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Ferroptosis is a new mode of cell death, which can be induced by Fenton reaction-
mediated lipid peroxidation. However, the insufficient H,O, and high GSH in tumor cells
restrict the efficiency of Fenton reaction-dependent ferroptosis. Herein, a self-supplying
lipid peroxide nanoreactor was developed to co-delivery of doxorubicin (DOX), iron and
unsaturated lipid for efficient ferroptosis. By leveraging the coordination effect between
DOX and Fe®*, trisulfide bond-bridged DOX dimeric prodrug was actively loaded into
the core of the unsaturated lipids-rich liposome via iron ion gradient method. First,
Fe3*could react with the overexpressed GSH in tumor cells, inducing the GSH depletion
and Fe?*generation. Second, the cleavage of trisulfide bond could also consume GSH, and
the released DOX induces the generation of H,O, which would react with the generated
Fe?tin step one to induce efficient Fenton reaction-dependent ferroptosis. Third, the
formed Fe3*/Fe?* couple could directly catalyze peroxidation of unsaturated lipids to boost
Fenton reaction-independent ferroptosis. This iron-prodrug liposome nanoreactor precisely
programs multimodal ferroptosis by integrating GSH depletion, ROS generation and lipid
peroxidation, providing new sights for efficient cancer therapy.
© 2021 Shenyang Pharmaceutical University. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

restricts the efficacy of apoptosis [2-6]. The development of
novel cell death pathways shows potential to overcome these
obstructs. Ferroptosis is recognized as a new type of cell

Cancer remains one of the leading causes of death over the
world [1]. Triggering tumor cell death through apoptosis-
mediated pathways is one of the principal approaches for
cancer therapy, whereas the increasing drug resistance greatly
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death, which is a quite distinct from apoptosis [7,8]. Emerging
evidence shows ferroptosis is induced by iron-dependent
lipid peroxide accumulations [7,9]. Typically, ferroptosis is
often initiated by Fenton chemistry, in which Fe?* could
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react with H,O0, to generate hydroxyl radicals, and then
triggering the oxidation of unsaturated lipids [9,10]. Up to now,
various iron-nanomaterials have been developed to increase
intracellular iron to trigger ferroptosis in tumor cells [10,11].
Nevertheless, high GSH and insufficient H,0, in tumors
often restrict the iron-mediated hydroxyl radical production,
subsequently compromising the Fenton reaction-dependent
ferroptosis [11,12].

Fortunately, iron could also cause ferroptosis via other
pathways expect for Fenton chemistry, such as iron redox
couple-catalyzed oxidation of unsaturated lipids [9,13-15].
Several studies have reported iron-induced oxidation in
liposomes and iron loaded liposome triggered lipid peroxide
for ferroptosis therapy [15-17]. It is noteworthy that the
co-exist of Fe3* and Fe?t is required for iron-induced
oxidation of unsaturated lipid in the absence H,0, [15,16].
Therefore, the co-delivery of Fe>* and unsaturated lipid is
promising to trigger lipid peroxidation for ferroptosis. In
tumor cells, Fe3t could react with intracellular GSH, result
in GSH depletion and reduce Fe**to Fe?t. Subsequently, the
formed Fe3*/Fe?*couple could directly catalyze oxidation of
unsaturated lipid for Fenton-independent ferroptosis [16].
Meanwhile, the Fe?+could further react with H,0, to produce
hydroxyl radical via Fenton chemistry, which induces Fenton-
dependent ferroptosis [11,18]. Altogether, it is promising
to induce efficient ferroptosis via two primary pathways:
(i) triggering Fenton-independent ferroptosis by providing
Fe3+/Fe?tcouple and unsaturated lipid; (ii) inducing Fenton-
dependent ferroptosis by the increase of Fe?*and H,0, supply
in tumor cells

