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Ferroptosis-inducing nanomedicine
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Abstract

The poor prognosis of hepatocellular carcinoma (HCC) is still an urgent challenge to be solved worldwide. Hence,
assembling drugs and targeted short peptides together to construct a novel medicine delivery strategy is crucial
for targeted and synergy therapy of HCC. Herein, a high-efficiency nanomedicine delivery strategy has been
constructed by combining graphdiyne oxide (GDYO) as a drug-loaded platform, specific peptide (SP94-PEG) as

a spear to target HCC cells, sorafenib, doxorubicin-Fe?* (DOX-Fe2*), and siRNA (SLC7AT1-i) as weapons to exert

a three-path synergistic attack against HCC cells. In this work, SP94-PEG and GDYO form nanosheets with HCC-
targeting properties, the chemotherapeutic drug DOX linked to ferrous ions increases the free iron pool in HCC
cells and synergizes with sorafenib to induce cell ferroptosis. As a key gene of ferroptosis, interference with the
expression of SLCZATT makes the ferroptosis effect in HCC cells easier, stronger, and more durable. Through gene
interference, drug synergy, and short peptide targeting, the toxic side effects of chemotherapy drugs are reduced.
The multifunctional nanomedicine GDYO@SP94/DOX-Fe?*/sorafenib/SLC7AT 1-i (MNMG) possesses the advantages
of strong targeting, good stability, the ability to continuously induce tumor cell ferroptosis and has potential clinical
application value, which is different from traditional drugs.
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Introduction

Liver cancer is a global public health problem and hepa-
tocellular carcinoma (HCC) is the most common patho-
logical type of primary liver cancer [1-3]. At present,

fLuyang Wang, Le Tong and Zecheng Xiong contributed equally to postoperative chemotherapy is the main method of clini-
this manuscript. cal treatment for HCC, which can greatly improve the
*Correspondence: treatment effect and relative survival rate of patients
Jing Du [4—6]. However, due to large postoperative trauma, easy
aiji'gigé@Lrumc‘Edu‘C” wound infection, and non-specific killing of tumor cells
liuhb@iccas.ac.cn by conventional chemotherapy, patients have obvious
Wei Yang toxic reactions and poor recovery ability [7, 8]. Although
i?:ggi\f::gmgm@m}com the new immunotherapy, atezolizumab combined with
nancywangying@163.com bevacizumab, can maximize the survival of HCC patients

Full list of author information is available at the end of the article and has an efﬁcacy advantage’ the cost of 1mmunotherapy

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12951-024-02808-7&domain=pdf&date_stamp=2024-9-2

Wang et al. Journal of Nanobiotechnology (2024) 22:533 Page 2 of 18
(" . 7
Graphical Abstract
z
J

remains unaffordable in developing countries with high
population densities and low incomes [9-11]. Hence,
sorafenib is still the most common and cost-effective
systemic treatment for patients with advanced HCC
[12-14]. However, the long-term use of sorafenib and
other chemotherapy drug monotherapy is prone to obvi-
ous drug resistance and also faces serious challenges
such as poor efficacy, non-targeting, short half-life, and

drug toxicity [15-17]. Therefore, in order to solve these
issues simultaneously, it is an urgent clinical demand to
explore a new strategy for HCC chemotherapy with the
combined action of several therapies and the advantages
of stability, targeting and good biocompatibility.
Ferroptosis, as different from other cell death modes,
is triggered by the abnormal accumulation of lipid per-
oxides caused by excess iron [18—21]. Iron metabolism,
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SLC7A11-mediated cysteine transport, NRF2-Keap1, glu-
tathione-GPX4, FSP1-COQ10, and other signal transduc-
tion pathways constitute the core molecular mechanism
of ferroptosis [22—-25]. Recently, increasing evidence has
discovered that some small molecules such as disulfiram,
auranofin, iFSP, zalcitabine, and withaferin could act as a
promising anticancer therapeutic effect by inducing fer-
roptotic death [26—30]. As mentioned above, sorafenib, a
multi-targeted tyrosine kinase inhibitor, is not only rec-
ognized as gold standard first-line therapy for advanced
HCC but also identified as a ferroptosis inducer, by inhib-
iting the expression of the cystine transporter SLC7A11
and reducing the intracellular glutathione (GSH) con-
tent [31-34]. However, monotherapeutic administration
strategies often lead to drug resistance and the activation
of compensatory mechanisms to escape cell death. More-
over, the synergistic regulation of multiple drugs on dif-
ferent metabolic pathways often ignores their multidrug
resistance and toxic side effects from the nonspecific
localization, which are important reasons leading to the
failure of chemotherapy. Thus, optimizing the combina-
tion of sorafenib-based treatment with other therapeutic
strategies is the key to solving the problem. In our pre-
vious study, we demonstrated that disulfiram/Cu could
facilitate sorafenib-induced ferroptosis via targeting dif-
ferent mechanisms and reducing the treatment dose [35].
Therefore, the development of a new drug delivery sys-
tem for sorafenib-based therapy with properties of the
absence of toxic side effects, target-specificity, and ease of
drug visualization and assembly is highly desirable.

