Chemical Engineering Journal 499 (2024) 156050

ELSEVIER

Contents lists available at ScienceDirect
Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

Check for

Biomimetic Fe>" metal-phenolic networks enable DNAzyme and Cas9 RNP | %
delivery for synergistic tumor ferroptosis-immunotherapy

Chao Chen ™', Xueting Shen ™', Silin Shi®, Yin Xu®, Hongxiu Song?, Lihua Qu”, Shiyu Du®,

Yamei Gao“, Xin Han™"

@ The Second Affiliated Hospital of Nanjing University of Chinese Medicine, Jiangsu Collaborative Innovation Center of Chinese Medicinal Resources Industrialization,

School of Medicine, Nanjing University of Chinese Medicine, Nanjing 210023, China

b School of Basic Medical Sciences, Xianning Medical College, Hubei University of Science and Technology, Hubei 437000, China

¢ College of Engineering and Applied Sciences, Nanjing University, Nanjing 210023, China

4 Department of Dermatology, First Affiliated Hospital of Nanjing Medical University and Jiangsu Province People’s Hospital, Nanjing 210029, China

ARTICLE INFO ABSTRACT

Keywords: Ferroptosis has the potential to induce powerful antitumor immunity by activating immunogenic cell death (ICD)
Metal-phenolic networks of tumor cells. However, achieving precise and effective ferroptosis-immunotherapy remains challenging.
DNAzyme Herein, a biomimetic metal-phenolic networks (MPNs) nanosystem was proposed for codelivery of Cas9 ribo-
Cas9 RNP . . ‘o ..

Ferroptosis nucleoprotein (RNP) and DNAzyme systems to achieve robust synergistic ferroptosis-immunotherapy. The

nanosystem was consisted of MPNs containing tannic acid (TA) and Fe>" ions, the Cas9 RNP and DNAzyme
systems, which were released and exerted their respective functions after intracellular delivery with the aid of
erythrocyte membrane camouflage. The Fe?* jons were produced from Fe®* by TA reduction to assist in
endosomal escape and induced ferroptosis. Cas9 RNP entered into the nucleus and executed gene editing of GPX4
to enhance ferroptosis and thus induce ICD. Simultaneously, Fe?* assisted DNAzyme system was activated to
silence GPR65 gene expression to further achieve synergistic ferroptosis-immune responses, resulting in the
eradication of both orthotopic and pulmonary metastatic tumors. Overall, this biomimetic nanosystem provides a
versatile strategy for synergistic gene editing, ferroptosis, and immunotherapy to achieve robust ferroptosis-

Tumor immunotherapy

immunotherapy.

1. Introduction

As an iron-regulated unique form of programmed cell death, fer-
roptosis is quite different from apoptosis, necrosis and autophagy, and is
mediated by iron-dependent accumulation of lipid peroxidation (LPO)
[1,2]. Ferroptosis has recently attracted considerable attention as a
potential cancer therapeutic method [3,4]. The limited function of
glutathione peroxidase 4 (GPX4) or excessive LPO can directly or indi-
rectly induce ferroptosis, and leading to a large accumulation of lipid
peroxides and eventually triggers cell death [5,6]. Notably, GPX4 is the
only glutathione peroxidase in the cell responsible for reducing lipid
peroxides by converting peroxy bonds into hydroxyl groups through a
specific biochemical process that deactivates lipid peroxides [7-9].
Studies have shown that GPX4 and ferroptosis involve in the patho-
physiology of several diseases, including cancer [10]. Moreover, as the
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cystine/glutamate antiporter system, System Xc~ contains two essential
subunits (SLC7A11 and SLC3A2) that directly inhibit ferroptosis by
regulating the intracellular glutathione levels and GPX4 activity.
Conversely, interferon-y (IFN-y) is a crucial cytokine produced by acti-
vated immune cells, and it has been reported that IFN-y can indirectly
alter the susceptibility of tumor cells to ferroptosis by interacting with
the immune system and possibly iron homeostasis [11].
Metal-phenolic networks (MPNs), as a new organic—inorganic hybrid
network system, have received extensive attention in recent years
[12-14]. Among them, Fe-based MPNs shows the excellent stability,
controllability, versatility and high drug loading capacity and has the
potential as a ferroptosis nano inducers [15]. As a naturally occurring
polyphenol extracted from plant, tannic acid (TA) can serve as chelating
sites for multivalent metal ions due to its rich digalloyl groups and form
stable organometallic MPNs [16]. However, the challenges of synthesis
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difficulties, potential toxicity, and poor biocompatibility still need to be
addressed for practical applications [17]. Compared with the conven-
tional nanosystems, the erythrocyte membrane (EM) camouflaged
nanoparticle has the preferable characteristics of prolonged circulation
time in vivo, enhanced phagocytosis resistance, and immune evasion by
mimicking the function of erythrocyte, which enables higher biocom-
patibility and stability [18,19]. Therefore, EM based biomimetic de-
livery have shown broad application prospects in many fields such as
drug delivery, tumor therapy, and biological imaging [20,21].
Recently, the strategy of combining ferroptosis mechanism with
immunotherapy has shown excellent efficacy in cancer treatment
[15,22]. Studies have shown that the combined application of immu-
notherapy and ferroptosis can produce amplified anti-tumor efficiency
[23,24]. With the further development of ferroptosis, damage-
associated molecular patterns (DAMP) are released, suggesting the
occurrence of immunogenic cell death (ICD) in tumor cells [25-27]. The
ICD process activates cytotoxic T lymphocytes (CTLs) through the
antigen-presenting mechanism, which further triggers a new round of
ferroptosis-immunotherapy cascade and exponentially amplifies the
therapeutic effects [28-30]. As an innate immune checkpoint gene, G-
protein-coupled receptor (GPR65) has a profound impact on the tumor
microenvironment by inhibiting the release of inflammatory factors and
inducing up-regulation of tissue repair genes [31,32]. Studies have
indicated that downregulation of GPR65 can decrease the expression of
PD-L1 in melanoma [33]. CRISPR-Cas9 gene editing system is the most
widely used type II CRISPR system and has great potential for tumor
gene therapy [34,35]. DNAzyme has been widely used in gene therapy
because of its remarkable metal ion catalyzed RNA splitting property
[36-38]. The ingenious combination of DNAzyme and CRISPR-Cas9
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system can precisely regulate the expression of dual target genes from
both of the transcription and translation levels, showing unprecedented
accuracy and efficiency.