It is reported that DOX could produce H,0, to amplify
the ferroptosis effects of iron by activating the NADPH
oxidase 4 (NOX4) in tumor cells [19]. Nevertheless, free DOX
often induces serious adverse effects, such as cardio toxicity
and dose-limiting myelosuppression [20]. Doxil (liposomal
DOX), significantly increases the circulation time but reduces
cardiomyopathy compared with free DOX [21]. However, owing
to its extremely long circulation time, the high accumulation
of DOX in skin results in severe hand-foot syndrome [21].
Therefore, efforts have been devoted to improve safety of
long-circulating liposomes, including enhancing the targeting
ability of liposomes or loaded molecules [22-24]. Stimuli-
responsive prodrug can be activated in response to tumor
microenvironment, allowing selective drug release in tumors
and reduced non-specific toxicity in normal tissues [25-27].
Typically, our group previously developed a series of redox-
responsive prodrug nanoassemblies for anticancer drug self-
delivery due to the high redox heterogeneity in tumor
cells [28-30]. Despite its excellent redox-responsiveness
and improved assembly ability, trisulfide bond-bridged DOX
dimeric prodrug nanoassemblies still seriously suffer from
rapid blood clearance [28]. To improve the delivery efficiency
and stability, prodrugs with special structure are capable
to be loaded into liposome interior [23,31]. Notably, DOX
could be loaded into inner core of liposomes via Mn?*+
or Cu?t gradient method by the formation of metal-DOX
coordinated complex [23,32]. Therefore, we speculate that
DOX dimeric prodrug could also coordinate with Fe3*, and
then be actively loaded into iron liposome by iron ion gradient
method.

On the basic of the above findings, we developed a
self-supplying lipid peroxide nanogenerator by co-delivery
of DOX, iron and unsaturated lipid for efficient ferroptosis
(Fig. 1A). In brief, a GSH-responsive trisulfide bond-bridged
DOX homodimeric prodrug (DSSSD) was actively loaded
into the core of the unsaturated lipids-rich liposome via
iron ion gradient method. The Fe3* not only allows for
efficient loading of prodrug by leveraging the coordination
effect between DOX and Fe®*, but also provides iron-
based multimodal ferroptosis therapy. First, the reaction of
Fe3t with intracellular GSH could induce GSH depletion
and produce Fe?* to catalyze Fenton reaction (Fig. 1B).
Second, the cleavage of trisulfide bond could also consume
GSH and the released DOX enhances the generation of
H202 by up-regulation of NOX4, subsequently amplifying
the Fe?*-mediated Fenton reaction-dependent ferroptosis.
Third, the formed Fe®*/Fe?* redox couple could directly
trigger unsaturated lipids-rich liposomes into lipid peroxide
for Fenton reaction-independent ferroptosis. Compared with
other Fenton-dependent ferroptosis strategies, the developed
iron-prodrug loaded liposome is anticipated to induce
ferroptosis through multiple pathways, including Fenton-
dependent hydroxyl radical generation, Fenton-independent
lipid peroxide production and GSH depletion (Fig. 1B).

2. Materials and methods
2.1.  Materials

Doxorubicin  hydrochloride, MTT and DiR were
supplied by Meilun Biotech Co. Ltd. (Dalian, China).
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[amino(polyethyleneglycol)—2000] (DSPE-PEGZ2K),
phosphatidylcholine (PC) and cholesterol were purchased
from Shanghai Advanced Vehicle Technology Pharmaceutical
Ltd., (Shanghai, China). Ferric ammonium citrate and
ethylenediamine tetraacetic acid (EDTA) were obtained
from Yuwang Pharm. (Shandong, China). GSH were offered
by Aladdin (Shanghai, China). C11-BODIPY 581/591 were
purchased from Maokang Biotechnology (Shanghai, China).
ROS Assay Kit and GSH Assay Kit were offered by Beyotime
(Shanghai, China). Sepharose CL-4B gel, hydroxyethyl
piperazine ethylsulfonic acid (HEPES) and Hoechst 33,342
was provided by Solarbio Science and Technology Co. Ltd.
(Beijing, China). 96-well plates were purchased from NEST
Biotechnology (Wuxi, China). Fetal bovine serum (FBS) was
obtained from Hyclone (Beijing, China).

2.2.  Preparation and characterization of liposomes

2.2.1. Synthesis of DOX prodrugs
The detailed synthesis method for DOX dimeric prodrugs has
been reported in published literature [28].

