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ABSTRACT

As a novel non-apoptotic cell death pathway, ferroptosis can effectively enhance the antitumor effects of
photodynamic therapy (PDT) by disrupting intracellular redox homeostasis. However, the reported nano-
composites that combined the PDT and ferroptosis are cumbersome to prepare, and the unfavorable tumor
microenvironment also severely interferes with their tumor suppressive effects. To address this inherent barrier,
this study attempted to explore photosensitizers that could activate ferroptosis pathway and found that the
photosensitizer aloe-emodin (AE) could induce cellular ferroptosis based on its specific inhibiting activity to
Glutathione S-transferase P1(GSTP1), a key protein for ferroptosis. Herein, we prepared AE@RBC/Fe nano-
crystals (NCs) with synergistic PDT and ferroptosis therapeutic effects by one-step emulsification to obtain AE
NCs cores and further modification of red blood cells (RBC) membranes and ferritin. Benefiting from the
involvement of ferritin, the prepared AE@RBC/Fe NCs provide not only sufficient oxygen for oxygen-dependent
PDT, but also Fe>" for iron-dependent ferroptosis in tumor cells. Furthermore, the biomimetic surface func-
tionalization facilitated the prolonged circulation and cancer targeting of AE@RBC/Fe NCs in vivo. The in vitro
and in vivo results demonstrate that AE@RBC/Fe NCs exhibit significantly enhanced therapeutic effects for the
combined two antitumor mechanisms and provide a promising prospect for achieving PDT/ferroptosis syner-
gistic therapy.

1. Introduction

decreasing GSH level [4]. In addition, ferroptosis is closely related to the
Fenton reaction mediated by ferric ion (Fe3+), which is reduced to

Ferroptosis is an iron-dependent programmed cell death modality,
that is closely associated with the excessive accumulation of intracel-
lular reactive oxygen species (ROS) and related lipid peroxide (LPO) [1].
Since the first introduction for the pathway of ferroptosis by Stockwell in
2012 [2], convincing evidence has suggested that the use of ferroptosis
inducers can effectively suppress tumor growth [3]. To date, some well-
established ferroptosis inducers have been identified. For example,
Erastin can reduce glutathione (GSH) level by inhibiting the activity of
the cystine/glutamate antagonist system X- ¢, and RSL3 can directly
inhibit the activity of glutathione peroxidase 4 (GPX4), a specific
enzyme that functioning by repairing oxidized phospholipids and/or

ferrous ion (Fe®™) by divalent metal transporter 1 (DMT-1) in endosomes
while producing cytotoxic ROS [5]. Therefore, the application of suit-
able ferroptosis inducers and combined with Fe3"-mediated Fenton re-
action would be a promising strategy for cancer therapy.
Photodynamic therapy (PDT) is a fashionable non-invasive tumor
treatment, which can be operated in restricted area with a controlled
manner, and exhibits higher selectivity and lower side effects compared
to conventional chemotherapy, especially in the treatment of superficial
tumors [6]. However, a compromising factor for PDT is that cancer cells
possess a robust oxidative defense system. Once cellular damage is
induced by PDT, the over-production GSH in tumor cells would
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counteract oxidative stress in an attempt to maintain the redox ho-
meostasis [7]. To subtly address the obstacles, it has been reported that
the Fe3* in tumor cells can not only deplete GSH but also catalyze the
decomposition of endogenous hydrogen peroxide (H02) to generate
oxygen [8]. Therefore, it is conceivable that the synergy between the
Fe3" and PDT would achieve enhanced anti-tumor effects by promoting
ROS production at the tumor site and disrupting the oxidative defenses
of tumor cells.

Currently, common photosensitizers are mainly excited in the red
region, which may produce damage to deeper normal tissues when
treating superficial diseases with PDT. For example, PDT with 630 nm
laser irradiation for cancer in the esophagus and bronchus may occa-
sionally lead to wall perforations and fistulas [9]. Thus, exploring new
photosensitizers with shorter excitation wavelength from existing clin-
ical drugs will expand PDT applications. Aloe-emodin (AE) is an
anthraquinone derivative extracted from traditional Chinese herbal
plant that shows stable light absorption in the blue region and can be
used as a new photosensitizer for PDT [10]. Previous reports have shown
that AE exhibited undeniable pharmacological activity for antitumor
and has proven its cytotoxic effect on a variety of cancer cells including
breast cancer, pancreatic cancer, lung carcinoma, hepatocellular carci-
noma and gastric carcinoma, although the exact mechanism remains to
be elucidated [11]. Lu et al. found that AE can deplete intracellular GSH
while leading to redox imbalance as well as sustained activation of c-Jun
N-terminal kinase (JNK) inducing apoptosis [12]. Wang et al. attempted
to explain the attractive result of GSH depletion by AE through a LC-MS/
MS analysis system, and the result suggested that AE, an electrophilic
specie, can chemically react with GSH to form specific conjugate [13].
As mentioned above, the down-regulation of GSH is responsible for
cellular ferroptosis, so it’s reasonable to assume that AE may also act as a
potential ferroptosis inducer. But to our knowledge, there is currently no
relevant studies.

In summary, AE can integrate and enhance PDT and ferroptosis
simultaneously when an efficient Fe>* donor is involved. Ferritin, a
major intracellular iron storage protein, is composed of ferritin heavy
chains (Fth) and ferritin light chains (Ftl) [14]. Recent studies indicate
that intracellular degradation of ferritin can increase Fe>* levels, leading
to oxidative cellular damage caused by the Fenton reaction [15]. In
addition, ferritin can be recognized by tumor cells in association with
the overexpression of transferrin receptor 1 (TfR1) [16]. Clearly, ferritin
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has a natural advantage over other materials for ferroptosis and/or PDT
owing to its inherent iron storage and tumor-specific recognition
properties.

Oral squamous cell carcinoma is a common malignancy of the oral
and maxillofacial cavity with a 5-year survival rate of only about 50%
[17]. PDT can provide better functional cosmetic outcomes than tradi-
tional ablative surgery while preserving the speech and swallowing
functions [18]. Although AE can act as a potential ferroptosis inducer
and photosensitizer for specific surface disease, it still suffers from un-
favorable pharmacokinetic characteristics. Therefore, simple and
effective strategies are urgently needed to increase AE concentration in
tumor cells to therapeutic threshold. Here, we first clarified the meta-
bolic pathway of AE-induced ferroptosis, and then developed a novel
ferritin-modified biomimetic AE nanocrystals (AE@RBC/Fe NCs) by co-
extruding AE nanocrystals (NCs), prefabricated red blood cells (RBC)
membranes and ferritin (Fe) for the synergistic treatment of PDT and
ferroptosis (Scheme 1a). The AE NCs were camouflaged with ferritin-
decorated RBC membranes, which enable them superior long circula-
tion and targeting capabilities while retaining the functionality of the AE
NCs core. Compared to other nanoscopic dosage forms, the current
design of biomimetic NCs with colloidal stability and sustained release
properties are more suitable for hydrophobic compounds like AE,
allowing them to deliver almost 100% of the drug when used paren-
terally. Upon uptake by tumor cells, over-expressed phospholipases D
(PLD) in the tumor cell could disintegrate the phospholipid component
of the outer layer of AE@RBC/Fe NCs, resulting in the exposure and
release of the AE NCs inner core. AE not only exerts the properties of a
photosensitizer to convert intracellular oxygen to 'O under laser irra-
diation, but also initiates ferroptosis by inhibiting the activity of
Glutathione S-transferase P1(GSTP1). More importantly, thanks to the
involvement of ferritin, both AE-mediated ferroptosis and PDT were
effectively enhanced due to Fe3* supply and oxygen replenishment
(Scheme 1b). This work provides insight into the antitumor effects of
AE@RBC/Fe NCs, and indicates that AE@RBC/Fe NCs can serve as a
very promising candidate for synergistic ferroptosis and PDT in future
clinical translation.

e

Ferritin AE@RBC/Fe NCs

Scheme 1.
Fe NCs.
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(a) Preparation procedure of AE@RBC/Fe NCs. (b) Schematic illustration of PDT/ferroptosis synergistic therapy after intravenous injection of AE@RBC/
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2. Materials and methods
2.1. Materials

AE, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), trypsin, GSH, 2',7’-dichlorofluorescin diacetate (DCFH-DA),
annexin V-FITC, propidium iodide (PI), 4,6-diamidino-2-phenylindole
(DAPI), Deferoxamine (DFO), Cyanine 5.5 (Cy5.5) and PLD (EC 3.1.4.4)
were offered by Sigma-Aldrich (Shanghai, China). Recombinant GSTP1
protein (ab167990), anti-GPX4, anti-GSTP1, anti-JNK anti-Ki-67, anti-
Caspase-3, anti-4-hydroxy-2-nonenal (4-HNE) antibody were provided
by Abcam (Shanghai, China). GST activity fluorescent assay, BOD-
IPY>81/5°1.C11 and singlet oxygen sensor green (SOSG) kit were offered
by Thermo Fisher (Waltham, MA). Poloxamer-407 (P407), Ferrostatin-1
(Fer-1), Ac-DEVD-CHO (Apo) and JC-1 Mitochondrial Assay Kit were
provided by Aladdin (Shanghai, China). Thiobarbituric acid reactive
substances (TBARS) assay kit was purchased from Cayman Chemical.
Lentiviral vectors which overexpress GSTP1 were purchased from
GeneChem (Shanghai, China). All other chemicals and solvents at re-
agent grade or better were offered by Changzheng Regents Co.
(Chengdu, China), unless otherwise explained. All cell lines in this
research (human oral squamous carcinoma cells HSC-3, mouse embry-
onic fibroblast cells NIH 3T3) were provided by the American Type
Culture Collection (ATCC, Manassas, USA) originally. Sichuan Dashuo
Biotech. Inc. (Chengdu, China) offered Sprague Dawley rats and Balb/c
nude mice.