Graphdiyne oxide (GDYO) is a two-dimensional car-
bon nanosheet material composed of sp and sp® hybrid
carbon atoms, which is derived from graphdiyne (GDY)
through the oxidation of alkyne groups by concen-
trated nitric acid and sulfuric acid [36—39]. The surface
of GDYO composes of ordered carbon-oxygen and car-
bon-hydroxyl groups that have a high affinity for pro-
teins driven by the formation of hydrogen bonds and salt
bridges [40-42]. The depressions formed on their sur-
faces offer great possibilities for loaded small-molecule
drugs and genes, which makes GDYO an ideal deliv-
ery carrier for anti-cancer drugs, genes, peptides, and
other substances [43—-45]. For example, the biomimetic
GDYO@i-RBM nanosheets designed based on GDYO
can target tumor therapy and enhance tumor reoxy-
genation capacity, and the constructed multifunctional
nanomedicine GCDM can be used for photochemical
synergistic tumor therapy [46, 47]. Thus, based on the
superior physical and chemical properties of GDYO,
combining the nanocarrier GDYO with ferroptosis-
inducing genes, sorafenib, and DOX-Fe** chemothera-
peutic drugs to construct a novel nanomedicine may
provide a new strategy for HCC chemotherapy.
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Herein, we developed a multifunctional nanomedicine
GDYO@SP94/DOX-Fe*t/sorafenib/SLC7A11-i (MNMG)
as a nanomedicine delivery strategy, in which SP94 with
the amino acid sequence of NH2-CGGSFSIIHTPILPL-
COOH can specifically targeting HCC cells via binding
the receptor on the HCC [48-50]. After the receptor is
mediated, the nanosheets enter the HCC cells through
endocytosis and cleave in the acidic lysosomal envi-
ronment to release sorafenib, DOX, ferrous ion, and
SLC7A11-i, which induce HCC cells into the ferropto-
sis mechanism. As shown in Scheme 1, SP94-PEG has
been synthesized by chemically coupling PEG to SP94,
and then linked with GDYO to form a nanosheet struc-
ture (GDYO@SP94) targeting HCC cells. The synthetic
GDYO@SP9%4 has good dispersion and stability, provid-
ing a large specific surface area for loading drugs and
genes, and can effectively enrich the drug at the site of
HCC, thereby reducing the concentration of drugs in
other parts of the body and reducing the toxic and side
effects of chemotherapeutic drugs. The combination
of targeted therapy and the enhanced permeability and
retention (EPR) effect [51-53] can enhance the endocy-
tosis of nanocarriers by HCC cells and fulfill the effective
aggregation of nanomedicines at the site of HCC. Next,
the coordination compound DOX-Fe** and sorafenib
were loaded onto the GDYO@SP94 nanosheet via -7t
stacking. DOX-Fe?" is a coordination compound formed
by the chelation of the traditional chemotherapeutic
drug DOX with ferrous ions [54—56]. The ferrous ion
can preferentially replace the phenolic hydrogen position
in doxorubicin (DOX) to form the DOX-Fe?* complex,
which in turn increases the unstable iron pool in tumor
cells, induce excessive production of ROS in mitochon-
dria, further amplify the ferroptosis effect of Fe?* through
H,0, generated by DOX [57-59]. Meanwhile, the addi-
tion of SLC7A11-i inhibited cystine transport and low-
ered the synthesized GSH [60-62]. Finally, SLC7A11-i
has adsorbed to the surface of GDYO@SP94/DOX-Fe?*/
sorafenib through the electrostatic interaction of hetero-
electric attraction, forming a highly efficient nano-com-
plex MNMG with short peptide targeting, drug synergy,
and gene interference.

In this study, the drug-loaded strategy MNMG can
effectively inhibit the proliferation, migration, and inva-
sion of hepatocellular carcinoma cells, and has a strong
therapeutic effect. Noteworthy, the MNMG disrupted
mitochondrial homeostasis and dramatically increased
reactive oxygen species and lipid peroxide levels, which
severely affected the normal production of GSH in tumor
cells and ultimately led to ferroptotic cell death. More-
over, MNMG can effectively aggravate and target the
tumor site with minimal systemic side effects in vivo, and
effectually suppress HCC through inducing ferroptosis in
situ. Meaningfully, the construction of the nanomedicine
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Scheme 1 (A) Schematic diagram of the synthesis of the multifunctional nanomedicine GDYO@SP94/DOX-Fe?*/sorafenib/SLC7AT1-i (MNMG). (B) The

mechanism of MNMG inducing ferroptosis in tumor cells to treat tumors

provides a new strategy for HCC chemotherapy and also
provides a novel concept for designing a targeted, effi-
cient, stable, and biocompatible nanomedicine, which
may have potential clinical application value.

Results and discussion

Characterization and validation

The multifunctional nanomedicine GDYO@SP94/DOX-
Fe?*/sorafenib/SLC7A11-i was stepwise engineered as
illustrated in Fig. 1. Graphdiyne is oxidized to GDYO
under the action of concentrated nitric acid and sul-
furic acid [63-65]. Under the joint action of carbodi-
imide (EDC) and N-hydroxysuccinimide (NHS), the
carboxyl group in GDYO is activated and promotes its
reaction with the amino group of SP94-PEG to generate
stable amide bonds. Through the m-m stacking interac-
tion between aromatic rings, DOX-Fe** and sorafenib
were coloaded onto SP94-PEG modified nanosheets,
and then the electrostatic interaction between posi-
tive and negative charges was used to adsorb siRNA,

resulting in the synthesis of GDYO@SP94/DOX-Fe**/
sorafenib/SLC7A11-i  MNMG).

