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Ferroptosis is one critical kind of regulated cell death for tumor
suppression, yet it still presents challenges of low efficiency due to
the intracellular alkaline pH and aberrant redox status. Herein, we
reported a carbonic anhydrase IX (CA IX)-targeted nanovesicle (PAHC
NV) to potentiate ferroptosis by remodeling the intracellular environ-
ment. CA IX inhibitor 4-(2-aminoethyl) benzene sulfonamide (AEBS)
was anchored onto nanovesicles loaded with hemoglobin (Hb) and
chlorin e6 (Ce6). Upon reaching tumor regions, PAHC could be
internalized by cancer cells specifically by means of CA IX targeting
and intervention. Afterwards, the binding of AEBS could elicit intra-
cellular acidification and alter redox homeostasis to boost the lipid
peroxidation (LPO) level, thus aggravating the ferroptosis process.
Meanwhile, Hb served as an iron reservoir that could efficiently evoke
ferroptosis and release O, to ameliorate tumor hypoxia. With the help
of self-supplied O,, Ce6 produced a plethora of 'O, for enhanced
photodynamic therapy, which in turn favored LPO accumulation to
synergize ferroptosis. This study presents a promising paradigm for
designing nanomedicines to heighten ferroptosis-based synergetic
therapeutics through remodeling the intracellular environment.

1. Introduction

The regulated cell death (RCD) process can be differentially
activated in specific pathological states and affect tumor
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New concepts

Ferroptosis-based cancer therapy is still severely impeded by the aberrant
cellular metabolic status. This work demonstrated a nanovesicle-potentiated
ferroptosis by remodeling the tumor intracellular environment. A novel and
simple assembly of tumor-associated transmembrane protein (CA IX) inhibitor
(AEBS) conjugated with PLGA-PEG, hemoglobin (Hb) and a photosensitizer
(Ceb6) created a nanovesicle that specifically recognized CA IX receptors on
cancer cells. The binding of CA IX inhibitors could elicit intracellular
acidification and alter redox homeostasis to boost the lipid peroxidation
(LPO) level. The encapsulation of Hb and Ce6 could not only evoke
ferroptosis through its metabolism but also ameliorate tumor hypoxia,
which in turn enhances LPO accumulation to synergize ferroptosis. This
study pioneers a compelling strategy for designing ferroptosis-based
nanomedicine through remodeling the tumor intracellular environment.

progression, thus being recognized as a potential avenue for
selective tumor elimination." Among them, ferroptosis, an
emerging RCD mode that features the intracellular accumulation
of iron and lipid peroxidation (LPO), has recently aroused con-
siderable concern for cancer management."> Mechanistically, the
ferroptosis-related oxidation effect has been illuminated by the
iron-dependent Fenton reaction, in which iron reacts with H,O,
to furnish highly oxidative *OH for inducing intracellular oxida-
tive stress and lesions, exhibiting LPO and subsequent plasma
membrane rupture.>” Consequently, the upregulation of intra-
cellular iron content can perturb iron homeostasis and result in
ferroptosis.® However, such ferroptosis cell death was still
severely impeded by the aberrant cellular metabolic status com-
prising high GSH level (10 mM), highly active glutathione perox-
idase 4 (GPX4), intracellular alkaline pH (pHi 7.2-7.5), etc.”"'
Therefore, upsetting cellular antioxidant homeostasis is a prior
strategy to promote tumorous ferroptosis for cancer treatment.
Carbonic anhydrase IX (CA IX) is a tumor-associated trans-
membrane protein for regulating intratumoral pH, which con-
tributes to tumor proliferation.'>'* Recently, CA IX has been
unveiled to affect cellular metabolism and is critical to main-
taining redox homeostasis.’ Suppression of CA IX activity could
significantly mediate intracellular acidification and trigger
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intracellular redox homeostasis more susceptible to ferroptosis.
As a tumor-overexpressed membrane receptor, CA IX has
garnered much interest as a potential target in tumor-specific
therapy.'*™*® Nanomedicines anchored with CA IX inhibitors
could realize active tumor-targeting delivery and efficient intra-
tumoral enrichment through the specific ligand-receptor
interaction.””"® Although CA IX inhibitors can remodel the
intracellular environment to potentiate ferroptosis, such strate-
gies have remained largely unexplored.