2.2. Preparation of AE@RBC/Fe NCs

AE NCs were prepared based on the approach described in previous
reports with slight modifications [19]. Briefly, a suitable mixture of AE
(0.1 w/v) and P407 (0.5 w/v) was added to DMSO to fully dissolve, and
then the mixture solution was intensely sonicated and continuously
stirred in D. I. water (pH 4.0) for 30 min until homogeneous opaque
yellow AE NCs were formed, which were subsequently separated by
centrifugation. The encapsulation efficiency of AE NCs was determined
by an ultraviolet-visible (UV-Vis) spectrophotometer (UV-2550, Shi-
madzu, Japan) with an absorption peak at 431 nm (encapsulation effi-
ciency = 100% — [amount of AE in the remaining solution] / [total
amount of AE] x 100%). Human whole blood was collected from health
volunteers by our collaborators at the Second Affiliated Hospital of
Chengdu Medical College with the approval of the Institutional Review
Board (IRB). Fresh whole blood was withdrawn from the orbit of Spra-
gue Dawley rats with low molecular heparin solution for anti-
coagulation. RBC membrane fragments were extracted from whole
blood samples collected using the previously described protocol [20]. In
order to decorate the NCs with ferritin while fusing RBC membrane
fragments with AE NCs, the corresponding amounts of AE NCs, pre-
prepared RBC membrane fragments and ferritin were mixed in the
mass ratio of 1:1:2%, and then the three components were co-extruded
several times through a 220 nm polycarbonate porous membrane
applying an Avanti mini extruder [21]. AE@RBC/Fe NCs was subse-
quently separated by centrifugation washed to remove excess vesicles
and proteins for further characterization. In addition, AE@RBC NCs (AE
NCs and RBC membrane fragments were mixed) and RBC/Fe complex
(ferritin and RBC membrane fragments were mixed) were prepared
using a similar co-extrusion method as described above. The concen-
trations of RBC/Fe complex were quantified by bicinchoninic acid (BCA)
kit.

2.3. Physico-chemical characterization of NCs

The crystallographic patterns of AE@RBC/Fe NCs and naked AE NCs
were characterized by powder X-ray diffraction (PXRD; Philips X Pert
PRO, The Netherlands) applying Cu-Ka radiation source with a spectral
collection range between 5° - 40° in steps of 0.05°. Morphological
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analysis of NCs was performed by transmission electron microscopy
(TEM; FEI Tecnai F20, USA). The hydrous size and zeta potentials of NCs
were measured with dynamic light scattering (DLS; Malvern Nano-ZS90,
UK). The iron composition in AE@RBC/Fe NCs was quantitatively
evaluated by inductively coupled plasma-optical emission spectrometry
(ICP-OES, Agilent ICP-OES 7300 DV, USA). The stability of NCs in PBS
was evaluated via measuring the particle size of NCs at different time
points at room temperature.

The surface protein content of various NCs was decided with a BCA
kit. In addition, sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) integrated with Coomassie blue for protein stain-
ing was adopted to analyze the protein components of the different
modified NCs. To identify the membrane orientation of AE@RBC/Fe
NCs, the glycoprotein content of AE@RBC/Fe NCs was quantified ac-
cording to a previous method [22]. Briefly, 1 mL of AE@RBC/Fe NCs (1
mg/mL) suspension was incubated with trypsin for 2 h at room tem-
perature to initiate trypsinization. The samples were then centrifuged at
10000 rpm for 10 min, and the supernatant was collected to quantify
glycoprotein using a glycoprotein ELISA Kit following the manufac-
turer’s instructions. The ratio of full cell membrane coating was calcu-
lated by previously reported fluorescence quenching assay [23]. Briefly,
AE@RBC NCs and AE@RBC/Fe NCs were prepared with fluorescent
nitro-2,1,3-benzoxadiazol-4-yl (NBD)-labeled AE NCs as the core, fol-
lowed by the addition of dithionite (DT) solution to the samples. The
reserved fluorescence of the cell membrane-coated NCs after the addi-
tion of DT was measured by fluorescence spectrophotometer (Hitachi F-
7000, Japan) to calculate ratio of full coating.

2.4. Release of AE and Fe>*

The effect of PLD on the degradation and release properties of
AE@RBC/Fe NCs in PBS solutions with different pH conditions was
investigated. The reverse dialysis was performed by homogeneously
dispersing 5 mg of AE NCs and AE@RBC/Fe NCs in 50 mL of PBS (pH 7.4
and pH 5.5) in a horizontal laboratory shaker with a rate of 100 rpm at
37 °C. Take 2.0 mL of the above sample from the dialysis bag (MWCO:
1000 Da) and the released AE in the buffer solutions was quantified by a
fluorescence spectrophotometer under the excitation/emission wave-
lengths of 429/520 nm according to the standard calibration curve. In
addition, the release profile of AE@RBC/Fe NCs in PBS containing PLD
was determined by the same method. TEM was used to observe the
morphological changes of AE@RBC/Fe NCs under different conditions
at preset time intervals.

To confirm the involvement of Fe>* from ferritin in the redox cycle,
o-phenanthroline was used as an indicator to verify the production of
Fe?t. AE@RBC/Fe NCs were dispersed in a weakly acidic solution (pH
5.5) for 4 h and the color change was observed by sequential addition of
o-phenanthroline, GSH or/and H20,. The reactions of FeCls, FeCly, GSH
and Hy0, with o-phenanthroline were used as controls, respectively.

2.5. Detection of extracellular 10, and oxygen generation

10, production was detected using SOSG as a probe according to a
previous report [24]. 20 pg of AE@RBC/Fe NCs were dispersed in 1 mL
of a weakly acidic solution (pH 5.5) containing PLD for 1 h. Subse-
quently, 5 pL of SOSG methanol solution (5 mM) was added and the
mixed solution was irradiated with a 405 nm laser (Oxxius LBX, France)
for different times (0, 3, 6, 9 and 12 min). The fluorescence intensity of
the solution was measured by a fluorescence spectrophotometer under
the excitation/emission wavelengths of 504/525 nm. The ability of free
AE, AE NCs, AE@RBC NCs and AE@RBC/Fe NCs to produce 10, in the
presence or absence of Hy05 (1 M) was measured under the same
experimental conditions using the method described above. In addition,
30 pL of H204 (1 M) was added to 3 mL of different solutions containing
AE NCs, AE@RBC NCs, AE@RBC/Fe NCs and ferritin, respectively, and
oxygen production in the solutions was measured using a portable
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dissolved oxygen meter after vigorous stirring.
2.6. Invitro cell uptake of the NCs

Cellular uptake assays were employed to verify the ability of tumor
cells (HSC-3 cells) and normal cells (NIH 3T3 cells) to take up AE@RBC/
Fe NCs and AE@RBC NCs. 1 mL of cells at a density of 1 x 10* cells per
milliliter was seeded in a 12-well plate and incubated for 24 h before
adding Cy5.5-labeled NCs at equivalent dosages and continuing the in-
cubation for 4 h. After being washed three times with PBS, nuclei were
fixed with 4% paraformaldehyde solution for 15 min and then stained
with DAPI (excitation/emission wavelengths of 364/454 nm) for 10
min, followed by photographed with a confocal laser scanning micro-
scope (CLSM; Nikon A1R, Japan). Cy5.5-labeled NCs were co-cultured
with cells under the same conditions and then washed three times
with PBS, followed by flow cytometry (Beckman CytoFLEX, USA)
analysis of the cells after separation with trypsin. In addition, to verify
that ferritin enhances the specific uptake of AE@RBC/Fe NCs by cells,
cells were pretreated with excess free ferritin before the addition of
AE@RBC/Fe NCs, and then examined by CLSM and flow cytometry in a
similar method. Cy5.5-labeled liposomes were prepared, and AE NCs
were coated with them to obtain AE@Lip NCs according to the previous
report [25,26]. The macrophage line RAW264.7 was selected for testing
the stealth functionality of AE@RBC/Fe NCs, AE@RBC NCs and AE@Lip
NCs using a similar cell uptake assay procedure as described above.

The expression of TfR1 in HSC-3 and NIH 3T3 cells untreated with
NCs was analyzed by western blot analysis. The collection of cells was
made by scraping and then washed twice with ice-cold PBS. Total pro-
tein extracts prepared from RIPA lysis buffer were isolated on an SDS-
PAGE according to their size and then transferred from the gel to a
nitrocellulose membrane. After 1.5-h blocking with 5% nonfat milk, the
overnight incubation of membranes was made with TfR1 primary anti-
bodies at 4 °C. After rinsing with buffer, incubation with horseradish
peroxidase (HRP)-conjugated secondary antibodies was continued for 1
h at room temperature, and a Gel Doc XR imaging system (Bio-Rad, Lab,
Hercules, CA) was adopted to detect the signal.