GDYO is characterized by its high dispersibility, good
stability, and sensitivity as a nano enzyme [66—69]. The
most powerful of these properties is its stable loading
capacity and sustained release [70-72]. To demonstrate
the differences between each functionalization step and
the morphology change with molecular attachment, we
characterized the morphology and elemental composi-
tion of different loaded nanosheets using Field Emission
Scanning Electron Microscope (FESEM) and Transmis-
sion Electron Microscope (TEM) elemental mapping
techniques. FESEM and TEM observations indicated
that GDY and GDYO had a filmy, uniform lamellar mor-
phology and are ultrathin layered structures (Fig. 2A
and B). After decorating with SP94-PEG, DOX-Fe’*,
sorafenib and siRNA, it was clearly seen that the ultra-
layered morphology of GDYO surface is gradually thick-
ened, forming obvious irregular folds. The Atomic Force
microscopy (AFM) images further illustrate the ultra-
thin layer structure of GDYO with an average thickness
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Fig. 1 The synthesis schematic of GDYO@SP94/DOX-Fe?*/sorafenib/SLC7AT T-i

of 3 nm (Figure S1). GDYO has a special 2D large-plane
all-carbon structure and surface depressions, which pro-
vide sites for electrostatic adsorption and 1 - m stacking
of small molecular drugs [73, 74]. In addition, the Energy
Dispersive Spectrometer (EDS) elemental mapping of the
MNMG was used to identify the corresponding distri-
bution of the C, O, N, Fe, F and Cl elements, indicating
that the surface of GDYO was uniformly dispersed DOX-
Fe?* (C,,H,oNO;;Fe) and sorafenib (C,H,,CIF;N,0;)
(Fig. 2C). Meanwhile, we showed the hydrodynamic
particle size based on the number percentage and zeta
potential of the GDY, GDYO, GDYO@SP9%4, GDYO@
SP94/DOX-Fe**/sorafenib, and MNMG (Fig. 2D). The
particle size of the corresponding nanosheets increases
step by step after each synthesis step.

To demonstrate the successful assembly of loaded
drugs and genes on the surface of GDYO, the UV-Vis
absorption spectrum of GDY, GDYO, GDYO@SP94,
GDYO@SP94/DOX-Fe?*/sorafenib, and MNMG were
monitored in Fig. 2E. MNMG has an absorption peak
at 214 nm to 228 nm. Compared with the UV-Vis of
GDYO@SP94 and the calibration curve of SP94, it can
be seen that this absorption peak is the characteristic
peak of SP94. In the calibration curve, the characteris-
tic absorption peak of sorafenib was 270 nm and that of
siRNA was 259 nm (Figure S2). In addition, according
to the calibration curve of DOX-Fe?*, the characteristic
peak of DOX was at 485 nm and that of Fe>* was around
268 nm (Figure S3A).The obvious absorption peak of
MNMG at 500 nm corresponded to the characteristic
peak of DOX, while the absorption peak at 265 nm was
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very close to the characteristic peak of sorafenib and
Fe’*. Although siRNA was reflected in the calibration
curve, the intensity of its UV-Vis absorption peak was too
weak to show a significant peak in MNMG, which can
be seen by comparing the UV-Vis absorption spectra of
GDYO@SP94/DOX-Fe?*/sorafenib. The range of calibra-
tion curve is consistent with previous research [75-77].
XPS was used to analyze the chemical bindings, elec-
tronic states and elemental composition of GDY, GDYO,
GDYO@SP9%4, GDYO@SP94/DOX-Fe**/sorafenib, and
MNMG. Figure 3A displayed the XPS full survey spectra
of the above nanosheets to show the differences after each
functionalization process from pristine GDY. Comparing
the changes in C 1s and O 1s of GDY, GDYO, GDYO@
SP94, GDYO@SP94/DOX-Fe*t/sorafenib, and MNMG,
the photoelectron intensity of C=0O and C-O signifi-
cantly increased, which was related to the drug loading
(Fig. 3B). And the detection of C 1s and F 1s at GDYO@
SP94/DOX-Fe?*/sorafenib yielded the presence of C-F,
which reflected the loading of sorafenib on the GDYO
nanosheets. In addition, C-NH- and NH4+were detected
in GDYO@SP94 and GDYO@SP94/DOX-Fe**/sorafenib,
and the intensity of NH4+increased gradually, indicat-
ing that the concentrations of SP94 and DOX increased
on the surface of GDYO nanosheets. In the high resolu-
tion spectrum of S 2p at GDYO@SP94, peaks located at
163 eV and 164.5 eV are observed corresponding to S
2p3,, and S 2p, 5, and peaks at 168.2 eV and 169.3 eV cor-
responding to SO,*~ 2p,, and SO,*~ 2p; ,. Meanwhile, in
GDYO@SP94/DOX-Fe?*/sorafenib, the peaks of 167.8 eV
and 169.1 eV correspond to SO,*~ 2ps, and SO5>~ 2p; ,
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Fig. 2 Characterization and validation of GDY, GDYO, GDYO@SP94, GDYO@SP94/DOX-Fe?*/sorafenib, and MNMG. (A) FESEM images of GDY, GDYO,
GDYO@SP94, GDYO@SP94/DOX-Fe’*/sorafenib, and MNMG. Scale bar: 1 um. (B) TEM images of GDY, GDYO, GDYO@SP94, GDYO@SP94/DOX-Fe?*/
sorafenib, and MNMG. Scale bar: 50 nm. (C) HAADF-STEM images and element mapping results of MNMG. Scale bar: 100 nm. (D) Zeta potential measured
changes in the hydrodynamic particle size of GDY, GDYO, GDYO@SP94, GDYO@SP94/DOX-Fe?*/sorafenib and MNMG. (E) UV-Vis absorption spectrum of