Recent studies pointed out that, as one kind of reactive
oxygen species (ROS), 'O, contributes to lipid peroxidation in
synergism with ferroptosis inducers.”® Meanwhile, the highly toxic
'0, produced by photodynamic therapy (PDT) can irreversibly
damage the DNA structure.”* > Thus, the combination of PDT
with ferroptosis could harness the striking potential of synergetic
cancer therapy. Furthermore, benefiting the ferroptosis-inducing
and O, donor abilities, the introduction of hemoglobin (Hb) could
attenuate tumor hypoxia and boost the therapeutic effect to a
greater extent.>* >’
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Herein, we developed a CA IX-targeted nanovesicle called
PAHC NV, which could acidify intracellular pH and perturb
cellular redox homeostasis to induce and potentiate ferroptosis
(Scheme 1). The nanovesicle was assembled by CA IX inhibitor
4-(2-aminoethyl) benzene sulfonamide (AEBS), conjugated with
poly(lactide-coglycolide)-poly(ethylene glycol)-NHS (PLGA-PEG-
NHS), photosensitizer chlorin e6 (Ce6) and Hb. Upon reaching
tumor regions, the PAHC NV could specifically recognize and
bind with CA IX receptors on cancer cells and subsequently be
internalized into the cytoplasm. Meanwhile, the AEBS blocking
suppressed the CA IX activity to facilitate intracellular acidosis
and induce susceptibility in redox homeostasis, thus boosting
LPO accumulation and potentiating ferroptosis. The results
proved that the encapsulation of Hb could not only evoke
ferroptosis through its metabolism, but also ameliorate tumor
hypoxia with released O, thus enhancing the Ce6-triggered PDT.
Additionally, the produced 'O, further enhances the therapeutic
effect by contributing to lipid peroxidation in synergism with
ferroptosis cell death. Besides, the fluorescence (FL) imaging
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Scheme 1 Schematic diagram of CA IX-targeted PAHC NV potentiated ferroptosis by remodeling the intracellular environment for synergetic cancer
therapy. (a) Illustration of the preparation of the PAHC NV. (b) The proposed mechanism of the PAHC NV potentiated tumor ferroptosis.
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results demonstrated the efficient delivery and accumulation of
the PAHC NV at the tumor site. Overall, the fabrication of the CA
IX-targeted PAHC NV provides a promising paradigm to potentiate
ferroptosis-based therapeutics and synergetic cancer therapy.