In this study, we proposed an EM-based biomimetic MPNs nano-
system for co-delivery of Cas9 ribonucleoprotein (RNP) and DNAzyme
systems to achieve robust synergistic ferroptosis-immunotherapy. Dur-
ing the process of nanosystem synthesis, TA combines with Fe>* to form
the TA-Fe (TF) MPNs and subsequently modified with cationic poly-
electrolyte (poly(allylamine hydrochloride), PAH) (TF@P). Cas9 RNP
and DNAzyme systems were electrostatically adsorbed on TF, and then
encapsulated with EM to form the final DR-TF@E nanosystem (Fig. 1A).
After intracellular delivery with the assistance of EM camouflage, the
MPNs degraded into TA and Fe3*, in which Fe?* ions were produced
from Fe** by TA reduction to assist in endosomal escape and induced
ferroptosis. Meanwhile, gene editing of GPX4 by the Cas9 RNP enhanced
ferroptosis and induced ICD, which synergized with Fe?" assisted
DNAzyme system for gene silencing of GPR65, to realize synergistic
ferroptosis-immunotherapy (Fig. 1B). By synergistic combination with
ferroptosis, immunotherapy, and gene therapy, this biomimetic nano-
system provides a versatile tumor therapeutic strategy with highly ef-
ficiency and safety.

2. Results and Discussion
2.1. Synthesis and characterization of DR-TF@E nanosystem
Nanosized networks, TF was firstly assembled using tannic acid (TA)