GDY, GDYO, GDYO@5SP94, GDYO@SP94/DOX-Fe?*/sorafenib, and MNMG

as well as the peaks located at 169.1 eV and 170.4 eV cor-
respond to SO,*~ 2p,, and SO,* 2p; ,. Since S 2p existed
only in SP94, the intensity of S 2p manifested in GDYO@
SP94/DOX-Fe?*/sorafenib was reduced after drug load-
ing. Fe 2p;;, and Fe 2p,,, corresponding to 710.5 eV and
724 eV can be seen in the Fe 2p spectrum, accompanied
by two satellite peaks, indicating that the formation of
GDYO-loaded DOX-Fe?" can protect Fe>* from environ-
mental oxidation and maintain its reactivity. The binding
energies existed at 197.8 and 199.4 eV was corresponding
to CI™ 2p3,, and CI™ 2p, , and the other energies of 200.8
and 202.5 eV was attributed to -C-Cl 2p;,, and -C-Cl
2py),. The existence of carbon-chloride covalent bonds
and free chloride ions further indicated that GDYO suc-
cessfully loaded sorafenib. These results indicate that we
successfully achieved the ligation of SP94 short peptide
and the loading of sorafenib and DOX-Fe?*on GDYO

nanosheets. However, siRNA was composed of 19 base
pairs, and it was difficult to detect valence changes
between MNMG and GDYO@SP94/DOX-Fe?*/sorafenib
due to its small volume.

DOX chelated ferrous ions to form a complex because
Fe?* preferentially chelated on a phenol group of DOX to
replace the position of H and formed Fe-O bond. There-
fore, we performed characterization analysis of DOX-
Fe?*. XPS was also used to analyze the changes of DOX
after chelation with Fe** (Figure S3B). Compared with
DOX and DOX-Fe®*, the major changes occurred in
O1ls (Figure S3C). The appearance of a binding energy
peak corresponding to Fe-O at 530.7 eV confirmed the
formation of Fe-O bonds by DOX chelating Fe®*, which
was consistent with previous studies. In addition, the
coupling between SP94 and PEG occured through the
activation of EDC and NHS, where the carboxyl end of
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Fig. 3 XPS spectra of GDY, GDYO, GDYO@SP94, GDYO@SP94/DOX-Fe?*/sorafenib. (A) Full survey spectra of XPS. (B) High-resolution spectra of XPS

the SP94 short peptide chain condensed with the amino
group of PEG to form the amide bond. The particle size
changes of SP94 and SP94-PEG were detected by zeta
potential, and it was found that the particle size of SP94
increased by about 65 nm after coupling PEG (Figure
S4A). To demonstrate the changes of SP94 after coupling
with PEG, the UV-Vis absorption spectra of SP94, PEG
and SP94-PEG were detected in Figure S4B. We found
that the peak value of SP94 was slightly shifted under the
influence of PEG, which was attributed to the coupling
reaction between the carboxyl group of SP94 and the
amino group in PEG through the activation group.

To verify particle stability at different time points, we
needed to conduct a dispersion study for 5 days, and
GDY, GDYO, GDYO@SP9%4, GDYO@SP94/DOX-Fe**/
sorafenib and MNMG was examined by Dynamic light
scattering (DLS) and zeta potential measurements (Table
S1). The zeta potential difference of GDY was generally
low over the 5 days examined, favoring the condensed
state. This was consistent with our observation that
black suspended solids were still seen in GDY dispersion
after ultrasonic treatment, and some GDY precipitated
after standing. It showed that GDY has been in a disper-
sive system with poor stability. On the contrary, GDYO
obtained by oxidation of GDY was in a relatively stable
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state during these five days, and the nanosheets were
evenly distributed in the system. On the first and second
days, GDYO@SP94, GDYO@SP94/DOX-Fe?*/sorafenib
and MNMG were in a relatively stable dispersion. How-
ever, with the passage of time, the value of zeta poten-
tial gradually decreased, while the particle size showed
an increasing trend. This indicates that after GDYO was
loaded with drugs and genes, the attraction between the
nanosheets gradually exceeded the repulsion over time,
and the state tended to condense.

Sequence selection of siRNA, biological toxicity of
nanosheet backbone and validation of cellular uptake
effect

SLC7A11, one of the core subunits of the systemXc-
receptor, is located upstream of the signaling axis in
the ferroptosis mechanism and plays a decisive role in
GSH synthesis [78, 79]. Due to the elevated SLC7A11
expression accompanied with increased GSH content in
HCC cells [80, 81], GDYO nanosheets were loaded with
small interfering RNA sequences targeting SLC7A11 to
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increase the therapeutic effect. Therefore, we designed
two interfering sequences targeting SLC7AI11 accord-
ing to different sequences for the inhibition of SLC7A11
expression (Fig. 4A). The interference effect was verified
by Western blotting, and GAPDH was used as the internal
control. Finally, we selected the SLC7A11-i-1 sequence,
the one with more excellent interference efficiency, as the
gene fragment loaded on the GDYO nanosheets (Fig. 4B)
to hinder the transport function of systemXc- receptor
and initiates the process of cells toward ferroptosis.