2.2.2. Preparation of liposomes

Briefly, PC: DSPE-PEG2k: cholesterol (90:10:10) were dissolved
in chloroform, and then removed chloroform through rotary
evaporation at 37 °C. The obtained lipid thin film was hydrated
with 250mM ferric ammonium citrate at 60°C for 1h, and
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Fig. 1 - (A) Illustration of the synthesis of Fe3+-prodrug loaded liposome. (B) Schematic of GSH-responsive multiple
functional liposome-augmented synergistic ferroptosis and apoptosis for cancer therapy. On one hand, the reaction of Fe3+
with intracellular GSH could produce Fe?+ to catalyze Fenton reaction while released DOX further produce H,0, to amplify
Fenton-mediated ferroptosis. On the other hand, the formed Fe3*/Fe?+ redox couple could directly trigger unsaturated
lipids-rich liposomes into lipid hydroperoxide for Fenton-independent ferroptosis. LOOH, lipid hydroperoxide; -SSS-,
trisulfide bond; DSSSD, trisulfide bond-bridged DOX prodrugs; LipoFe, Fe3+ loaded liposomes; LipoDSSSD, DSSSD-Fe3+

loaded liposomes; NOX4, NADPH oxidase 4.

then sonicated for 10 min to get blank liposome (LipoFe). The
unencapsulated Fe3* was removed by elution with HEPES
and EDTA buffer on a gel column. The water insoluble DOX
prodrugs were loaded in liposomal interior by solvent-assisted
active loading technology. In brief, prodrugs were dissolved
in DMSO and added to iron liposome with stirring at 60°C
for 60 min. Unencapsulated drugs and the residual organic
solvent were removed through a gel column using HEPES
buffered saline.

2.2.3. Characterization of liposomes

The dynamic diameter and zeta potential were measured
by the Zetasizer Nano ZS90 instrument (Nano ZS, Malvern
Co., UK). TEM was used to observed the morphology of
formulations. The encapsulation efficiency (EE%) and
drug loading (DL%) was measured by HPLC (Hitachi).
Chromatographic separation was achieved on an
Ultimate@XB-C18 column (4.6 mm x 150mm, 5pm) (Welch,
Shanghai, China) at the ultraviolet wavelength of 232 nm. The
mobile phase consisted of methanol and water (70:30) at a
flow rate of 1.0ml/min. Colloidal stability of the liposomes

was investigated in PBS containing 10% of FBS at 37°C,
and the hydrodynamic diameter was monitored during the
time.

2.2.4. Invitro drug release

GSH-triggered drug release of LipoDSSSD was tested in the
different concentration of GSH. First, the fluorescence of DOX
and prodrugs were investigated using a microplate reader.
Then, LipoDSSSD was incubated with PBS (pH 7.4) containing
10% ethanol (v/v) with or without GSH at 37°C. The 50 ul
samples were collected and added into 200 ul of methanol for
the fluorescence measurement (rex =480 nm, Aem = 580 nm) at
different time points.

2.3.  Cytotoxicity and cellular uptake

B16-F10 melanoma cells were seeded in 96-well plates
(2500 cells/well) and cultured overnight. The cells were
incubated with corresponding formulations diluted with
culture medium in different concentrations for 24h, Then,
cells were incubated with 20 pl MTT (5pg/ml) for another
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4h. The formed formazan crystals were dissolved in DMSO,
and the absorbance was recorded at 490nm. For cellular
uptake, B16-F10 cells (1x10° cells/well) were seeded on
coverslips overnight. Then, cells were incubated with DOX
and LipoDSSSD at the concentration of 5pg/ml. After 6h and
12h, the cells were washed, fixed and stained with Hoechst
33,342. The fluorescent images were observed by CLSM. To
quantify the cellular uptake, the cells were collected in PBS
after treatment for flow cytometry analysis on a FACSCalibur
instrument.

2.4. Intracellular ROS, GSH and lipid peroxide assay

B16-F10 cells were seeded overnight and treated with various
formulations at an equivalent level for 24h. Then, ROS and
GSH level was measured using a ROS or GSH Assay kit.
Briefly, after treatment for 24h, the cells were incubated
with DCFH-DA (10 uM) for 30 min. After that, the cells were
washed and observed by CLSM. For qualitative analysis of
ROS fluorescence, cells were seeded and treated as the
aforementioned protocols. Then, cells were collected for flow
cytometry analysis. For GSH assay, GSH level was measured by
a microplate reader following the manufacturer’s instruction.
For lipid peroxide assay, the cells were washed and incubated
with C11-BODIPY 581/591 (10 uM) for 30 min. The fluorescent
of treated cells was observed by CLSM.