2.7. Confirmation of AE@RBC/Fe NCs activated ferroptosis

2.7.1. Invitro cell viability in the presence of varied inhibitors

After culturing HSC-3 cells at a density of 5 x 103 cells per well in 96-
well plates for 24 h, equal amounts of free AE, AE NCs, AE@RBC/Fe NCs
(at an equivalent dosage of 10, 20, 40 uM free AE) and RBC/Fe complex
(1, 2 and 4 pM) were added to each well, respectively. The culture
medium was then supplemented with ferroptosis inhibitor (Fer-1, 1 pM),
apoptosis inhibitor (Apo, 30 pM), and iron chelate (DFO, 100 pM) to
continue the incubation for 24 h [27]. Cytotoxicity before and after the
addition of inhibitors was quantified by standard MTT assay. To be brief,
20 pL of MTT (5 mg/mL in PBS) was added to each well containing the
mixture and further incubated for 4 h. Afterwards, the supernatant was
replaced with 150 pL of DMSO and the measurement of absorbance of
the solution was made by placing it on a multimode reader at a fixed
wavelength of 570 nm.

2.7.2. GSH assay

A standard GSH assay was used to detect the changes in intracellular
GSH levels in the control and after different treatments. Briefly, HSC-3
cells were treated with free AE, AE NCs, AE@RBC/Fe NCs, AE@RBC/
Fe NCs + Fer-1 (at an equivalent dosage of 40 uM free AE) and RBC/Fe
complex (4 uM) for 24 h. Digested with trypsin, harvested cells were
washed three times in PBS. The test procedure was referred to the in-
structions of the GSH assay kit, and the percentage content of GSH was
compared with the GSH content of untreated cells.

2.7.3. Detection of LPO and mitochondrial membrane potential
Intracellular LPO levels were assessed using a BODIPY>®/5%1.C11
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fluorescent probe according to a previously reported method [28]. HSC-
3 cells were treated with different formulations as mentioned above and
then washed with PBS, followed by incubation in serum-free DMEM
medium with BODIPY>81/%°1.C11 (5 pM) for 20 min. The immediate
observation and analysis of cells was made by CLSM and flow cytometry,
and the excitation and emission wavelengths of green fluorescent
oxidation products were 485 nm and 520 nm. The mitochondrial
membrane potential of HSC-3 cells treated with different formulations
was measured with the JC-1 Mitochondrial Assay Kit based on the
manufacturer’s guidance. Green JC-1 monomers (excitation/emission
wavelengths of 488/510 nm) and red JC-1 aggregates (excitation/
emission wavelengths of 561,/590 nm) were observed with fluorescence
microscope (Leica DMi8, Germany).

2.8. Mechanism of AE-induced ferroptosis

2.8.1. Ferroptosis-related protein expression levels

The total proteins were extracted from lysates containing cocktail
protease inhibitor after treating HSC-3 cells with varied concentrations
of AE NCs (0, 20, 40 and 80 uM) for 24 h and analyzed by SDS/PAGE
under non-reducing conditions. Western blot analysis was performed
with GPX4, JNK and GSTP1 antibody as mentioned above. Protein sig-
nals were assessed by densitometric analysis and GAPDH was used as a
control.

2.8.2. Cell transfection

HSC-3 cells were stably overexpressing GSTP1 by lentiviral particles
according to the manufacturer’s protocol. Briefly, HSC-3 cells were
cultured in DMEM medium containing 10% fetal bovine serum and
replaced with fresh DMEM medium containing 10% fetal bovine serum
when the cell density reached 70-80%. Then GSTP1 overexpressing
lentiviral particles were added to the cell wells and continued to be
cultured for 48 h. Finally, the stable cell lines that overexpress GSTP1
were selected with puromycin named GSTP1 cell group. The empty
lentiviral vectors were also transfected by the same method named as
Vect cell group, which was used as a negative control group for trans-
fection. The cell transfection efficiency was detected by western blot
analysis.

2.8.3. GSTP1 enzymatic activity

GSTP1 recombinant protein and intracellular GSTP1 activity were
measured using a fluorescence-based GST activity kit according to the
manufacturer’s protocol. GSTP1 activity is defined as the amount of
enzyme for catalyzing the reaction of GSH and monochlorobiphenyl,
which in its free form is barely fluorescent and fluoresces blue upon
reaction with GSH catalyzed by GST. Briefly, after treating GSTP1 and
Vect cell with 40 uM of AE NCs for 24 h, homogenization and centri-
fugation were adopted to collect the supernatant. The untreated cells
were adopted as control. The samples and standards were placed in a 96-
well plate with excitation wavelength fixed at 380 nm, and the fluo-
rescence change at 461 nm was collected to determine GSTP1 activity.
In addition, different concentrations of AE NCs were reacted with GSTP1
recombinant protein for 24 h and then the enzymatic activity was
determined using the same method.

2.8.4. AE induces ferroptosis in GSPT1 overexpression cells

The GSTP1 and Vect cell were treated with the same concentration of
AE NCs (40 pM), and untreated cells were adopted as control. The cell
viability, LPO and mitochondrial membrane potential were measured
according to the mentioned method.

2.9. Measurement of intracellular oxygen content
After inoculation in 96-well plates at a density of 6 x 10° cells per

well, HSC-3 cells were cultured for 24 h. Subsequently, cells were
treated with free AE, AE NCs, and AE@RBC/Fe NCs for 4 h at the same
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AE dose. Cells treated with PBS were used as controls. Fluorescence
intensity at 650 nm was measured using the Extracellular Oxygen
Consumption Assay Kit (Abcam, ab197243), and changes in cellular
oxygen content were analyzed based on the manufacturer’s protocol.

2.10. Detection of intracellular ROS

Fluorescence microscope and flow cytometry were adopted to detect
intracellular ROS production referring to the previously reported liter-
ature [29]. Briefly, the 24 h culture of HSC-3 cells was made in 24-well
plates, followed by the addition of free AE, AE NCs, and AE@RBC/Fe
NCs at the AE dose of 40 pM to treat the cells for 4 h. Replaced with
serum-free medium containing DCFH-DA, the cell was further incubated
for 15 min at 37 °C in the dark. Afterwards, parallel cell groups were
irradiated with laser at 405 nm for 5 min and washed carefully twice
with PBS. Fluorescence images of the cells were captured with fluores-
cence microscope, corresponding to excitation and emission wave-
lengths of 488 and 515 nm. Flow cytometry determination of ROS levels
was similar to the cell treatment method mentioned above, except that
the fluorescence signal was analyzed by digesting the cells and collect-
ing them in a flow tube.

2.11. Invitro cytotoxicity and apoptosis

HSC-3 cells were cultured in 96-well plates at a density of 6 x 10>
cells per well for 24 h, and then 100 pL of free AE, AE NCs and AE@RBC/
Fe NCs with gradient concentrations of free AE were added to each well
for 24 h. After that, the cells were irradiated with 405 nm laser for 5 min
and then continued to be cultured for 24 h. The viability of cells in vitro
with or without laser radiation was analyzed by the MTT method
mentioned above. To visualize the inhibitory effect of various formula-
tions on HSC-3 cells, the cells were treated identically followed by
staining with Calcein-AM and PI for 20 min on viable and dead cells. The
cells were subsequently washed carefully with PBS and the cell images
were observed by fluorescence microscope. For apoptosis analysis
against treated HSC-3 cells, cells were collected by trypsin digestion and
stained with annexin V-FITC and PI and then analyzed by flow
cytometry.

2.12. Morphological changes of ferroptosis and apoptosis

The morphological variations of the cells were observed by bio-TEM
(JEM-1400, JEOL, Japan) considering the AE@RBC/Fe NCs induced
ferroptosis and PDT effects. Briefly, HSC-3 cells and AE@RBC/Fe NCs
were co-cultured for 24 h after irradiation to 405 nm of laser for 5 min.
The cells were fixed with electron microscope fixative before and after
laser irradiation at 4 °C. Untreated cells were employed as controls. The
dehydration of cells was made in graded ethanol at 70, 90, 96 and 100%,
followed by embedding in EPON 812 epoxy resin, sectioning, positive
staining with uranium and lead salts for bio-TEM imaging to observe
cellular ultrastructural changes.

2.13. Pharmacokinetic evaluation

All animal experimental protocols were approved by the Animal Care
and Use Committee of Chengdu medical college and were conducted in
strict accordance with the Institutional Health Guide for the Care and
Use of Laboratory Animals of China. Briefly, Sprague Dawley rats were
injected with free AE, AE NCs and AE@RBC/Fe NCs (RBC membrane
fragments from Sprague Dawley rats) at an equal AE dose of 7.5 mg/kg
through the tail vein. The collection of blood samples (0.5 mL) was made
from the orbital venous plexus at presented time points and plasma was
collected by centrifugation. AE concentrations in plasma were measured
by fluorescence spectrophotometer and pharmacokinetic parameters
were calculated using PKsolver.
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2.14. In vivo distribution of AE@RBC/Fe NCs

HSC-3 Xenografted tumor model was established by subcutaneously
injecting HSC-3 tumor cells (2 x 10° cells) into the right inguinal
location of Balb/c nude mice (4 weeks old, 15-18 g). When the tumor
volume reached approximately 100 mm®, mice were used for distribu-
tion studies of AE@RBC/Fe NCs in vivo. Mice were randomly assigned
into two groups (n = 3) and received injection with free AE and
AE@RBC/Fe NCs by the tail vein at an equivalent AE dose of 7.5 mg/kg,
respectively. The tumors and major organs (e.g., heart, liver, spleen,
lung, kidney) were harvested from sacrificed mice after 1 and 24 h of
administration. The collected tissues were repeatedly rinsed with PBS to
remove blood and the tissues were homogenized to extract AE from the
supernatant, followed by determination of AE content by the method
mentioned above. The level of distribution in the tissue was defined as
the proportion of the actual quantity of drug in the tissue to the total
quantity of injected drug and normalized to the tissue weight (% ID/g).
In addition, mice were photographed at excitation/emission wave-
lengths of 670/700 nm by tail vein injection of identical doses of Cy5.5-
labeled AE@RBC NCs and AE@RBC/Fe NCs at some specific time points
applying an IVIS imaging system (Caliper Life Sciences Inc., USA) to
record fluorescence changes in mice. Some mice were euthanized after
24 h of administration, and major organs and tumors were collected for
the fluorescence distribution analysis ex vivo as mentioned above.