2. Results and discussion
2.1. Preparation and characterization of the PAHC NV

CA IX-targeted PLGA-PEG-AEBS was synthesized by the conju-
gation of amphiphilic copolymer PLGA-PEG-NHS and CA IX
inhibitor AEBS via an amidation reaction (Fig. S1, ESIf). *
nuclear magnetic resonance spectroscopy (Fig. 1a) and Fourier
transform infrared spectroscopy (Fig. 1b) were conducted to
validate the structures of PLGA-PEG-AEBS. The typical UV-vis
absorption peak of AEBS at 225 nm was detected in the
absorption spectrum of PLGA-PEG-AEBS, which further authen-
ticates the successful synthesis of the CA IX-targeted polymer
(Fig. 1c) and the number-average molecular weight of PLGA-
PEG-AEBS was about 5 kDa (Fig. S2, ESIT).”® Next, the PAHC NV
was constructed via a one-step self-assembly process in an
aqueous solution through multiple weak interactions contain-
ing n-n stacking and electrostatic interactions.??!
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The morphology and particle size of the PAHC NV were
separately revealed by transmission electron microscopy (TEM)
and dynamic light scattering (DLS), exhibiting uniform spheres
and a hydrodynamic particle size of 144.6 nm (Fig. 1d and e).
The slight difference between the TEM and DLS results could
be attributed to the different hydration states during the
measurement process.”> Of note, the {-potential of the PAHC
NV was negative (—16.2 £ 0.5 mV), meaning that the PAHC NV
could remain stable in the bloodstream for the electrostatic
repulsion effect (Fig. S3, ESIT). Then the UV-vis absorption
(Fig. 1f) and FL spectrum (Fig. 1g) were conducted to testify
that Ce6 was successfully encapsulated into the nanovesicle.
Besides, the SDS-PAGE-based protein analysis results and
energy dispersive spectroscopy (EDS) demonstrate that Hb
was also decorated in such nanovesicles (Fig. 1h and Fig. S4,
ESIt). Meanwhile, the loading efficiencies of Ce6 and Hb were
determined to be 3.9% and 9.4%, respectively. To explore the
physiological stability of the obtained nanovesicles, DLS was
implemented to monitor the particle size and PDI variation at
preset time points. As shown in Fig. 1i, the hydrodynamic
diameter and dispersity of the PAHC NV disclosed no remark-
able alterations. The results illustrated that the PAHC NV
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Fig. 1 Preparation and characterization of the PAHC NV. (a) *H NMR spectrum, (b) FT-IR spectra, and (c) UV-vis absorption spectra of compound PLGA-
PEG-NHS, AEBS, and PLGA-PEG-AEBS, respectively. (d) TEM image and (e) particle size distributions of the PAHC NV. (f) UV-vis absorption spectra of
Ce6, Hb, and the PAHC NV. (g) Fluorescence spectra of Ce6 and the PAHC NV. (h) SDS-PAGE protein tracking of Hb, PAC, and the PAHC NV.

(i) Hydrodynamic diameter and PDI changes of the PAHC NV.
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possesses superb structural stability and great potential for
further in vitro and in vivo studies.

2.2. ROS production ability and oxygen release behavior of the
PAHC NV

ROS, such as *OH and '0,, play critical roles in eliminating
cancer cells by damaging the structure of proteins and DNA to
induce apoptosis, or lipid peroxidation accumulation resulting
in ferroptosis. We first inspected the *OH generation of PAHC
nanovesicles using 3,3’,5,5-tetramethylbenzidine (TMB) as a
ROS capture probe, in which a plethora of iron within Hb could
catalyze H,O, to initiate the Fenton reaction and lead to the
absorbance variation. As shown in Fig. 2a, the typical absor-
bance peak at 651 nm gradually increased as the reaction time
prolonged, suggesting the efficient ROS-producing ability of the
PAHC NV. To further explore the *OH generation property of
the PAHC NV, electron spin resonance (ESR) spectrometry was
applied. As illustrated in Fig. 2b, in contrast with the control
group (H,0), a prominent *OH signal (1:2:2:1) was observed
when Hb solution was co-incubated with 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO).** Similar to the Hb group, the PAHC
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NV could also produce °*OH radicals, meaning that the Hb-
mediated Fenton activity was still conserved after being encapsu-
lated into nanovesicles. In addition to upregulating the ROS levels,
Hb could also be used as an oxygen supplier. Therefore, the oxygen
release behavior of Hb was inspected with a tris(4,7-diphenyl-1,10-
phenanthroline)ruthenium (II) dichloride (Ru(dpp)s;Cl,) probe.**
As shown in Fig. 2¢ and d, the fluorescence intensity at 610 nm
displayed no apparent variation with the prolonging of the time in
the control group (deoxygenated water), whereas a sharp fluores-
cence quenching phenomenon was observed for the Hb and
PAH group, which testified that the PAH still preserved the
oxygen-carrying capabilities. It is worth noting that the difference
between PAH and Hb could be attributed to the retarding effect of
nanovesicles on the oxygen-releasing ability.