2.5. Pharmacokinetics

For pharmacokinetics study, LipoDSSSD (2 mg/kg equivalent
DOX) or free DOX (2mg/kg) were intravenously injected into
the male SD rats (n=3). Then, blood samples were obtained
and centrifuged at 13 000rpm for 10min to separate the
plasma. The obtained samples were analyzed by UPLC-MS/MS
on an ACQUITY UPLC system (Waters, Milford, MA, USA).

2.6. In vivo biodistribution

The biodistribution was investigated in B16-F10 melanoma
bearing mice. When the tumor volume reached about
500mm?3, DiR solution and DiR labeled liposomes were
administered intravenously at a dose equivalent of 2mg/kg.
After administration for 4, 12 and 24 h, mice were sacrificed.
The major organs and tumors were collected for ex vivo
imaging by Caliper IVIS (Perkin Elmer, USA).

2.7. In vivo efficacy and safety

The anticancer efficacy was evaluated in B16-F10 melanoma
bearing mice. For the B16-F10 model, B16-F10 cells (5 x 10°
cells) were subcutaneously injected into the right flank of
female C57BL/6 mice. When the tumors reached an volume
of 250mm?3, mice were intravenously injected with Saline,
LipoFe, free DOX, Doxil or LipoDSSSD at an DOX dose of
3mg/kg every two days for total four times. The tumor volume
was monitored and calculated as (tumor length) x (tumor
width)?/2. After treatment, the mice were sacrificed. Plasma
was collected for hepatorenal function analysis, and the
major organs (hearts, livers, spleens, lungs, and kidneys) were
stained with H&E for the histological evaluation. In addition,

the tumors were stained using H&E and TUNEL to evaluate the
apoptosis levels.

2.8. Statistics

Data analysis were performed using GraphPad Prism 8 and
presented as the mean value + SD. Statistical analysis
was performed using Student’s t-test (two-tailed) and one-
way analysis of variance (ANOVA). P < 0.05 was considered
statistically significant.

3. Results and discussion
3.1.  Synthesis of iron-prodrug loaded liposomes
3.1.1.  Synthesis of DOX dimeric prodrugs

It is reported that iron could potentiate the efficacy of DOX,
while DOX could amplify the ferroptosis effects of iron by
producing H,0, [19]. As shown in Fig. S1, trisulfide bond-
bridged DOX dimeric prodrugs (DSSSD) was chosen as the
model drug over DOX because of its higher tumor selective
cytotoxicity [28]. In addition, compared to the conventional
disulfide bond, trisulfide bond could react with GSH through
the three sulfur atoms, resulting in higher GSH-sensitivity and
GSH depletion [32].

3.1.2. Preparation and characterization of liposomes

Iron can catalyze the oxidation of unsaturated lipids to induce
ferroptosis [15,16]. To develop a lipid peroxide nanogenerator
(Fig. 2A), liposome (LipoFe) was constructed by unsaturated
lipids-rich phosphatidylcholine, and Fe3* was encapsulated
into the inner core by thin-film hydration method. LipoFe
exhibited light yellow appearance (Fig. 2B) and obvious Tyndall
effect (Fig. S2). LipoFe showed hydrodynamic diameters
of 103.43+0.57nm and zeta potential of —18.33+1.13mV
(Fig. 2C). TEM images also demonstrated the spheroidal
nanostructure of LipoFe (Fig. S3). It is reported that iron
liposomes could induce peroxidation of unsaturated lipids,
and the co-existing of Fe3*and Fe?* is required to initiate
oxidation [15,16]. In order to obtain Fe**and Fe?*couple, GSH
was added to LipoFe as a reduction agent. Then, the products
of lipid oxidation were monitored by mass spectrum. In
the presence of GSH, obvious lipid hydroperoxides (LOOH)
were observed (m/z, 814), compared to the unsaturated
lipids (m/z, 782) without the addition of GSH (Fig. S4).
Therefore, LipoFe could induce oxidation of unsaturated
lipid in the presence of GSH, in agreement with previous
studies [16,33].