2.15. In vivo antitumor mechanisms of AE@RBC/Fe NCs

Mice bearing HSC-3 tumors were randomly assigned into three
groups (n = 3) for exploring the mechanism of combination therapy.
When the tumor reached approximately 100 mm?, tail-vein injection
with saline, AE@RBC/Fe NCs and AE@RBC/Fe NCs + laser was
executed separately to the three groups (equivalent AE dose of 7.5 mg/
kg). After 24 h, one group of mice treated with AE@RBC/Fe NCs were
irradiated to 405 nm laser for 5 min. Mice were euthanized at the
designated times, tumor tissues were collected to measure JNK and p-
JNK change using western blot assay. To examine the GSH levels and
GSTP1 activity of the tumors, the harvested tumors from the mice were
assayed according to the protocol of the kit. Malondialdehyde (MDA)
content was measured in tumor tissue with a TBARS assay kit to monitor
lipid peroxidation according to the manufacturer’s instructions. Immu-
nohistochemical (IHC) staining of 4-HNE was performed using an anti-4-
HNE monoclonal antibody according to the manufacturer’s instructions
for assessment of lipid peroxidation. The tumor tissues were fixed with
3% glutaraldehyde and 1% OsO4 successively. Then the samples were
dehydrated and embedded. Ultrathin sections were stained and
observed with bio-TEM.

2.16. In vivo antitumor evaluation

Mice bearing HSC-3 tumors were fallen into five groups (saline, free
AE, AE NCs, AE@RBC/Fe NCs and AE@RBC/Fe NCs + laser) randomly,
and each group consisting of 9 mice. When the tumor volume reached
approximately 100 mm?3, mice in each group received intravenous in-
jection with 100 pL of corresponding formulation at a relative AE dose of
7.5 mg/kg per mouse. After 24 h, the mice treated with AE@RBC/Fe NCs
were irradiated to 405 nm laser for 5 min. Measured every two days
starting from the first day after laser irradiation, the calculation of tumor
size was made by the formula V = (L x WZ)/Z, where L and W represent
the longest and shortest diameter of the tumor. The number of live an-
imals at every time point was recorded to plot into Kaplan-Meier sur-
vival curves and analyzed to obtain the median survival time. On day 21
after treatment, tumors from partially sacrificed animals (n = 3) were
collected and histologically examined based on a standard hematoxylin
and eosin (H&E) staining protocol. In addition, tumor cell proliferation
and apoptosis were analyzed by performing IHC assessment of Ki-67 and
caspase-3 on tumor sections. The positively stained cells were counted
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under a light microscope and the total number of cells in these regions
was normalized.

2.17. Biosafety of AE@QRBC/Fe NCs

The treatment safety of AE@RBC/Fe NCs was evaluated by body
weight change, biochemical analysis and histological examination of
major organs. The body weights of mice treated with different formu-
lations were measured every two days. At the end of the indicated
treatment, the major organs (heart, lung, spleen, liver, and kidney) of
the sacrificed mice were harvested and stained with H&E staining pro-
tocols for histological examination. Healthy BALB/c mice (n = 3)
received intravenous injection with PBS and AE@RBC/Fe NCs (7.5 mg/
kg), and blood was collected after 3 days for analysis of blood markers
(red blood cells, RBC; hemoglobin, HGB; white blood cells, WBC;
platelets, PLT), hepatotoxicity (alanine aminotransferase, ALT; aspar-
tate aminotransferase, AST; alkaline phosphatase, ALP), cardiotoxicity
(creatine kinase, CK) and nephrotoxicity (blood urea nitrogen, BUN) by
Blood Biochemistry Analyzer (MNCHIP POINTCARE) and Auto Hema-
tology Analyzer (MC-6200VET) [30].

2.18. Statistical analysis

In this work, mean standard deviation (SD) is used for the reported
results. Whenever appropriate, multiple groups were compared by
analysis of variance (ANOVA), and the statistical difference between the
two groups was revealed by a two-tailed Student’s t-test. A probability
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value (p) of smaller than 0.05 was considered statistically significant.
3. Results and discussion
3.1. Physicochemical characterizations of AE@RBC/Fe NCs

In this study, AE NCs were prepared in one step by a facile emulsi-
fication method and used as a core to decorate the surface with RBC
membranes and ferritin. TEM images show the typical sphere-like
structure of the naked AE NCs with a high AE encapsulation efficiency
of 92.6% (Fig. 1a). AE NCs were formed at a ratio of 1:5 of AE to P407,
resulting in a maximum drug-loading ratio of up to 16.7%. The
AE@RBC/Fe NCs exhibited a distinct core-shell structure with an
external lipid bilayer shell, and their particle size exhibits a slight in-
crease (112 + 3 nm) compared to AE NCs (100 + 2 nm) (Fig. 1b),
indicating that the RBC membranes was successfully wrapped around
the AE NCs. To enhance the target activity of biomimetic AE NCs to
tumor cells, ferritin was modified as a recognition component together
with RBC membranes on the surface of AE NCs by multiple co-extrusion
through porous membranes. As shown in Fig. 1c, the energy-dispersive
spectroscopy (EDS) elemental mapping analysis pointed to the presence
of Fe and P elements in AE@RBC/Fe NCs, which clearly indicating that
the cell membrane interspersed with ferritin was successfully coated on
the surface of the AE NCs. The iron content in AE@RBC/Fe NCs was
further determined to be 0.27 wt% by ICP-OES analysis. In addition, the
protein ingredients of AE@RBC/Fe NCs were further analyzed by SDS-
PAGE and the bands corresponding to membrane proteins and ferritin
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Fig. 1. Characterization of AE@RBC/Fe NCs. TEM images of (a) AE NCs and (b) AE@RBC/Fe NCs (Scale bar: 50 nm). (c) Elemental mapping of AE@RBC/Fe NCs
(Scale bar: 50 nm). (d) SDS-PAGE protein analysis of RBC, ferritin, AE NCs, AE@RBC NCs and AE@RBC/Fe NCs. (e) Hydrodynamic size and (f) zeta potential (n = 3)
and (g) PXRD patterns of NCs. In vitro release profiles of free AE from (h) AE NCs and (i) AE@RBC/Fe NCs after incubation in different conditions (n = 3). (j) In vitro
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were observed in the protein profile of AE@RBC/Fe NCs (Fig. 1d),
indicating that membrane proteins and ferritin were completely
retained during the fusion process of AE@RBC/Fe NCs. The membrane
protein content of AE@RBC/Fe NCs was rightfully increased compared
to naked AE NCs and was further quantified as 80.3 + 5.1 pg/mg using
the protein standard curve (Fig. S1). DLS data in Fig. le exhibited that
the average hydrodynamic diameter of AE@RBC/Fe NCs increased
slightly from 106 + 5 to 120 + 10 nm after cell membrane and protein
coating, and both were well dispersed in PBS buffer in any case. In
addition, the zeta potential of AE@RBC/Fe NCs turned out to be close to
the zeta potential of the RBC/Fe complex (—23.9 + 2.3 mV) at —25.6 +
2.5 mV, demonstrating the coating RBC membrane was present in the
right-side-out orientation (Fig. 1f) [31]. Moreover, the orientation of
RBC membrane on the AE@RBC/Fe NCs surface could be assessed by
quantification of glycoprotein, which exclusively distributed on the
extracellular side of membranes [22]. As shown in Fig. S2a, the average
content of glycoprotein detached from AE@RBC/Fe NCs is around
91.1% of the equivalent amount in free RBC vesicles. This quantification
indicated that the majority of the glycoproteins were present on the
outside surface of the AE@RBC/Fe NCs, further confirming the “right-
side-out” orientation of the RBC membrane on the NCs. RBC membranes
and negatively charged nanoparticle cores have been shown to be
favorable for the formation of a full cell membrane coating [23]. In order
to probe the integrity of the cell membrane coating, the bare core AE
NCs needed to be replaced by the fluorescent NBD-labeled AE NCs prior
to cell membrane coating. AE@RBC NCs and AE@RBC/Fe NCs were
treated with DT, a negatively charged reducing agent that cannot cross
the membrane [32]. DT reduced NBD to 7-amino-2,1,3-benzoxadiazole
(ABD), which irreversibly quenched the fluorescence of the exposed
NBD-labeled NCs. The ratio of full coating of AE@RBC NCs and
AE@RBC/Fe NCs was calculated as 10.16% and 9.45% by comparing
the reserved fluorescence intensity with the initial fluorescence intensity
before DT addition, indicating that the co-extrusion process is an effi-
cient method in the formation of a full cell membrane coating (Fig. S2b).
The PXRD patterns of AE NCs and AE@RBC/Fe NCs were depicted in
Fig. 1g. There was no significant difference between the two PXRD
patterns, indicating that AE NCs maintained the same crystal structure
and crystallinity before and after coated with the cell membrane and
ferritin. Of note, AE@RBC/Fe NCs showed an almost constant hydro-
dynamic size distribution (Fig. S3a), polydispersity index (Fig. S3b) and
surface protein content (Fig. S3c) in PBS over 7 days, demonstrating its
excellent stability, which is crucial for subsequent in vivo applications.