In order to evaluate the toxic damage, we first tested
whether the synthetic backbone of the nanomedicines
would cause toxic damage to cells. The proliferation curve
results indicated that GDYO nanosheets and GDYO@
SP94 at the concentrations of 50, 100, and 150 pg/ml
produced negligible cytotoxicity on HCC cell prolifera-
tion (Fig. 4C). GDYO is a lamellar, thin-film nanostruc-
ture whose surface harbors C=0O groups which have a
high affinity for proteins binding via hydrogen bonding
and salt bridge formation [82, 83]. Therefore, GDYO
can be used to target HCC after linking with SP94-PEG.
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Fig. 4 Coload verification of MNMG. (A) Target sequence and antisense strand of SLC7AT1. (B) Western blotting was performed to detect the expres-
sion of SLC7AT1 proteins in the control group and HCC cells after adding siRNA interference. (C) Human hepatocellular carcinoma cell lines Huh7 and
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Moreover, the GDYO and GDYO@SP94 framework has
no obvious toxicity in vitro, showing special biocompat-
ibility and safety.

To verify whether the synthesized MNMG was able
to be uptake by HCC cells successfully, the process of
endocytosis was monitored by confocal microscopy. The
fluorescence of DOX-Fe** and FAM-tagged SLC7A11-i
(SLC7A11-i"*M) was used as fluorescent probes for drug
tracking and diagnosis. We found that DOX-Fe** and
SLC7A11-i-1 were successfully assembled on GDYO and
could be taken up by cells (Fig. 4D).

Stability and antitumor effects of MNMG

To determine the cytotoxic effect of MNMG on HCC
cells, we first treated different concentrations of
MNMG with Huh7 and SMMC-7721 for 24 h, and cell
viability was assessed by CCK-8 assay. In addition to
MNMG, we also synthesized nano-drugs lacking vari-
ous components into the following groups to verify
whether these components affect the drug effect. These
semi-manufactured nanomedicines respectively are
() GDYO, (II) GDYO@SP94/DOX-Fe**/SLC7A11-i,
(III) GDYO@SPY%4/sorafenib/SLC7A11-i, (IV) GDYO@
SP94/DOX/sorafenib/SLC7A11-i, (V) GDYO@SP94/
DOX-Fe**/sorafenib, and (VI) GDYO@SP94/DOX-
Fe?*/sorafenib/SLC7A11-i. The results revealed that the
MNMG was preferentially cytotoxicity to HCC cells and
selectively reduced their viability in a dose-dependent
manner. Except for group I as control, the toxicity of
groups II, III, IV, and V to hepatocellular carcinoma cells
at the same concentration was lower than that of group
VI (Fig. 5A and B). In addition, we verified the interfer-
ence effect of SLC7A11-i in each group and found that
the interference effect increased with the concentra-
tion of MNMG, and compared with other semi-finished
product groups, the MNMG group had the most obvious
knockdown effect (Fig. 5C). Next, Calcein-AM/PI stain-
ing was used to further elucidate the cytotoxic effect of
the MNMG. We observed a similar phenomenon that
the MNMG can indeed increase the percentage of dead
cells and reduce the number of live cells determined by
both confocal microscopy and flow cytometry analysis
(Fig. 5D and E). In addition, we also tested the stabil-
ity of the MNMG solution (solvent DMSO) for 21 days
and found that MNMG had stable cytotoxicity against
HCC cells at -80 °C, 4 °C, and 25 °C (Fig. 5F). Sorafenib
is known to be a lipid-soluble chemotherapy drug that is
insoluble in water, while GDYO, as a hydrophilic nano-
material, has good dispersion in water [84, 85]. There-
fore, we wonder whether GDYO is capable of improving
the water solubility of sorafenib. Accordingly, we found
that MNMG also has good dispersibility in water and
has similar drug effects to DMSO solvent group (Fig. 5G
and H). These results suggest that MNMG has a stable,
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well-distributed, and effective therapeutic effect as a new
candidate for HCC treatment.

The MNMG inhibits cell viability, invasion, and migration of
HCC cells

The most concerning aspect of cancer is its ability to pro-
liferate and migrate. Based on the above observations,
we performed a colony formation assay to determine
the long-term cell viability and colony-forming ability
of HCC cells under low-concentration administration of
the MNMG. Low concentrations of MNMG significantly
inhibited cell viability for a long time and decreased col-
ony formation with increasing concentrations of MNMG
(Fig. 6A and B). In addition, transwell invasion assay and
adherent cell wound healing assay were employed to
evaluate the effect of MNMG on the invasive and migra-
tory abilities of HCC cells. Clearly, transwell analysis
indicated that MNMG could reduce the number of inva-
sive cells in HCC cells (Fig. 6C), and the statistical results
revealed that the relative invasion rate was significantly
decreased (Fig. 6D). As indicated by the scratch test in
Fig. 6E, the wound healing of HCC cells was significantly
hindered, and the cell migration ability was weakened
after the administration of the low concentration of the
MNMG. Histogram statistics showed the wound healing
rates of Huh7 and SMMC-7721 cells were significantly
reduced (Fig. 6F). Collectively, these results together
revealed that the MNMG inhibited cell viability, invasion,
and migration capabilities of HCC cells.