Typically, DOX could be actively loaded into liposome
interior by ammonium sulfate (pH) gradient due to the
amino protonation of DOX molecule in weakly acidic solution
(Fig. S5). However, DSSSD was extremely hydrophobic and
failed to be stably loaded into liposome by pH gradient
due to the covered amino group (Fig. S6). Alternatively, it
is reported that iron and DOX could form a coordination
drug-metal complex, which allows for efficient drug loading
of DOX [19]. The coordination between Fe3* and DOX
could quench the fluorescence of DOX. Therefore, the
fluorescence properties of DOX and DSSSD were investigated.
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DSSSD prodrugs showed a significant decreased fluorescence
emission compared with DOX (Fig. S7), in accordance
with previous studies [28,34]. After incubation with Fe3t,
fluorescence of DSSSD was further quenched as same as
DOX (Fig. S8), which indicated the formation of DSSSD-
Fe3* coordination complex due to its similar structure with
DOX. Therefore, DSSSD was encapsulated into the aqueous
core of the liposome by the Fe3* gradient between the
inside and outside of LipoFe (Fig. 2A). As shown in Fig.
S9, a distinct color change was observed from yellow to
red to brown during drug loading, indicating the formation
of DSSSD and Fe3*coordination complex. Furthermore, TEM
image and dynamic light scattering analyses showed that
LipoDSSSD exhibited uniform spherical structure with an
average diameter of 107.86+5.13nm (Fig. 2D & 2E). The
encapsulate efficiency for DSSSD was approximately 87% =+
5% and the final drug loading of DOX in LipoDSSSD was
7.56%. LipoDSSSD exhibited similar particle size and zeta
potential with LipoFe, which could be ascribed to that DSSSD
was loaded into inner core of liposomes without disruption
of the surface properties of LipoFe. The colloidal stability of
liposomes was further evaluated in PBS (pH 7.4) containing
10% fetal bovine serum at 37 °C. LipoDSSSD showed superior

colloidal stability with negligible changes in particle size
within 24 h (Fig. 2F).

3.1.3. Invitro drug release

Next, we examined the drug release of LipoDSSSD, which was
a crucial feature for antitumor efficiency and safety. As shown
in Fig. S10, the cleavage of the trisulfide bond by GSH can
restore the fluorescence of DOX, and DSSSD exhibited GSH-
dependent fluorescence recovery. This is due to the released
DOX-SH from DSSSD exhibits same fluorescence properties
with DOX [28]. As shown in Fig. 2G, about 30% drug was
released from LipoDSSSD in the present of 1mM GSH in
compared to 60% for 5mM GSH. Notably, more than 90% drug
was released from LipoDSSSD in the presence of 10 mM GSH
(Fig. 2G), suggesting that the efficient prodrug activation is
possible in tumor cells due to the high GSH levels. In contrast,
few drugs were released from LipoDSSSD in PBS without GSH,
in agreement with previous study [28].

3.2.  Cytotoxicity and cellular uptake

The in vitro antitumor activity of LipoFe and LipoDSSSD was
investigated in B16-F10 cells. First, we tried to verify whether
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lipids impact cell viability. As shown in Fig. 3A, lipids had no
effect on cell survival after treatment for 24 h. In comparison,
LipoFe showed obvious dose-dependent cytotoxicity on B16-
F10 cells (Fig. 3B). The possible mechanism of cytotoxicity
for LipoFe was due to the following two aspects (Fig. 3E).
On one hand, high GSH level in tumor cells could reduce
Fe3* to Fe?" for mild Fenton-dependent ferroptosis. Because
insufficient H,O, in tumor cells often restrict the generation
of hydroxyl radical, leading to poor Fenton-dependent
ferroptosis [12]. On the other hand, the formed iron redox
couple (Fe**/Fe?*+) could also directly induce peroxidation of
unsaturated lipid for Fenton-independent ferroptosis (Fig. S4).
After drug loading, LipoDSSSD exhibited stronger cytotoxicity
than LipoFe (Fig. 3C), which could be attributed to following
three points. (i) First, the cleavage of trisulfide bond could
consume GSH, and the released DOX would intercalate into
DNA inducing cell apoptosis. (ii) Second, Fe3* could react with
GSH to induce GSH depletion and produce Fe?t. Owing to the
activated NOX4 by DOX, the improved H,0, could react with
the generated Fe?*for efficient Fenton-dependent ferroptosis.
(iii) Third, the formed Fe3*/Fe?* redox couple could directly
trigger lipid peroxide of unsaturated lipids-rich liposomes
for Fenton-independent ferroptosis. Compared with DOX
solution (Fig. 3D), LipoDSSSD exhibited lower cytotoxicity
on tumor cells due to the delayed drug release from
prodrugs and liposomes. Furthermore, LipoDSSSD exhibited