3.2. Verification of the drug release and 10 generating ability

The purpose of the cell membrane coating is to maintain the stability
of AE@RBC/Fe NCs in the systemic circulation while can be dis-
assembled to release the drug through PLD-catalyzed phospholipid hy-
drolysis in cancer cells [33]. Based on this belief, we studied the release
rate of AE in mimetic normal microenvironment (pH 7.4) and tumor
microenvironment containing PLD (pH 5.5). As shown in Fig. 1h, the
acidic solution (pH 5.5) prompted an abrupt release of AE from AE NCs
in the initial phase, in marked contrast to the release level from the
neutral solution (pH 7.4), which was associated with better solubility of
AE in the acidic environment [34]. In contrast, AE@RBC/Fe NCs showed
a relatively flat release profile in PBS buffer of either pH 7.4 or pH 5.5,
with only 23.6% and 40.7% of AE released within 48 h, confirming the
protective effect of cell membrane coating for AE NCs. This feature
allowed AE@RBC/Fe NCs rapid accumulating in the tumor site with
delayed dissolution rate of the drug in the blood, and achieved the
minimum drug concentration for therapeutic effect. Unsurprisingly, a
burst release of AE was observed in PBS buffer (pH 5.5) containing PLD,
with a release of up to 90.9% during 48 h (Fig. 1i). Meanwhile, similar
morphological changes based on PLD-dependent degradation were
observed in the TEM images of AE@RBC/Fe NCs. Fig. S4 showed that
the naked AE NCs have almost no intact structure under acidic
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conditions for the rapid hydrolysis of the outer phospholipid protective
membrane of AE@RBC/Fe NCs by PLD, and only the irregular shapes
forming from the aggregation of redispersed AE nanoparticles can be
observed. However, in the absence of PLD, the morphology of AE@RBC/
Fe NCs retained their original shape in PBS buffer (pH 7.4) for 6 h. These
results suggest that AE@RBC/Fe NCs can rapidly release drugs in
response to tumor cell environment where PLD is over-expressed.

Previous reports have confirmed that ferritin can release Fe>™ under
acidic conditions [15], which can be reduced to Fe2t by GSH, further
triggering the Fenton reaction to convert HoOy to ¢OH. As shown in
Fig. S5a, the Fe?* indicator o-phenanthroline appeared pale yellow after
dispersion of AE@RBC/Fe NCs in acidic solution for 4 h, consistent with
the indicator in the Fe®' control solution. However, when GSH was
added, the color of the indicator solution changed rapidly due to the
formation of an orange complex as a result of the specific reaction be-
tween o-phenanthroline and Fe?*, a reduzate deriving from the reduc-
tion of Fe®* by GSH. In addition, the reintroduction of HyO, caused the
oxidation of Fe" to Fe>*, accompanied by a rapid recovery of the color
of the solution. The o-phenanthroline absorption of corresponding
groups at 512 nm was shown in Fig. S5b. These observations suggest that
Fe3" released from AE@RBC/Fe NCs enables iron cycling through GSH
and H50, (Fig. S5¢).

10, is one of the essential elements of PDT and its production is
directly related to the effectiveness of PDT treatment [35]. In this study,
SOSG was used as a probe to monitor 'O, production by AE@RBC,/Fe
NCs in PLD-containing PBS buffer (pH 5.5). As shown in Fig. 1j, the
fluorescence intensity of SOSG incubated with AE@RBC/Fe NCs grad-
ually increased as the radiation time from 0 to 12 min, but there was no
significant change in SOSG alone, indicating the excellent 10, produc-
tion capacity of AE@RBC/Fe NCs under irradiation. Notably, the 10,
production of AE NCs was decreased compared to that of the free AE
solution, which may be related to the aggregation-caused quenching
(Fig. S6) [36]. In addition, we further investigated the effect of ferritin
and H,0, on the 105 content produced by AE@RBC/Fe NCs. As shown in
Fig. 1k, the fluorescence intensity of SOSG was similar after the addition
of AE@RBC NCs and AE@RBC/Fe NCs. However, the SOSG fluorescence
intensity of the AE@RBC NCs and AE@RBC/Fe NCs groups showed a
significant difference after the addition of HyO,. The fluorescence in-
tensity of the “AE@RBC/Fe NCs + H30,” group increased drastically
with the extension of laser radiation time, indicating that HyO» could
promote AE@RBC/Fe NCs photoactivation to produce more sufficient
10,. Interestingly, the addition of HyO, did not interfere at all with the
fluorescence intensity of SOSG in the AE@RBC NCs group, demon-
strating that only the simultaneous presence of ferritin and H>O, could
enhance the efficiency of 10 production. Yu et al. constructed a nano-
particle with self-improved PDT efficacy through the self-assembly of
chlorin e6 (Ce6) and hemin, which overcame the therapeutic defects of
conventional PDT in tumor hypoxic environment, mainly because Fe-
containing hemin could catalyze endogenous H20y to produce suffi-
cient oxygen and then be converted into more cytotoxic 105 by the Ce6
[37]. Given this type of Fe-containing protein can catalyze the produc-
tion of oxygen from HyO via the Fenton reaction, we analyzed that
AE@RBC/Fe NCs can induce high-level 10, in the presence of HyO, for
that the oxygen can be produced from H,05 through Fe-catalyzed Fen-
ton reaction, which can be further converted to 'Oy by AE. To this end,
we verified the hypothesis that AE@RBC/Fe NCs can generate oxygen by
dissolved oxygen experiments, and only ferritin and AE@RBC/Fe NCs
could induce the oxygen production from H,0, under acidic conditions
containing PLD compared with other controls (Fig. S7).

3.3. Cellular uptake study of AE@RBC/Fe NCs

RBC membranes was supposed to be adept in immune tolerance due
to the presence of immunomodulatory markers (e.g. CD47) [38], we
wondered whether AE@RBC/Fe NCs could inherit stealth properties
from their RBC membrane-derived coating. To answer this question, we
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first investigated the cellular uptake behavior of RAW 264.7 macro-
phages against AE@RBC/Fe NCs. As showed in Fig. S8, AE@RBC/Fe NCs
and AE@RBC NCs exhibit much lower uptake profile by RAW264.7
compared to AE@Lip NCs from CLSM and flow cytometry. This promi-
nent reduce of uptake by macrophage cells confirmed that biomimetic
camouflage through RBC membranes can confer the potential for
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AE@RBC/Fe NCs to effectively evade immune recognition [39].
Effective uptake of the nanoscopic dosage forms by cancer cells is
critical for superior anticancer efficacy. Therefore, the internalization of
AE@RBC/Fe NCs labeled with Cy5.5 was investigated by CLSM and flow
cytometry. As shown in Fig. 2a, the red fluorescence presented in
AE@RBC/Fe NCs-treated HSC-3 cells was significantly stronger than
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Fig. 2. Cellular uptake of AE@RBC NCs and AE@RBC/Fe NCs. (a) CLSM images (Scale bar: 50 pm) and (b) flow cytometry analysis and (c) cellular uptake amount (n
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quantitative analysis (n = 3) of TfR1 expression in HSC-3 and NIH 3T3 cells.
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that of cells treated with AE@RBC NCs, and the quantitative results of
flow cytometry demonstrated this excellent result (Fig. 2b). It can be
seen from Fig. 2c that the uptake efficiency of AE@RBC/Fe NCs in HSC-3
cells within 4 h was more than 60.9%, which was 1.9 times higher than
that of AE@RBC NCs. However, the internalization differences of
AE@RBC/Fe NCs and AE@RBC NCs were not reflected in the control
cells (NIH 3T3 cells), the results of both CLSM images (Fig. 2d) and
quantitative flow cytometry analysis (Fig. 2e) indicated that NIH 3T3
cells exhibited similar uptake efficiency for the two types of NCs
(Fig. 2f). Collectively, the red fluorescence of HSC-3 cells after
AE@RBC/Fe NCs treatment was more prominent compared to NIH 3T3
cells, reflecting the highly specific targeting ability of AE@RBC/Fe NCs
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to HSC-3 cells. To verify that this targeting ability is based on the specific
binding between the ferritin on the surface of AE@RBC/Fe NCs and
membrane protein TfR1, we explored the expression difference of TfR1
in HSC-3 and NIH 3T3 cells by western blot analysis. Fig. 2g and h
showed that TfR1 was highly expressed in HSC-3 cells compared to NIH
3T3 cells, thus the uptake efficiency of AE@RBC/Fe NCs in HSC-3 over 4
h was 2 times higher than that of control cells (NIH 3T3). Furthermore,
the internalization of AE@RBC/Fe NCs was significantly inhibited when
cells were treated with excess free ferritin in advance, in response to
competitive inhibition or surface receptor blockade (Fig. 2a-c). All these
results suggest that ferritin-modified AE@RBC/Fe NCs possesses high
targeting affinity for cancer cells with over-expressed TfR1.
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3.4. Ability of AE@QRBC/Fe NCs inducing ferroptosis