Considering that the PDT efficiency is closely relevant to the
local oxygen content, we next explored the 'O, generation of such
0, self-supply nanovesicles with the ESR spectrum.?® As depicted
in Fig. 2e, the intensity of the typical 1:1: 1-signal peak matching
'0, species in the Ce6 group disclosed no noticeable difference in
contrast with the deoxygenated H,O group. Obviously, a marked
enhancement of '0, in the PAHC NV group could be detected,
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Fig. 2 ROS production ability and oxygen release behavior study of the PAHC NV. (a) The UV-vis absorption profiles of TMB after being treated with
PAHC for different time periods. (b) ESR spectra of the *OH generation after coincubation with Hb and PAHC. (c) The fluorescence spectral changes of
Ru(dpp)sCl, after coincubation with deoxygenated water, Hb, and PAH. (d) The O, release ability of Hb and PAH; /5 and /, represent the fluorescence
intensity of the O, probe at different time points. (e) ESR spectra of the O, generation after coincubation with Ce6 and PAHC in hypoxia. (f) The
fluorescence spectrum of ABDA after coincubation with deoxygenated water, Ce6, and PAHC in hypoxia. (g) The decay rate of ABDA fluorescence curves
after coincubation with Ce6 and PAHC in hypoxia.
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indicating that the combination of Hb and Ce6 could improve
the 'O, production due to the O, self-supply ability. Besides, we
further quantitatively evaluated the 'O, production efficiency
with 9,10-anthracenediyl-bis(methylene)-dimalonic acid (ABDA)
as a fluorescence probe (Fig. 2f-g).*° In contrast with Ce6, the
PAHC NV resulted in an obvious fluorescence decay, and the FL
intensity diminished from 69% to 26%. Therefore, we supposed
that the PAHC NV could efficiently achieve PDT in hypoxia due to
the presence of Hb for oxygen self-supply.

2.3. Selective cellular uptake, pH regulation, and intracellular
ROS production of the PAHC NV

To evaluate the nanovesicles’ selective cellular uptake capacity,
4T1 cells with overexpressed CA IX receptors were treated with
different formulations.>” Confocal laser scanning microscopy
(CLSM) and flow cytometry were implemented to acquire the
qualitative and quantitative cellular uptake assessments. As
exhibited in Fig. 3a, 4T1 cells treated with PHC (without AEBS
functionalization) manifested slightly weak red fluorescence of
Ce6 within the cytoplasm, while a bright red fluorescence could
be detected in PAHC-treated cells, indicating that AEBS mod-
ification dramatically improved the internalization efficiency of
PAHC NVs via CA IX receptor-mediated endocytosis. To further
illustrate the specific cellular uptake effect of the PAHC NV, 4T1
cells were pretreated with AEBS before incubating with PAHC
NVs. As expected, the red fluorescence intensity was as weak as
that in the PHC group, manifesting that AEBS was competi-
tively bound with CA IX receptors on the cell membrane,
blocking the recognition and endocytosis of the PAHC NVs.
The results obtained from flow cytometry were consistent with
that in CLSM images (Fig. 3b), demonstrating that PAHC NVs
could be effectively phagocytized by 4T1 cells through the CA IX
receptor-mediated endocytosis pathway.

Next, the excellent cellular uptake capacity of the PAHC NV
inspired us to evaluate its intracellular pH regulation capabil-
ity. We utilized 2’,7’-bis(2-carboxyethyl)-5(6)-carboxyfluorescein
acetoxymet (BCECF-AM), a pH-sensitive probe, to monitor the
intracellular pH changes of 4T1 cells after being treated with
different formulations.>® As shown in Fig. 3c, a bright green
fluorescence signal was observed in the control group (PBS-
treated) due to the high pH value in the cytoplasm. Compared
with the control group, the fluorescence intensity of Hb, Ce6,
and PHC treated cells displayed little changes, while the signal
attenuated significantly in the groups treated with PAHC and
PAHC (AEBS pretreated). Furthermore, the pH change was
measured using the BCECF-AM probe, and compared with
the control groups (pH = 7.4, 7.2. 7.0, 6.8, 6.6), the intracellular
pH of PAHC-treated cells significantly dropped from pH 7.4 to
~ 6.6 (Fig. S5, ESIT). The results illustrated that AEBS modifica-
tions conferred the PAHC NV with the inhibition effect of CA IX
and induced intracellular acidification.