poor cytotoxicity on L02 cells (Fig. S11), indicating its good
selectivity between tumor cells and normal cells. This was
probably due to that low GSH in normal cells could not
effectively reduce Fe3* to Fe?", and then compromised
lipid peroxidation [16]. In addition, the low concentration of
intracellular GSH also restricted the cleavage of the trisulfide
bond and sequentially reduced the cytotoxicity of DSSSD
[28]. Accordingly, LipoDSSSD could selectively kill tumor cells
through iron-induced ferroptosis and GSH-induced apoptosis
of DSSSD in tumor cells but keep good safety for normal
cells (Fig. 3E).

We further investigated the cell uptake of LipoDSSSD
in B16-F10 cells. A time-dependent increase in fluorescence
intensity was observed when the cells were treated with
free DOX or LipoDSSSD (Fig. 3F,G). At the first 12h, poor
fluorescence recovery was observed for LipoDSSSD, with
major localization in the cytoplasm. This could attribute
to the delayed drug release from LipoDSSSD (Fig. S10).
After internalization into tumor cells, the fluorescence of
LipoDSSSD gradually increased due to the GSH-triggered
drug release in tumor cells, in agreement with in vitro
drug release (Fig. 2G). When the cells incubated with
LipoDSSSD for 24h, a moderate red fluorescence (DOX)
started to colocalize with blue fluorescence (cell nucleus),
indicating its efficient migration from cytoplasm to the
nucleus. These results demonstrated that the cleavage of
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the trisulfide linker by intracellular GSH allowed for drug
release, and then drug migration to the nucleus for cell
apoptosis.

3.3.  Intracellular ROS, lipid peroxide and GSH

It is reported that iron could catalyze the generation of
ROS for chemodynamic therapy [10,35]. We then evaluated
the effect of these formulations on cellular ROS level in
B16-F10 cells. As shown in Fig. 4A, 4C and 4D, DOX could
slightly increase the fluorescence intensities of the DCF, which
could be attributed to DOX-induced generation of H,0; by
up-regulation of the intracellular NOX4 [19]. In comparison,
the ROS levels were significantly improved after treatment
with LipoFe compared to that of the control group. It may
benefit from iron redox couple mediated lipid peroxide [16]. In
addition, Fe3* containing LipoFe could be reduced to Fe?* by
intracellular GSH accompanied by the deplete of GSH (Fig. 4E).
Then, the generated Fe?* can react with the H,0, in the
tumor cells, and thus increasing the hydroxyl radical [16].
Combined the efficacy of LipoFe and DOX, cells treated with
LipoDSSSD showed higher ROS levels compared to that of
the LipoFe or DOX alone (Fig. 4A and 4D). The reaction of
trisulfide-thiol exchange further contributed to GSH depletion
and DOX release, inducing the generation of H,0, to amplify

Fenton-mediated ROS production (Fig. 4D and 4E). Therefore,
LipoDSSSD induced the greatest amount of ROS generation
and GSH depletion in tumor cells. Then, we sought to identify
whether ferroptosis was involved in the therapy of LipoFe
and LipoDSSSD. Lipid peroxide, as an important indicator of
ferroptosis, was monitored by C11-BODIPY 581/591 probe [19].
As shown in Fig. 4B, iron and unsaturated lipids co-delivered
LipoFe could induce obvious lipid peroxidation, in accordance
with published literature [16]. Comparatively, the highest lipid
peroxidation was observed for LipoDSSSD, where the released
DOX would further amplify the ferroptosis effects of iron by
producing H,0,.