The MNMG results in the disturbance of the mitochondrial
homeostasis

Ferroptosis is a form of cell death due to the catastrophic
accumulation of free iron and unrestrained lipid peroxi-
dation [86-88]. Multiple signal transduction pathways
such as mitochondrial energy metabolism, cysteine defi-
ciency, and iron-sulfur cluster assembly constitute the
core molecular mechanism of ferroptosis [89-91]. Con-
sidering that mitochondrion plays a vital role in cysteine
depletion-induced ferroptosis [92, 93], we then tested
whether MNMG would influence mitochondrial dys-
function in hepatoma carcinoma cells. We first focused
on mitochondrial morphology, which was visualized
by MitoTracker Red fluorescent staining. Compared
with the normal morphology of mitochondria in Huh7
and SMMC-7721 cells in the control group, after differ-
ent concentrations of MNMG delivery, mitochondria
appeared fragmented and vacuolated, became disorga-
nized, and aggregated around the nucleus (Fig. 7A). Once
mitochondrial dysfunction occurs, mitochondrial oxida-
tive phosphorylation may be affected. So, we used the
Seahorse XFe 24 Extracellular Flux Analyzer to explore
the effect of the MNMG on mitochondrial respiration
capacity. The findings indicated that MNMG was able to
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inhibit the oxygen consumption rate (OCR) of mitochon-
drial basal respiration, maximal respiration, and spare
respiration, with decreased ATP production (Fig. 7B).
Increasing evidence has revealed that there is a close
link between the occurrence of ferroptosis and the pro-
duction of mitochondrial ROS [94]. We further detected
mitochondrial ROS production, which originates from

the disruption of the electron transport chain, leading
to the acceleration of cellular oxidative stress and fer-
roptosis. The data of mitoSOX staining revealed that the
accumulation of mitochondrial ROS was the most sig-
nificant in cells treated with MNMG (Fig. 7C). Moreover,
even in the absence of sorafenib, GDYO@SP94/DOX-
Fe’*/SLC7A11-i was able to increase the mitochondrial
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ROS, a level lower than other synthesized nanomedi-
cines. In addition, the results of flow cytometry also
showed that the generation of mitochondrial superoxide
also increased with the assembly of different drug com-
ponents, demonstrating that the different components
of the nanotherapeutics exhibited synergistic toxicity
effects (Fig. 7D). Meanwhile, flow cytometry confirmed
that mitochondrial ROS increased with the increase in
MNMG concentration (Fig. 7E).

Ferroptosis and mitochondrial-related protein changes
were further detected. Analysis by western blotting, due
to the destruction of mitochondrial morphology, the
expression of outer mitochondrial membrane protein
porin 1 (VDACI) and mitochondrial transcription fac-
tor A (Ifam) was downregulated, which directly led to
the blockage of the TCA cycle and inhibited the func-
tions of NADH dehydrogenase flavoprotein 2 (NDUFV?2).
In addition, the accumulation of ferrous ions increased
the intracellular active iron pool, affected the iron



Wang et al. Journal of Nanobiotechnology (2024) 22:533 Page 12 of 18

A Huh7 SMMC-7721

Hoechst  Mito Tracker Hoechst  Mito Tracker Merge Zoom
o ol
> >~ %{J
a 8 =3
Q Olwa
E
)
=
O o|]
= =
- -
E
o)
=
=3
wn
B 300, Mitochondrial Respiration 160 Huh? - 80 Huh?7 : IGODuYg?mI
) £ e
. = ® 20 pg/ml
£ 2001 Eno g 60 © 30 pg/ml
=]
3 E 80 = E40 2o
£ 100 = - = s
& -1 o &
o T11 *—o—o 8 40 Ij** 820 rl .
9 9 =]
S i 2l Ll e 40| oo 0 i e o111 | I
Time (minutes) Basal SRC Proton Leak ATP Production
-100-
C Hocechst MitoSox Merge D
~ 1100 Huh? o
g S s =
2 38 ~
© 25 550
- = 2 T
E SL s e EF
: : : (]
23 o = 0
DN
%0 Sorafenib - - + + + +
g3 DOX - + - + + +
== 0 FETO- o+ - -+ o+
. 0 DD sicran -+ + + -+
'—5 ; E 1{SOX KFluorescence GDYO GDYO@SP94
=N
£3
28> G Huh?7
-~ < < 1500 seve
-+ P sed
2 =~ g 1200 o
175} =3 - o
2| 25X = 2 900 o
o| 823 s 5 600
z [=171%) Q E]
5(~~= &= 300
&, 2 E 0 e
2 T A e g 0 10 20 30 40 50
-3 100 10° 107 10 = MNMG (pg/ml)
28 Mitsox Fluorescence
o= F G
I.o S Huh7 GDYO  GDYO
SER p—
;%E ] Sorafenib . _ 4+ 4+ 4+ 4
o ;E‘J MNMG (pg/ml) DOX S+ -+ o+ 4
S I Fer 4 o L 4+ 4
. 0 20 50 KD SLC7A11 KD
53 Huh? + o+ o+ -+
3T 600. e SIRTG W -42 SIRTG Wl 42
S
£ £ 400
~ 3 C ew ww LDHA s o - 37 LDHA e - _37
£ £ 200 =
£ s VDACT o e o =30 VDACT e v -30
2E 0
Sorafenib - - + + + + NDUFV2 @@ -25 NDUFV2 @ == -25
DOX - + - + + +
Fel* _ + _ _ + + Tram @ -24 Tfam -24
SLC7A11 - + + + - +
GDYO GDYO@SP94 GAPDH Wmesmess - 36 GAPDH  we wun s o s i - 36
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homeostasis in the mitochondrial environment, and
produced excessive ROS, which led to the block of gly-
colysis and the inhibition of sirtuin 6 (SIRT6) and lactate
dehydrogenase A (LDHA) expression (Fig. 7F and G).
The presence or absence of mitochondrial dysfunction is
inextricably linked to the occurrence and development of
ferroptosis. In summary, the MNMG can lead to a dra-
matic increase in ROS, inhibit the mitochondrial respira-
tory chain, and impair ATP metabolism in the presence
of massive disruption of mitochondrial morphology.

