo, a CT26
tumor-bearing mouse model was established (Fig. 5). Ce6/
DOC@TA-Fe>* nanoreactors were formed by loading Ce6 into
DOC@TA-Fe**. The accumulated red fluorescence signal was
observed at different times after the intravenous injection of Ce6-
doped nanoreactors. The fluorescence intensity of the Ce6-doped
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nanoreactors at the tumor site reached a maximum within 1 h.
The fluorescence gradually decreased over time and was distrib-
uted throughout the body. After 12 h, the fluorescence signal was
retained at the tumor site, indicating the long retention of the
nanoreactors. Compared with that of the Ce6-doped nanoreactor
group, the fluorescence signal of the free Ce6 group was weakened
at the tumor site and accumulated in the major organs. The major
organs and tumors were collected after 12 h for ex vivo imaging
(Fig. S11). The fluorescence of the Ce6-doped nanoreactors was
retained in the tumor site. The fluorescent signal in the liver was
due to the liver metabolism of the nanoreactors. These results
showed that Ce6-doped nanoreactors preferentially settle in the
tumor site, which benefits the passive targeting of the nano-
reactors. Additionally, the negative charge of the Ce6-doped
nanoreactors is conducive to avoiding clearance by the mono-
nuclear phagocyte system [25].

3.5. Therapeutic effect on colon cancer

After establishing the in vivo tumor accumulation of the
nanoparticles, we evaluated the therapeutic effect of DOC-loaded
nanoreactors against colon cancer. The tumor volume displayed a
significant difference after treatment with different formulations
(Fig. 6A), including NS, Fe3*, TA-Fe>*, DOC, DOC@TA-Fe3*, and
DOC@TA-Fe3* + DFO. Fe** and TA-Fe*" weakly suppressed tu-
mor growth compared with that in NS because of ferroptosis
induced by iron ions. The high tumor-inhibiting efficiency of
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Fig. 8. The antitumor efficacy in orthotopic tumor models. (A) Representative photographs of tumor in each group. (B) KI67 and (C) CD31 immunohistochemical staining of tumor
slices. (D) Survival curves of mice given different treatments. (E) Mean KI67 LI and (F) microvessel density (MVD) in each group. I: normal saline (NS); II: FeCls; III: tannic acid (TA)-
Fe3*; IV: docetaxel (DOC); V: DOC@TA-Fe3*; VI: DOC@TA-Fe** + deferoxamine mesylate (DFO).
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DOC@TA-Fe3* was primarily attributed to the synergy between
microtubule inhibition and ferroptosis. The addition of DFO
decreased the tumor-inhibiting potency of DOC@TA-Fe3* as a
result of iron ion removal. As an iron chelator, DFO can interrupt
the Fenton reaction-mediated peroxidation of lipids to inhibit
ferroptosis. The treatment efficacy of DOC@TA-Fe3* + DFO was
similar to that of DOC via controlling microtubule dynamics. The
CT26 tumor-bearing mice were then sacrificed for tumor harvest.
As shown in the photographs (Fig. 6B), the volumes of tumors in
the DOC@TA-Fe3* group were the smallest because of the com-
bination of microtubule inhibition and ferroptosis therapy. The
tumor weights from the mice with different treatments showed
the same trend (Fig. S12). Additionally, the body weight of the
tumor-bearing mice was monitored during the treatment period
(Fig. 6C). No appreciable change in body weight was observed,
except in the free DOC group. H&E staining of the major organs
was performed, and the results revealed no significant tissue
damage (Fig. S13). These results indicated that DOC@TA-Fe3*
nanoreactors can improve the safety of DOC in vivo.

Immunohistochemical staining was performed on the tumor
tissues. The tumor cells in the control group maintained complete
morphology as indicated by H&E staining (Fig. 6D). By contrast,
some tumor cells started to lose their cellular integrity after
different treatments. Immunohistochemistry analysis was also
conducted on Ki67 and CD31 cells (Figs. 6D and S14), and immu-
nofluorescence analysis (Fig. 7) of the terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling and tubulin staining
was performed to further elucidate the tumor inhibition mecha-
nism of DOC@TA-Fe3™.

Motivated by the antitumor effect of the DOC@TA-Fe** nano-
reactor observed in the subcutaneous tumor model, we used
orthotopic tumor models to further verify the therapeutic efficacy
(Fig. 8). We found that compared with those in the control and
monotherapy groups, DOC@TA-Fe>* significantly reduced tumor
nodules (Figs. 8A and S15), inhibited tumor cell proliferation
(Figs. 8B and E) and angiogenesis (Figs. 8C and F), and prolonged
mouse survival (Figs. 8D) via the combination of microtubule in-
hibition and ferroptosis.

4. Conclusion

In this study, we constructed metal-polyphenol supramolecular
structures based on TA and iron ions to deliver DOC (DOC@TA-Fe>™)
with functions of microtubule inhibition, ROS generation, and GPX4
inhibition for ferroptosis/apoptosis treatment. The DOC@TA-Fe>*
nanoreactor can be effectively internalized by tumor cells and can
destroy the lysosome membrane through its proton buffer effect,
resulting in its escape from the lysosome and the release of anti-
tumor payloads. Because of its strong reducibility, TA can convert
Fe>* into Fe?* to efficiently produce a strong Fenton reaction and
continuously supply Fe3* for ferroptosis. Additionally, DFO intro-
duction has weakened the antitumor effect of the nanoreactor,
further confirming the involvement of the ferroptosis pathway in
the antitumor effect. The developed nanoreactor can rapidly
accumulate at the tumor site after being injected via the tail vein,
suggesting that the nanoreactor can quickly reach the tumor tissue
for cancer therapy.
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