Since acidosis could trigger intracellular redox homeostasis
more susceptible to promoting cellular ROS accumulation for
potentiating ferroptosis,” we next estimated the cellular ROS
level of 4T1 cells by employing a ROS indicator (dichlorofluor-
escein diacetate, DCFH-DA). As shown in Fig. 3d, in contrast

This journal is © The Royal Society of Chemistry 2023
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with the PBS group, Hb-treated cells exhibited slightly weak green
fluorescence both in normoxic and hypoxic environments, which
can be accredited to the fact that Hb-mediated Fenton reaction
elevated the intracellular *OH levels. The fluorescence intensity of
Ceb6-treated cells in normoxia was brighter than that in hypoxia
because PDT was O,-dependent and hypoxia seriously compro-
mised the 'O, generation efficiency. Due to the enhanced inter-
nalization efficiency and acidified intracellular pH, a stronger
fluorescence was detected in the PAHC NV group, manifesting the
production of massive ROS within PAHC-treated cells.

As excessive intracellular ROS could affect the normal func-
tions of mitochondria, the mitochondrial membrane potential
variation was monitored with the JC-1 fluorescent probe after being
cultured with different formulations.*® As shown in Fig. 3e, the
brightest red fluorescence was observed in the PBS group, implying
relatively healthy mitochondria. After being treated with Ce6 or
PHC, amplified green fluorescence and decreased red fluorescence
were detected, suggesting that the mitochondrial membrane
potential was lost in these groups. By comparison, 4T1 cells treated
with PAHC NVs represented the brightest green fluorescence,
indicating that PAHC NVs caused severe damage to mitochondrial
functions. Collectively, the constructed PAHC NV could serve as a
promising nanovesicle in causing intracellular ROS accumulation
and mitochondrial dysfunction for ferroptosis cell death.

2.4. In vitro cytotoxicity evaluation of the PAHC NV

Given that ROS level elevation and mitochondrial damage
usually result in ferroptosis and apoptosis, we next introduced
the MTT assay to examine the cytotoxicity of the PAHC NV. 4T1
cells were incubated with different formulations, and the
cytotoxic effects under normoxia and hypoxia were compared.
As shown in Fig. 4a and b, significant cytotoxicity was observed
in the PAHC NV treated group and its cytotoxic effect displayed
no apparent difference between normoxic and hypoxic condi-
tions. The cytotoxicity results were further confirmed with the
calcein-acetoxymethyl ester/propidium iodide (PI) staining
assay. As shown in Fig. 4c, the PAHC NV treated cells displayed
the brightest red fluorescence, demonstrating the efficient
cancer cell-killing capacity of the PAHC NV. In addition, the
Annexin V-FITC/PI-mediated apoptosis co-staining assay was
applied to quantify the therapeutic efficiency of the PAHC NV
further. As depicted in Fig. S6 and S7 (ESIt), the apoptosis rate
of Ceé6-treated cells in hypoxic conditions was 8.4%, while it
increased to 20.7% in normoxic conditions. The most severe
apoptosis was detected in the PAHC NV groups, which might be
accredited to the CA IX receptor-mediated internalization and
intracellular microenvironment remodeling of cancer cells.
We next proved that the PAHC NV induced intracellular LPO
accumulation by staining 4T1 cells with C11-BODIPY**"/*! ag
an intracellular LPO probe. As shown in Fig. 4d, in contrast
with the PHC-treated group, a significant decayed red fluores-
cence and intensified green fluorescence was observed in the
PAHC group, suggesting that the AEBS modification of NV
accelerates the intracellular LPO accumulation. Notably, the
addition of Lip-1, a ferroptosis inhibitor, could evidently reverse
the PAHC-induced LPO increase and ferroptosis cell death.
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Fig. 3 Selective cellular uptake, pH regulation, and intracellular ROS production of the PAHC NV. The cellular uptake behavior of Ce6, PHC, and PAHC
was studied by (a) CLSM images and (b) flow cytometric analysis after incubation for 6 h. For the PAHC (AEBS pretreated) group, 4T1 cells were pretreated
with AEBS for 2 h. (c) BCECF-stained (a pH-sensitive probe), and (d) DCFH-stained (a ROS indicator) 4T1 cells after coincubation with PBS, Hb, Ce6, PHC,
PAHC and PAHC (AEBS pretreated), respectively. (e) CLSM images of mitochondrial membrane potential detection in 4T1 cells after coincubation with

PBS, Hb, Ce6, PHC, PAHC and PAHC (AEBS pretreated), respectively.