The MNMG triggers ferroptosis with lipid peroxide
accumulation and glutathione deficiency

The production of lipid peroxides due to the exhaustion
of GSH is one of the important characteristics of ferrop-
tosis [95-97]. We then tested the formation of lipid per-
oxides by BODIPY staining. Similarly, different groups
of synthetic nanomedicines were examined for their
effects on lipid peroxide production. Confocal micros-
copy results showed that after 8 h of MNMG treatment,
Huh7 cells showed the most significant lipid peroxide
formation with red fluorescence of the BODIPY shifted
to green fluorescence (Fig. 8A). In addition, flow cytom-
etry results also confirmed that the production of lipid
peroxides was accentuated with the increasing concen-
tration of MNMG, and the green fluorescence detected
in the MNMG group was the strongest among the six
administration groups (Fig. 8B and C). The results of the
western blotting indicated that due to the interference
effect of the SLC7A11-i and sorafenib loaded in MNMG,
the function of glutamate-cystine antiporter was inhib-
ited, leading to the deficiency of GSH. However, reduced
glutathione directly leads to the inactivation of glutathi-
one peroxidase 4 (GPX4), which further increases the
sensitivity of HCC cells to oxidative stress and weakens
the antioxidant capacity driven by the PERK-NRF2 signal
pathway [98-100]. The expression of Heat Shock Pro-
tein (HSPAS5) was decreased during iron death due to the
unfolded protein reaction of the protective mechanism
was not activated. The inactivation of GPX4 and the Fen-
ton reaction triggered by excess free iron simultaneously
promote the lipid peroxidation of polyunsaturated fatty
acids (Fig. 8D and E).

To further characterize whether the MNMG induces
ferroptosis, Huh7 cells were co-treated with several fer-
roptosis inhibitors in the presence of the MNMG. The
outcomes showed that ferrostatin-1 (ferroptosis inhibi-
tor), DFO (iron chelator), and GSH (glutathione) signifi-
cantly attenuated the damaging effect of the MNMG on
Huh?7 cells and the recovery of GSH was the strongest
(Fig. 8F). Therefore, we further investigated the effect
of MNMG on GSH in Huh7 cells. The mBCL fluores-
cent probe was used to determine the cellular level of
GSH, and it was observed that the fluorescence intensity
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decreased with the treatment of MNMG and recov-
ered after the addition of GSH (Fig. 8G). Similarly, the
results of Calcein-AM/PI staining demonstrated that the
addition of GSH increased the number of live cells and
decreased the number of dead cells compared with the
drug-added group (Fig. 8H). And the results of western
blotting also confirmed that GSH restored the expres-
sion of Heat Shock Protein Family A (HSP70), LDHA,
NRF2, SIRT6, NDUFV2, and Tfam ferroptosis-related
genes (Fig. 8I). Collectively, these results concluded that
MNMG treatment can hinder GSH production, causing
unrestricted lipid peroxidation. Importantly, the ferrop-
tosis inhibitors like ferrostatin-1, iron chelators, and glu-
tathione could attenuate the cell death effect caused by
the MNMG.