For clarifying the death mode induced by AE@RBC/Fe NCs, HSC-3
cells were treated with Fer-1 (ferroptosis inhibitor) or Apo (apoptosis
inhibitor), respectively, prior to the cytotoxicity assay [27]. To eliminate
the possible effects of PDT, laser irradiation was not used in this session
to allow independent investigation of the anti-tumor pathway of
AE@RBC/Fe NCs. As shown in Fig. 3a, the cytotoxicity of cells treated
with free AE, AE NCs and AE@RBC/Fe NCs in the presence of Fer-1 or
Apo was alleviated to varying degrees, and the Fer-1-induced rescue was
more pronounced than that induced by the addition of Apo. In contrast,
the addition of Fer-1 and Apo showed negligible cytotoxic effects on
RBC/Fe complex treated cells. These results suggest that the AE-induced
cell death pathway may involve both ferroptosis and apoptosis, and that
the ferroptosis dominates relative to apoptosis. AE-induced apoptosis
has been clearly confirmed by previous studies [40-42], however, there
is no relevant research on AE-induced ferroptosis so far. Fer-1 still
exhibited a stronger mitigating effect on cytotoxicity at different AE
concentrations (Fig. §9), and notably this mitigating effect increased
with increasing AE concentration, suggesting that the ferroptosis ap-
pears to be more profound at higher AE concentrations. The reduction of
GSH levels is often considered as a symbolic event in the ferroptosis
process for that the cytotoxic ¢OH produced in ferroptosis can oxidize
intracellular GSH [43]. As can be seen from Fig. 3b, HSC-3 cells treated
with free AE (83%), AE NCs (75%) and RBC/Fe (79%) showed relatively
lower intracellular GSH levels compared to the PBS-treated control
group (~100%). The trend toward reduced GSH levels was even more
pronounced in AE@RBC/Fe NCs-treated cells, with the relative reduc-
tion exceeding the sum of the AE NCs and RBC/Fe-treated cells alone.
However, the GSH levels increased sharply when Fer-1 was added be-
forehand, almost as much as in the control group. These findings clearly
indicate that GSH depletion is indeed attributable to ferroptosis, and
that AE@RBC/Fe NCs provides a stronger destruction of intracellular
antioxidative defense system of cancer cells compared to naked AE NCs.

The production of large amounts of LPO in cells is an important
biomarker of ferroptosis and a key determinant of its lethality [44]. Asa
lipid peroxidation sensor, BODIPY*1/5°1.C11 was used to study the
production of LPO by CLSM. Fig. 3c showed that HSC-3 cells treated
with free AE, AE NCs and AE@RBC/Fe NCs displayed distinct green
fluorescence on the cell membrane compared to PBS-treated controls,
indicating the production of LPO in the cells. However, the fluorescence
intensity of AE@RBC/Fe NCs-treated cells was significantly reduced
when Fer-1 was added simultaneously. The change in LPO production
again confirmed that AE-induced cytotoxicity is inextricably linked to
ferroptosis. Quantitative analysis by flow cytometry was consistent with
the observations of CLSM and clearly showed that AE@RBC/Fe NCs-
treated HSC-3 cells produced more LPO (stronger green fluorescence
on the cell membrane) than free AE or AE NCs treatment, implying that
Fe3* provided by ferritin can promote the ferroptosis process (Fig. 3d).
In addition, abnormal alterations in membrane potential due to mito-
chondrial damage are an important early warning of ferroptosis. We
assessed mitochondrial function with a membrane-permeable JC-1 dye,
which accumulating in the healthy mitochondrial matrix to form red
fluorescent JC-1 aggregates (high mitochondrial membrane potential),
but causing a shift in fluorescence to green JC-1 monomers (low mito-
chondrial membrane potential) with the occurrence of mitochondrial
dysfunction [45]. As shown in Fig. 3e, the decrease in red fluorescence
was accompanied by an increase in green fluorescence in cells treated
with free AE, AE NCs and AE@RBC/Fe NCs, whereas the PBS control was
predominantly red fluorescence. Further study revealed that the addi-
tion of Fer-1 reduced the mitochondrial depolarization treated by
AE@RBC/Fe NCs and maintained the high membrane potential of
mitochondria. This result is consistent with the production of LPO, that
because an abnormal change in membrane potential reflected an in-
crease in mitochondrial electron transport chain activity, which
contributing to LPO accumulation [46]. We logically validated the role
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of Fe>" in AE@RBC/Fe NCs-treated cells considering that ferroptosis is
an iron-dependent mode of programmed cell death. In comparison with
other groups, DFO, an iron chelator, was shown to significantly suppress
the sensitivity of cells to AE@RBC/Fe NCs-induced damage. Both cell
viability and GSH levels recovered following DFO addition, suggesting
that iron is essential in this treatment (Fig. S10). Together, these valu-
able results suggest that AE@RBC/Fe NCs-induced cytotoxicity is closely
related to ferroptosis mediated by AE, and definitively indicate that Fe>*
supplied from ferritin makes a significant contribution to enhance the
effect of ferroptosis.

3.5. Mechanism of AE-induced ferroptosis

To investigate the mechanisms of AE-induced ferroptosis, we first
verified the effect of AE on the expression of lipid repair enzyme GPX4, a
key protein that directly or indirectly inducing ferroptosis, and its
abnormal expression impairs cellular antioxidant defense [47]. How-
ever, the results of western blot analysis revealed that the expression of
GPX4 was not downregulated in HSC-3 cells after treated with AE NCs of
different concentrations (Fig. S11). This unexpected result suggests that
there may be other key substrates that trigger ferroptosis. As an
important stress response mitogen activated protein kinase, JNK was
significantly and consistently activated when cells were treated with AE,
thereby inducing apoptosis [12]. In the meantime, previous literature
has confirmed that the binding of GSTP1 to JNK inhibits the phos-
phorylation/activation of JNK (Fig. 4a) [48]. The two opposing effects
on JNK logically prompted us to explore whether AE exerts a regulatory
effect on GSTP1. As shown in Fig. 4b and Fig. S12, AE NCs treatment
induced substrate phosphorylation/activation of JNK on the basis of
unchanged total JNK, but insignificant abnormal expression of GSTP1.
To further investigate the effect of AE NCs on GSTP1 activity, the change
of GSTP1 in activity was measured by the reaction between AE NCs with
different concentrations and GSTP1 recombinant protein, and the results
showed that the activity of GSTP1 diminished with the increasement of
AE NCs (Fig. 4c). These results suggest that AE may be a potential in-
hibitor of GSTP1 although it does not interfere with the expression of
GSPT1.

Inspired by the inhibition of GSPT1 recombinant protein activity by
AE NGCs, the inhibitory effect of AE NCs on intracellular GSTP1 was
further clarified by transfection of HSC-3 cells with GSPT1 over-
expression lentiviral particles. Significantly increased protein levels in
the GSTP1 group were found compared to the Vect group transfected
with empty vector (Fig. S13). HSC-3 cells from both groups were sub-
sequently treated with AE NCs (40 pM) and tested for intracellular
GSTP1 activity, the results in Fig. 4d showed that the relative activity of
GSTP1 was reduced compared to the control group regardless of
whether GSTP1 protein expression was increased.

This positive finding tentatively establishes that AE-induced ferrop-
tosis may be caused by inhibiting the activity of intracellular GSTP1.
This also plausibly explains that AE causes redox imbalance and depletes
intracellular GSH, which binds to GSTP1 and detoxifies electrophiles in
the physiological state [49]. Next, we treated GSTP1 group and Vect
group with the equivalent concentration of AE NCs (40 pM) and found
significant changes in cell viability (Fig. 4e), LPO levels (Fig. 4f) and
mitochondrial membrane potential (Fig. 4g), all of which are significant
features of ferroptosis. It is of interest to note that the overexpression of
GSTP1 alleviated the ferroptosis process to some extent compared to
Vect groups, which strongly confirming that AE induces the onset of
ferroptosis by inhibiting GSTP1 activity.