3.4. Pharmacokinetics and biodistribution

We then tested the pharmacokinetic profiles of LipoDSSSD in
comparison with free DOX in Sprague-Dawley rats. DOX had a
poor circulation time, which was rapidly cleared from the body
(Fig. SA & 5B). In contrast, LipoDSSSD significantly improved
the drug concentration in plasma, resulting in a longer
circulation time compared to free DOX. Furthermore, most
prodrugs remained intact, and only few DOX was released
from DSSSD during systemic circulation. Owing to the low
GSH in blood, LipoDSSSD reduced the undesired exposure
of the free drug, which was consistent with the in vitro drug
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release in the absence of GSH. The detailed pharmacokinetic
parameters of DOX and LipoDSSSD were summarized in
Table S1. The area under the blood concentration curve
(AUC) of LipoDSSSD was about 87-fold greater than that of
the DOX solution after translation. We previously developed
a DSSSD self-assembled nanomedicines, which suffered
from undesired pharmacokinetics [23,28]. In comparison,
LipoDSSSD integrated the advantages of prodrug and
liposome, significantly reducing the undesired drug leakage
but greatly prolonging the drug circulation.

The in vivo biodistribution was further investigated using
fluorescent DiR labeled liposomes in B16-F10 melanoma
tumor-bearing mice. As shown in Fig. 5C & 5D and Fig. S12,
free DiR trended to accumulate in lungs rather than tumors.
In comparison, a higher fluorescence accumulation was
detected in tumors treated with liposomes, and the maximum
fluorescent in tumors occurred at 12h. The effective tumor
accumulation of liposome could be attributed to the long
blood-circulation and the EPR effect. Altogether, these results
further confirmed the advantages of LipoDSSSD in terms of
drug circulation and tumor accumulation.

3.5.  Invivo efficacy and safety

The antitumor efficiency of LipoDSSSD was evaluated in B16-
F10 melanoma tumor-bearing mice (Fig. 6A). LipoFe showed
moderate tumor suppression in terms of tumor volume and
tumor weight than that of saline group (Fig. 6B&D). The
antitumor effect of LipoFe could be ascribed to Fenton-
independent ferroptosis and inefficient Fenton-dependent
ferroptosis. Liposomal Doxil showed a slightly stronger
antitumor activity than DOX solution, indicating the improved
therapy of liposomes, in accordance with previous studies [21].
However, obvious loss of body weight of B16-F10 melanoma-
bearing mice was observed after treatment with Doxil (>11%)
as well as free DOX (>19%) (Fig. 6E). This could be attributed
to poor tolerance resulted from repeated dose toxicity of
Doxil and free DOX. As an FDA-approved liposomal DOX
formulation, Doxil could lower the risk of cardiotoxicity
and myelosuppression of DOX, while inducing other dose-
dependent adverse effect [21]. Comparatively, LipoDSSSD
exhibited most significant tumor inhibition because of the
combination of LipoFe-induced efficient ferroptosis and DOX-
mediated apoptosis (Fig. 6B&D). Hematoxylin and eosin
(H&E) staining and TUNEL staining further demonstrated the
treatment with LipoDSSSD resulted in the highest level of
apoptosis in tumor tissues (Fig. S13). Moreover, no distinct
fluctuation was observed in terms of the body weight (Fig. 6E),
the hematological parameters (Fig. 6F, & 6K), H&E staining of
major organs (Fig. S14) of B16-F10 tumor bearing-mice after
treatment with LipoDSSSD. These results demonstrated that
LipoDSSSD exhibited potent antitumor activity but were well
tolerated.

4, Conclusion

In summary, GSH-sensitive DSSSD was loaded into the lipid
peroxide nanogenerator by the form of coordinate complex
between DSSSD and iron via a novel Fe* gradient method. The

developed LipoDSSSD integrated the advantage of liposomal
drug delivery system and prodrug strategy. Consequently,
liposomes prolonged the blood circulation of prodrugs while
smart prodrugs relieved the adverse toxicity resulted from the
elevated accumulation of liposomes. Furthermore, the Fe3+t
could be efficiently reduced into Fe?* under high GSH level
in tumors, and subsequently catalyzed unsaturated lipids
into lipid peroxidation for ferroptosis. The trisulfide bond
of DSSSD could exchange with the overproduced GSH in
tumor cells, enabling efficient GSH depletion and smart drug
release, where DOX induced the generation of H,O, to amplify
the Fe?*-mediated ferroptosis. This nanomedicine integrating
ferroptosis and apoptosis dual treatment may be beneficial to
the future cancer therapy.
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