Besides, a malondialdehyde (MDA) kit was also implemented to
quantify cellular LPO levels.”” As shown in Fig. 4e, the MDA
amounts in PAHC NV treated cells significantly increased com-
pared with the PBS group, manifesting that the PAHC NV effec-
tively triggered the LPO accumulation and ferroptosis response of
cancer cells. Since the glutathione peroxidase 4 (GPX4)-glutathione
(GSH) system is one of the major ferroptosis defense systems for

788 | Nanoscale Horiz., 2023, 8, 783-793

LPO elimination.*' The GPX4 expression and GSH amounts were
also measured for in vitro ferroptosis analysis. As displayed in
Fig. 4f-h, compared with the PHC-treated groups, the PAHC NV
significantly down-regulated the GPX4 expression, GPX4 activity,
and intracellular GSH levels. These results further illustrated that
AEBS-anchored nanovesicles could potentiate ferroptosis through
interaction with CA IX receptors.

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2nh00494a

Published on 21 2023. Downloaded on 31.10.2025 11:50:02.

View Article Online

Nanoscale Horizons Communication

a Normoxia Ce6 Hb PHC PAHC b Hypoxia Ce6 Hb PHC PAHC
100 - I I I I 1001 | I I I
= I =y I I I I I
E 80+ I I I 1 | < 801 l I 1]
= Z I I
2 60 I I = | & g0
S 1 S I
S 401 l || 8 4o- I
4 20 1 I
20 I I "
0 T Ll T T T o L Ll L) T L)
0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
Concentrations (ug/mL) Concentrations (ug/mL)
c PBS Hb Ceb PHC PAHC f
8
x
g 26—
S - - - - = GPX4
P4 17—
L P GG -:ctn
o 34—
I& PBS Hb Ce6 PHC PAHC
d PBS Hb Ceb PHC PAHC PAHC+Lip-1
>
a
o
@]
o
o -
> £
as
8%
2R
=3
O %
5
(0]
o
]
=
e TR K g h ;\:
Ezo = 500 I Z *k
b | s o g1001 ]
16 [ o < 400 I £ I 1 I
2 = I e
312 I Z 300 I s
= I < © 80
S 8 < 200 »
(=} x I (0]
£ a O I
2 4 O 100 2
fa) k]
=0 0 & 60

PBS Ce6 Hb PHC PAHC

PBS Ce6 Hb PHC PAHC

PBS Ce6 Hb PHC PAHC
Fig. 4 In vitro cytotoxicity evaluation of PAHC NV. Cell viability of 4T1 cells after being treated with PBS, Ce6, Hb, PHC, and PAHC under (a) normoxia
and (b) hypoxia. (c) Calcein-AM (live cells, green fluorescence) and Pl (dead cells, red fluorescence) staining images of 4T1 cells and (d) cellular LPO
accumulations of 4T1 cells after treatment with Hb, Ce6, PHC, PAHC and PAHC + Lip-1 and subsequently stained C11-BODIPY*®¥>! dye. (e) Cellular LPO
levels probed by MDA amount of 4T1 cells incubated with PBS, Ce6, Hb, PHC, and PAHC. (f) Western blot analysis of GPX4 expression in 4T1 cells after
incubation with Hb, Ce6, PHC, and PAHC. (g) GPX4 activity and (h) GSH level of 4T1 cells incubated with PBS, Ce6, Hb, PHC, and PAHC, respectively.