3.6. In vitro anticancer effects of AE@QRBC/Fe NCs

The release of Fe>* from AE@RBC/Fe NCs to supply cancer cells with
sufficient oxygen based on the Fenton reaction is essential to achieve
synergistic treatment of ferroptosis and PDT. To this end, we measured
the dissolved oxygen in the culture medium of HSC-3 cells using an
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extracellular oxygen depletion assay kit to verify the oxygen supply
capacity of AE@RBC/Fe NCs. As shown in Fig. 5a, the ferritin-
containing formulation greatly reduced the phosphorescence signal
compared to other formulations due to the triplet-state quench of the
probe by oxygen. This evidence suggests that AE@RBC/Fe NCs exhibit a
significant ability to increase oxygen supply. After evaluating the
oxygen-evolving ability of AE@RBC/Fe NCs, the intracellular ROS
production was examined by DCFH-DA, a ROS sensor that would emit
green fluorescence when reacted with ROS [21]. Fluorescence micro-
scope observation and flow cytometry quantification showed that all
formulations produced green fluorescence of various intensities
compared with the control group (PBS treated) in the absence of laser
radiation (Fig. 5b and c). This can be interpreted as AE-induced fer-
roptosis generating lethal LPO, a typical ROS. The AE@RBC/Fe NCs
treated cells produced stronger green fluorescence than the AE NCs
treated cells, indicating that the integration of ferritin promoted the
extent of cellular ferroptosis, which was consistent with Fig. 3. Once
HSC-3 cells were treated with AE@RBC/Fe NCs and then exposed to
laser irradiation, their fluorescent signal increased dramatically,

1126

suggesting that AE can act as a photosensitizer to generate 10 to further
replenish ROS. Not negligibly the release of Fe>* from ferritin can pro-
vide sufficient oxygen supply for AE-mediated PDT. In addition, the
production ability of ROS induced by free AE and AE NCs treated HSC-3
cells was also significantly enhanced in the presence of laser irradiation
(Fig. S14). These results clearly confirm that AE@RBC/Fe NCs accu-
mulates ROS in the cells via both ferroptosis and PDT pathways.

Since AE@RBC/Fe NCs exhibited superior ROS generation and
cellular uptake, we further evaluated the cytotoxicity of different for-
mulations in HSC-3 cells by standard MTT assay. As shown in Fig. 5d,
both free AE and AE NCs exhibited a limited decrease in cell viability
after treatment with higher drug concentrations. However, AE NCs
exhibited more pronounced proliferation inhibition than free AEs,
which can be explained by the fact that AE NCs are more soluble leading
to higher drug concentration around the cells [19]. Overall, the cell
viability was high in both the free AE and AE NCs-treated groups at
lower doses, but cell viability was significantly reduced when equal
doses of AE@RBC/Fe NCs were treated, consistent with the results for
ROS production (Fig. 5b and c). Cytotoxicity in HSC-3 cells increased
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legend, the reader is referred to the web version of this article.)

with increasing AE@RBC/Fe NCs concentration, with cell viability
decreasing to 22.5% at drug concentration of 40 pM. This encouraging
result suggests that the involvement of ferritin favors the anti-cancer
effect of AE@RBC/Fe NCs. More importantly, AE@RBC/Fe NCs incu-
bated with HSC-3 cells under laser radiation exhibited higher cytotox-
icity, which validating the efficient antitumor effect of the combination
of AE-based ferroptosis and PDT. The results in Fig. S15 similarly indi-
cated that laser radiation enhances the anti-cancer effects of both free
AE and AE NGCs. Fig. 5e shows a significant difference in the half
maximal inhibitory concentration (ICsp) of free AE, AE NCs and
AE@RBC/Fe NCs. Under laser-on conditions, the ICsy of AE@RBC/Fe
NCs was 7.8 pM, which was around 3.2 and 2.0-fold lower than that of
free AE (25.2 pM) and AE NCs (15.6 pM).

To verify the in vitro anti-cancer effect of AE@RBC/Fe NCs more
visually, we further used live/dead staining assay to observe the cell
status after AE@RBC/Fe NCs treatment. As shown in Fig. 5f, only
sporadically distributed dead cells (red signals) were found in the free
AE and AE NCs groups compared to the control group, but more cell
death was induced when cells were treated with AE@RBC/Fe NCs.
Maximum killing of cancer cells was found when AE@RBC/Fe NCs were
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treated with laser radiation concurrently, which was consistent with the
results of the MTT assay (Fig. 5d). In addition, the laser radiation also
had a significant effect on the live/dead staining results of free AE and
AE NCs-treated cells, and these results suggest that laser radiation is a
strong contributor to AE@RBC/Fe NCs lethality for cancer cells
(Fig. S16). The apoptosis analysis was consistent with the superior
toxicity of AE@RBC/Fe NCs under laser irradiation compared to the
other groups (Fig. S17). As expected, AE@RBC/Fe NCs treatment fol-
lowed by laser radiation resulted in the highest total apoptotic cells
including early and late apoptotic cells at approximately 76.51%.

To investigate the effects of PDT, ferroptosis and combined therapies
on cell morphology, bio-TEM observations were carried out. As shown in
Fig. 5g, control cells without any treatment showed normal cell
morphology and their linear or granular mitochondria maintain intact
bilayer membrane structure. But AE@RBC/Fe NCs treated cells showed
shrunken mitochondria and reduced mitochondrial cristae, which were
typical for ferroptosis [2]. Once the AE@RBC/Fe NCs treated group was
irradiated with laser, the cells exhibited the dual morphological features
of apoptosis and ferroptosis. In addition to the contraction and rupture
of mitochondria, which represent the characteristic features of
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ferroptosis, distinct chromatin condensation and large vacuoles, which
are typical morphological changes of apoptosis [50], could be observed
in HSC-3 cells. These results clearly confirm that AE@RBC/Fe NCs can
induce ferroptosis and further achieve a more effective synergistic effect
of apoptosis and ferroptosis when combined with PDT.
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3.7. In vivo pharmacokinetics and tumor imaging

Since RBC membrane contains many natural ‘self-markers’,
including CD47 protein, various membrane proteins, glycans, acidic
silicon-based molecules, etc., on their surface, RBC membrane-modified
nanoparticles are resistant to uptake by the reticuloendothelial system
(RES), allowing the nanoparticles to evade immunogenic clearance [51].
RBC membrane is therefore considered to be an ideal material for
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Fig. 6. Pharmacokinetic profile and tissue distribution of AE@RBC/Fe NCs. (a) Plasma AE level along time in mice intravenously injected with free AE, AE NCs and
AE@RBC/Fe NCs (n = 3). (b) Pharmacokinetic parameters normalization (n = 3). (c) AE distribution in the major organs and tumors at 1 h and (d) 24 h after
intravenous administration of free AE and AE@RBC/Fe NCs into tumor-bearing mice (n = 3). (e) In vivo fluorescence images of tumor-bearing mice after intravenous
injection with Cy5.5 labeled AE@RBC NCs and AE@RBC/Fe NCs for various time intervals. (f) Ex vivo fluorescence images of major organs and tumors at 24 h post-

injection. He: heart; Li: liver; Sp: spleen; Lu: lung; Ki: kidney; Tu: tumor.
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nanoparticles surface modification in the field of biomimetic design. The
pharmacokinetic behavior of RBC membrane-camouflaged AE@RBC/Fe
NCs were assessed in Sprague Dawley rats and compared with AE NCs
and free AE. As shown in Fig. 6a, all samples exhibited a rapid distri-
bution phase and a slow elimination phase. Compared to free AE which
was quickly cleared from the circulation, plasma AE decreased more

Journal of Controlled Release 352 (2022) 1116-1133

slowly after AE NCs and AE@RBC/Fe NCs were administrated and
AE@RBC/Fe NCs had the longest elimination half-life (T1,24) of 9.7 h,
6.9 and 2.5 times longer than that of free AE and AE NCs, respectively. In
addition, AE@RBC/Fe NCs administration showed a larger total area
under the plasma concentration-time curve from zero to infinity (AUCy.
) and a longer mean residence time (MRT) compared to free AE and AE
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Fig. 7. Verification of the ferroptosis promoted by PDT in vivo. (a) GSTP1 activity and (b) GSH level of tumor tissue after different treatments (n = 3). (c) IHC staining
images of 4-HNE of tumor tissue after different treatments. (d) TEM images of tumor tissue after different treatments. Black arrow: normal mitochondria, red arrow:
damaged mitochondria. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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NCs. (Fig. 6b). This result suggests that AE NCs coated with RBC mem-
branes offer high bioavailability and significantly extended circulation
time.

Tumor-bearing Balb/c nude mice were used to study the in vivo
distribution of drugs in tumors and major organs by intravenous injec-
tion of free AE and AE@RBC/Fe NCs. As shown in Fig. 6¢, there was a
wide distribution of the drug in the body after injection for 1 h. The
higher accumulation in the liver and kidney in comparison to other
organs can be explained by the preferential accumulation of the drug in
the reticuloendothelial system and the rapid clearance of the drug in the
blood by the kidney [52]. In addition, modification of RBC membranes
and ferritin on the surface of AE NCs could further improve blood
retention and tumor targeting thereby improving the accumulation of
AE in tumor tissue. There was a significant difference in AE distribution
after 24 h of administration, where AE levels in AE@RBC/Fe NCs treated
tumors were approximately 2.5 times higher compared to that injected
with free AE (Fig. 6d).

Precise tumor targeting performance is a key factor for effective
tumor treatment and reduced side-effects, therefore we further explored
the real-time distribution of the drug with Cy5.5-labeled AE@RBC/Fe
NGCs in vivo using an in vivo animal imaging system. As shown in Fig. 6e,
the fluorescent signal of Cy5.5 was rapidly and widely distributed in vivo
after intravenous injection of AE@RBC NCs and AE@RBC/Fe NCs. As
the drug cycle time increased, the AE@RBC/Fe NCs-treated nude mice
showed the strongest fluorescence signal at 24 h at the tumor site, in
contrast to the AE@RBC NCs treatment group where the fluorescence
signal almost disappeared, further confirming the better tumor homing
ability of the modified ferritin. Furthermore, ex vivo fluorescence im-
aging of tumors and major organs obtained 24 h after injection showed
that tumor sites in mice treated with AE@RBC/Fe NCs exhibited a much
higher fluorescence intensity than the organs (Fig. 6f). These results
clearly indicate that the RBC membrane wrapping and ferritin modifi-
cation strategy allows for the full accumulation of AE@RBC/Fe NCs at
the tumor site.