The MNMG treatment inhibits xenograft tumors in vivo
growth

To verify the efficacy, safety, and targeting ability of this
multifunctional nanomedicine in vivo, Huh7 tumor-bear-
ing nude mice were randomly divided into two groups
and under the treatment of MNMG for 28 days (Fig. 9A).
To determine the ability of MNMG aggregation at the
tumor site, Cy5.5 labeled MNMG (MNMG@ Cy5.5) was
injected into nude mice and through the tail vein, and
animal fluorescence imaging was monitored at different
time points. This result showed that significant Cy5.5 flu-
orescence was detected at the tumor site and increased
steadily over time (Fig. 9B). Fluorescence quantification
histograms for Cy5.5 showed that MNMG reached a
maximum accumulation after 24 h. This effect suggests
that the MNMG can prolong the circulatory half-life of
drug release and enhance the passive aggregation of the
MNMG in tumor tissues through the EPR effect. We
wondered whether MNMG exerts excellent anticancer
therapeutic potential in xenograft tumors by targeting
the multiple mechanisms of ferroptosis. Compared with
the control group, the tumors of the MNMG administra-
tion group had an obvious antitumor effect (Fig. 9C and
D). Through monitoring the tumor volume, we found
that the tumor volume in the MNMG group shrank obvi-
ously, with almost completely inhibited tumor growth
(Fig. 9E and F). Western blotting analysis showed that
the expression levels of Glutamate Dehydrogenase 1
(GLUDI), PERK, NRF2, Tfam, and SLC7A11 and other
ferroptosis-related genes in tumor tissues of the MNMG
administration group were significantly inhibited, indi-
cating that the complex can also activate ferroptosis in
vivo, which was also consistent with the in vitro experi-
mental outcomes (Fig. 9G). The above findings support
our hypothesis that MNMG can exhibit positive antitu-
mor efficacy in vivo by inducing the activation of the fer-
roptosis pathway and targeting HCC tissues.
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Fig. 8 MNMG causes increased lipid peroxide levels and glutathione deficiency. (A) Huh7 cells were treated with the six groups of nanomedicine for 8 h,
and the changes of intracellular total lipid peroxides were observed by Bodipy staining. Nuclear localization was performed using Hoechst. Below is the
statistical plot of Bodipy staining that produces red and green fluorescence. Scale bar: 30 um. (B, C) Flow cytometry was performed to measure intracel-
lular lipid peroxide by the Bodipy probe. The corresponding quantitative histograms are shown on the right. (D, E) Protein levels of PERK, NRF2, HSPA5, and
GPX4 were assayed by western blotting in Huh7 cells under exposure to the nanomedicines for 24 h. GAPDH was used as an internal control. (F) Huh7
cells were incubated with the MNMG for 24 h in the presence of 3 ferroptosis inhibitors. (G) mBCL staining of Huh7 cells pretreated with the MNMG for
8 h. Fluorescence quantitative statistics of mBCL staining results on the right. Scale bar: 25 pm. (H) Calcein-AM/P! staining was performed on HCC cells
after treatment with the MNMG for 24 h in the presence or absence of GSH. Fluorescence quantitative statistics of Calcin-AM/PI staining results on the
left. Scale bar: 50 um. (I) The levels of related proteins in Huh7 cells treated with MNMG for 24 h in the presence or absence of GSH were determined by
western blotting. GAPDH was used as an internal control. Values represented mean =+ SD. *P<0.05, **P<0.01 compared with control group
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fluorescence imaging of Huh7 tumor-bearing nude mice 2, 8, 24, and 48 h after intravenous injection of the MNMG. The red circle points to the location
of the tumor in the nude mice. On the right is the square statistical chart of ROI counts. Color scale: 5000-50,000. (C, D) Visual comparison of tumors after
28 days of treatment. (E) Changes in tumor volume after treatment. (F) Changes in the mean tumor weight of each group after 28 days of treatment. (G)
Western blotting analysis of key ferroptosis genes expression in two groups of Huh7 tumor-bearing mice. B-Actin and GAPDH were used as the internal
control. (H) Changes in body weight of Huh7 tumor-bearing nude mice after treatment. (I) The blood biochemical data of the vehicle group and the
MNMG group. (J) H&E staining of tumor tissue and key organ samples after different treatments. Scale bar: 50 um. (K) Immunohistochemical staining of
tumor tissue sections showing changes in the expression of Ki67 and PCNA. Scale bar: 25 um. Values represented mean+SD. *P<0.05, **P<0.01 com-
pared with control group

In addition, the weight of tumor-bearing nude mice =~ Meanwhile, the blood biochemical indexes of the two
was measured during the administration period, and groups also showed that MNMG had minimal side
the effect of MNMG administration on weight reduc- effects on the tumor-bearing mice (Fig. 9I). Importantly,
tion was not obvious, showing high safety (Fig. 9H). the results of H&E staining of heart, liver, spleen, and
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kidney tissues showed that there was almost no differ-
ence between the vehicle group and the MNMG group,
indicating that the MNMG drug showed minimal toxic
side effects in the main organs of the tumor-bearing mice
(Fig. 9]). We also extracted tumor tissue for H&E stain-
ing, and the MNMG-administered group displayed an
increased necrotic area of tumor tissue. Immunohisto-
chemical results showed that the MNMG could decrease
the expression of Ki67 and PCNA, thereby inhibiting the
proliferation of tumor tissue (Fig. 9K).

Conclusion

Our findings provide valid experimental evidence that
the nanomedicine delivery strategy MNMG has signifi-
cant superiority for targeted and precision treatment in
HCC. Based on the GDYO ultra-thin nanosheet with
SP94-PEG linked and loaded with sorafenib, DOX-
Fe’*, and SLC7A11-i, this multifunctional nanomedi-
cine MNMG can be used to induce ferroptosis in HCC
cells. When iron metabolism is abnormal in liver cancer
cells, iron accumulation was occurring, which is suitable
for targeted therapy by inducing ferroptosis. The induc-
tion of ferroptosis by MNMG can enhance the targeted
aggregation of drugs at the tumor site and improve the
treatment efficiency of chemotherapy. In conclusion, the
current research data provide strong evidence that the
MNMG can effectively increase drug enrichment at the
site of HCC, improve the efficiency of antitumor therapy;,
and actively target the treatment of HCC. Notably, the
MNMG has special advantages and good dispersibility,
which solves the problem of toxic side effects caused by
traditional chemotherapeutic drugs and the problem of
water solubility of sorafenib. It is a promising nanomedi-
cine that preferentially targets HCC cells through ferrop-
tosis. Our study provides experimental evidence that the
successfully synthesized MNMG could induce ferroptosis
and enable a significant increase in the efficiency of anti-
tumor therapy both in vitro and in vivo, which may be a
promising therapeutic strategy.
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