2.5. In vivo biodistribution and ferroptosis-based antitumor

mouse model (Fig. 5a).*> As shown in Fig. 5b, without AEBS
efficacy assessment of PAHC NV

modification, the FL intensity in the PHC group was faint at the
tumor region while intense at the liver site. In contrast, consider-
able FL signals were observed at the tumor site in the PAHC NV
group, indicating the tumor targeting and enrichment behavior of

Encouraged by the excellent therapeutic efficacy of the PAHC NV at
the cellular level, we next monitored its biodistribution and
ferroptosis-based antitumor efficacy using the 4T1 tumor-bearing
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Fig. 5 In vivo biodistribution and ferroptosis-based antitumor efficacy assessment of the PAHC NV. (a) Diagrammatic representation of the timeline for
therapeutic treatment and FL imaging in vivo. (b) The in vivo biodistribution at 2, 5, 12, 24, and 48 h post-injection. The tumor site was circled.
(c) Fluorescence imaging of excised main organs and tumors at 48 h post-injection. (d) Tumor growth curves during the therapeutic period (n = 5).
(e) Tumor inhibition rate, (f) weights, and (g) images of the dissected tumors after being treated with PBS, Ce6, Hb, PHC, and PAHC. (h) Body weight
variations and (i) survival curve of the mice. (j) GPX4 immunohistochemical analysis of tumor tissues after treatment with Hb, Ce6, PHC, and PAHC (green
color indicates the GPX4 level). (k) H&E-stained tumor sections at 15 days.
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the PAHC NV. The quantitative analysis indicates that the amount
of PAHC NV within the tumor regions was Ca. 2.48-fold than that
of PHC at 24 h (Fig. S8a, ESIt). In addition, the result of ex vivo
fluorescence imaging and intensity analysis of the excised major
organs and tumor tissues verified that the PAHC NV achieved
prominent tumor-specific accumulation in the presence of AEBS
modification (Fig. 5¢c and Fig. S8b, ESIt).

Next, the in vivo ferroptosis-based therapeutic benefits were
explored with 4T1 tumor-bearing mice. As illustrated in Fig. 5d-g
and Fig. S9 (ESIt), comparing the average tumor volumes of other
groups, the PAHC NV treated mice achieved an overwhelming
tumor inhibition efficiency (88%), suggesting that AEBS-
mediated CA IX targeting and tumor intracellular environment
remodeling significantly increased the ferroptosis-based thera-
peutic effect. The PAHC NV treatment led to a pronouncedly
prolonged survival period of tumor-bearing mice without any
body weight loss (Fig. 5h-i). All the mice in the PAHC-treated
group were kept alive on the 36th day, while all untreated tumor-
bearing mice of the control group were sacrificed. The in vivo
GPX4 deactivation performance of PAHC-treated ferroptosis was
further estimated by an immunohistological study. As displayed
in Fig. 5j, negligible green fluorescence could be observed in the
PAHC group as compared with the PHC treated group, indicating
that CA IX inhibitor could significantly down-regulate intra-
tumoral GPX4 for potentiating ferroptosis cell death. Besides, a
hematoxylin-eosin (H&E) staining assay was implemented to
further testify the antitumor effect of the PAHC NV. As shown
in Fig. 5k, the PAHC NV caused the most severe tumor cell
damage among all formulations, revealing that the PAHC NV
could efficiently suppress tumor development by targeting CA IX
and potentiated ferroptosis. Meanwhile, the biosafety of the
PAHC NV was tested by hemolytic assay, H&E staining assay,
and serum biochemical index analysis (Fig. S10-S12, ESIf),
demonstrating that the nanovesicle is capable of outstanding
biocompatibility properties and no apparent systemic toxicity
during in vivo applications.****

3. Conclusion

In summary, we have constructed a CA IX-targeted nanovesicle
for potentiating ferroptosis through remodeling the intracellu-
lar environment. The AEBS modification enables nanovesicles
with excellent tumor targeting and enrichment. More impor-
tantly, the selective binding of AEBS with the CA IX receptor
could acidify the intracellular pH and perturb redox homeo-
stasis to enhance the ferroptosis-based synergistic therapy.
Taken together, our study pioneers an effective and compelling
avenue in designing ferroptosis-based nanomedicine for
enhanced cancer therapy through intracellular environment
remodeling.
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