3.8. AE@RBC/Fe NCs inducing enhanced ferroptosis by PDT

To deeply investigate the synergistic antitumor mechanism of
AE@RBC/Fe NCs in vivo, the extent of ferroptosis produced by
AE@RBC/Fe NCs before and after PDT treatment was examined. We first
investigated the effect of AE@RBC/Fe NCs on GSTP1 activity, and the
results showed that GSTP1 activity was significantly decreased after
AE@RBC/Fe NCs treatment (Fig. 7a), which was consistent with the
results of in vitro experiments. Considering that GSTP1 can inhibit the
phosphorylation/activation of JNK by binding to JNK, it was verified
whether AE@RBC/Fe NCs treatment affected the phosphorylation/
activation of JNK. As shown in Fig. S18, substrate phosphorylation/
activation of JNK was triggered by AE@RBC/Fe NCs treatment on the
basis of unchanged total JNK. Interestingly, the involvement of PDT
further increased the phosphorylation/activation of JNK, probably due
to the activation of the ROS/JNK signaling pathway by PDT [53]. As
shown in Fig. 7b, AE@RBC/Fe NCs resulted in a significant decrease of
GSH levels in tumor tissues compared with the control group (saline),
and the depletion of GSH was further exacerbated by PDT treatment.
The expression level of MDA, an advanced lipoxidation end-product, is
elevated throughout ferroptosis [54]. The results of MDA assay showed
elevated MDA levels in the AE@RBC/Fe NCs and AE@RBC/Fe NCs +
laser groups, and PDT treatment further increased MDA accumulation,
which was negatively correlated with changes in GSH levels (Fig. S19).
We next assessed another marker of lipid peroxidation, 4-HNE, whose
overexpression is a key feature of ferroptosis [55]. Fig. 7c shows a
similar trend of tumor ferroptosis observed by IHC staining of 4-HNE.
After treatment with “AE@RBC/Fe NCs + laser”, the percentage of 4-
HNE positive cells was higher than the single treatment with
AE@RBC/Fe NCs. Mitochondria are the main hub for iron accumulation,
therefore the morphological changes of mitochondria reflect the
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distinction between ferroptosis and other forms of cell death [56]. As
shown in Fig. 7d, mitochondrial damage associated with morphology of
ferroptosis (mitochondrial shrinkage and volume reduction) can be
observed in AE@RBC/Fe NCs treated tumor by bio-TEM [2]. Notably,
tumor cells treated with laser irradiation exhibited dual morphological
features of ferroptosis and apoptosis including smaller mitochondria
with distinct chromatin condensation. In conclusion, the levels of GSH
and LPO in tumor tissues, as well as changes in mitochondrial
morphology, suggested that AE@RBC/Fe NCs induce ferroptosis in vivo
by inhibiting GSTP1 activity. All the above results also indicated that
PDT can further enhance AE@RBC/Fe NCs-induced ferroptosis by
increased LPO, as PDT elevated intracellular ROS levels and depressed
GSH levels [57].

3.9. In vivo antitumor efficacy of AE@RBC/Fe NCs

Based on the excellent tumor targeting and efficient tumor cell in-
hibition effect of AE@RBC/Fe NCs, the synergistic therapeutic effect of
AE@RBC/Fe NCs in vivo was further explored by evaluating the tumor
growth, animal survival and histopathological examination. In vivo im-
aging results showed a gradual accumulation of AE@RBC/Fe NCs in the
cancer site after injection, with a peak at 24 h (Fig. 6e). Based on these
results, a time point of 24 h post-injection was chosen for the adminis-
tration of robust PDT in subsequent experiments to achieve the optimal
synergistic therapeutic effect. As shown in Fig. 8a, mice randomly
divided into five groups were treated intravenously with the appropriate
formulations and assessed for tumor size change at preestablished time
points. Tumor volume measurements showed a slight inhibition by free
AE and AE NCs compared to the saline group, and their tumors grew
rapidly to approximately 840 and 713 mm? after 21 days of treatment.
In contrast, the AE@RBC/Fe NCs effectively inhibited tumor growth,
especially when the mice were exposed to 405 nm irradiation, showing
the best antitumor effect both in terms of tumor volume data and
representative pictures (Fig. 8b). The progression of tumor volume in the
AE@RBC/Fe NCs group with laser was negligible and the inhibition
ratio was demonstrated to be as high as 95.8%. In addition, to further
monitor the survival rate of the animals, the number of live animals at
different time points was recorded. Kaplan-Meier plots of animal sur-
vival as shown in Fig. 8c showed a general prolongation of survival time
after treatment with all formulations compared to the saline treatment
(median survival time was 16 days). The group of “AE@RBC/Fe NCs +
laser” exhibited the most significant prolongation of animal survival
with a median survival time of 35 days.

In addition, the tumors were retrieved after 21 days of treatment to
further study the microcosmic therapeutic efficacy by the pathological
examination toward tumor slices. As shown in Fig. 8d, the AE@RBC/Fe
NCs-treated tumor cells showed significant vacuolar degeneration, with
a certain number of cells in a necrotic state, and the largest area of ne-
crosis in the group with laser irradiation. In contrast, in the free AE and
AE NCs treated groups, most of the tumor cells remained intact and the
cell killing effect in the free AE group in particular was negligible. A
similar trend of tumor proliferation and apoptosis was observed by IHC
staining for Ki-67 and Caspase-3. The percentage of Ki-67 positive cells
was significantly lower in the synergistic treatment group “AE@RBC/Fe
NCs + laser” (7.7%) compared to free AE (81.6%), AE NCs (63.2%) and
AE@RBC/Fe NCs (31.9%) single treatments. After treatment with
“AE@RBC/Fe NCs + laser”, Caspase-3 positive cells was around 83.3%,
which was much higher than those of free AE (16.5%), AE NCs (44.8%)
and AE@RBC/Fe NCs (60.2%) single treatments. All these results clearly
demonstrate the superior anticancer efficacy of our designed system
combining PDT and ferroptosis.

3.10. In vivo toxicity of AE@QRBC/Fe NCs treatment

Nanoparticles may cause biochemical changes in vivo, which in turn
causing abnormal responses in the blood and tissues. The overall health
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Fig. 8. Antitumor efficacy of AE@RBC/Fe NCs. (a) Variations of tumor volume and (b) representative photographs of tumor-bearing mice after various treatments at
different time intervals (n = 6). (c) Survival rate of tumor-bearing mice after different treatments, with saline injection as control (n = 6). (d) Typical H&E staining
(‘N’” represents necrotic areas) and IHC staining images of Ki-67 and Caspase-3 of tumors retrieved after 21 days of different treatments.

status of the animals can be measured by a simple and reliable method of
measuring body weight. As shown in Fig. S20, the body weight of the
mice in each treatment group remained virtually unchanged over the 21-
day treatment period. Blood routine examination reflected bone marrow
function and non-specific immune interactions, and the results of whole
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blood count analysis showed no significant changes in major index, such
as RBC, WBC, PLT, HGB in the AE@RBC/Fe NCs treated and control
groups. In addition, serum biochemical parameters related to liver and
kidney function (AST, ALP, ALT and BUN) were only marginally
different after treatment compared to the control group (Fig. S21). The
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major organs of the mice were examined histologically by H&E staining.
As shown in Fig. S22, there was no significant pathological abnormal-
ities in the heart, liver, spleen, kidney and lung in the treated mice
compared to the PBS control group, indicating the favorable biocom-
patibility of AE@RBC/Fe NCs.

4. Conclusion

In summary, an anthraquinone derivative AE with ferroptosis acti-
vator and photosensitizer properties was searched to fabricate a bio-
mimetic AE@RBC/Fe NCs for synergetic cancer therapy. We
unexpectedly found that the triggering mechanism of AE-induced fer-
roptosis was not the well-understood down-regulated expression of
GPX4, but rather specifical inhibition of GSTP1 activity. The introduc-
tion of ferritin not only provides tumor targeting for AE@RBC/Fe NCs,
but also serves as an iron pool for sustained release of Fe>*, and thus
enhancing the inhibition of tumor proliferation by ferroptosis and PDT.
Furthermore, given the biomimetic modification of AE NCs core by the
RBC membrane, AE@RBC/Fe NCs can escape immune clearance in vivo
and significantly improve its tumor accumulation. More importantly,
this nanoplatform is simple to prepare and clever to integrate photo-
sensitizer and ferroptosis activator into one single subject, facilitating
the practical translation of ferroptosis and PDT synergistic therapy
strategies. As a novel antitumor nanoplatform, AE@RBC/Fe NCs can
functionally combine the PDT-induced apoptosis and non-apoptotic
ferroptosis to achieve superior therapeutic effects than free AE. How-
ever, the maximum absorption band of AE is in the blue region, making
AE mediated PDT only advantageous for the treatment of superficial
diseases such as skin cancer, oral cavity and eye diseases. This also in-
spires us that future research should not only focus on the therapeutic
effects of photosensitizer nanocrystals, but also address the limitations
of their application to deep tumors.
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