coordinated with metal complex of Fe>" and characterized by the
transmission electron microscope (TEM) and dynamic light scattering
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(DLS). It was shown that TF appeared good dispersity under TEM
observation (Fig. S1A) and had a hydrodynamic diameter of 125.6 +
2.7 nm (Fig. S1B). Then, the sgRNA was synthesized and verified by gel
electrophoresis (Figure S2) and the TF was directly mixed with the
cationic PAH and the Cas9 RNP and DNAzyme systems was encapsulated
subsequently to synthesis the DR-TF@P. DR-TF@E nanosystem was
obtained by the outermost layer modification of the erythrocyte mem-
brane (EM), which improved the stability and targeting property of the
nanosystem (Fig. 2A). The synthetic process of DR-TF@E was monitored
using the TEM imaging, DLS and { potential measurements. DR-TF@E
appeared in spherical shape with good dispersibility under the TEM
imaging (Fig. 2B) and had an increased hydrodynamic diameter of 226.6
+ 34.2 nm (Fig. 2C). The results indicated an obvious decreased of ¢
potential from + 50.7 + 1.53 mV (TF@P) to + 31.2 + 1.2 mV (DR-
TF@P) after encapsulated with the Cas9 RNP and DNAzyme system, and
then down to a negative value (DR-TF@E, —4.3 + 0.1 mV) after modi-
fied with the EM (Fig. 2D). The changes in hydrodynamic diameter and ¢
potential suggested the successful synthesis of the DR-TF@E nanosystem
(Figure S3). The XPS spectrum of TF complex showed the peaks of Fe 2p
(711eV),015s(532eV),N15s(399eV), and C 1 s (286 eV), indicating
the successful coordination of Fe(III) (Fig. S4A). According to the stan-
dard binding energy lookup table, the two strong binding energy peaks
at 711 and 724 eV, belonging to Fe(IIl) 2p3/2 and Fe(Ill) 2pl/2,
respectively, which verified that the Fe in TF complex was ferric irons
(Fig. S4B). Moreover, the harvested EM was confirmed using the TEM
imaging (Figure S5), and the integrity of EM on DR-TF@E nanosystem
was studied using gel electrophoresis analysis (Figure S6), which indi-
cated that the composition of membrane proteins was largely preserved
and similar to that of the EM controls. To verify the enhanced cellular
endocytosis property of EM modified nanosystem, the FAM-labeled
nanosystem was assembled and the results indicated that the DR-
TF@E with EM coating could obviously enter into the tumor cells
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compared with the DR-TF without EM coating (Figure S7), thus
enhanced the in vitro antitumor effects of nanosystem. The stability of
DR-TF@E nanosystem with EM coating was also confirmed in a variety
of solutions (HO, PBS, and DMEM), and found that the nanosystem
could exist stably in a variety of solutions for a long time (at least 24 h)
(Figure S8A-C), which suggesting the in vitro stability of nanosystem.
To further determine the loading capacity of TF@P encapsulating
Cas9 RNP and DNAzyme systems, FAM-labeled DNAzyme complex was
used and it was indicated that DR-TF@E showed a favorable loading
capacity of DNAzyme system (Fig. 2E), that is, FAM-labeled DNAzyme
gradually loaded with the increase of TF proportion. FITC-labeled Cas9
nuclease was also employed to detect the loading efficiency of the Cas9
RNP in DR-TF@E nanosystem, and the results demonstrated that Cas9
nuclease was gradually loaded with the increase of TF amount, sug-
gesting that DR-TF@E had a good loading efficiency for Cas9 RNP
(Figure S9). We also detected whether the ratio of Cas9 RNP to DNA-
zyme affected the loading capacity of TF@P and it was found that the
change in ratio of Cas9 RNP to DNAzyme had little effect on the loading
capacity of TF@P (Figure S10). Meanwhile, the cargo release ability of
DR-TF@E nanosystem was measured under the mimic tumor microen-
vironment (TME) conditions and FITC-labeled Cas9 protein was
employed to indicate the loading cargo. It was found that the fluores-
cence intensity was obviously gradually increased with the increasing
incubation time (0, 2, 8, 12 h) and decreasing pH value (pH 7.4, 6.0, and
5.0) (Figure S11A-B), which indicated that DR-TF@E nanosystem could
successfully release the loading cargo under the TME. After completing
the structure verification of nanosystem, the functional properties were
further explored. Fe>* in nanosystem could gradually reduce to Fe?*
through TA under TME condition, and it was shown that the percentage
of Fe>™ upregulated as the pH value decreased from 7.4 to 5.0, especially
approximately 64 % of Fe3* was reduced to Fe>" within 1 h at pH 5.0
(Fig. 2F and Figure S12A). The methylene blue (MB) detection was
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Fig. 2. Characterization of Biomimetic Fe®* metal-phenolic networks. A) Synthesis process of DR-TF@E nanosystem. B) Representative TEM images of DR-TF@E
nanosystem. Scale bar: 50 nm. C) Hydrodynamic diameters of DR-TF@E. D) { potentials of different intermediates during the synthesis of DR-TF@E nanosystem.
E) Fluorescence intensity of free FAM-labeled DNAzyme after TF adsorption at different DNAzyme/TF@P ratios. F) Measurement of Fe>" content under different pH
conditions; G) Degradation rate of MB at pH 6.5 or 7.4 in the presence of H,O,. H) Native-gel electrophoresis image shows the cleavage activity of DNAzyme for
mRNA substrate of GPR65. Dz: DNAzyme; c-mRNA: cleaved mRNA; Results are represented as means + SD (n = 3).
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employed to detect the Fenton reaction initiated by in situ generated the
Fe?" interacted with Hy0, (Fig. 2G and Figure S12B), and the Fe*' was
regenerated subsequently with reactive oxygen species (ROS) produc-
tion and continually the next round of reaction. Notably, the Fe?* con-
verted from the DR-TF@E under TME could be used as the metal
cofactor of DNAzyme system for RNA cleavage and the GPR65 mRNA
substrate was employed. The result indicated that the designed DNA-
zyme system could effectively cleave the GPR65 mRNA substrate, of
which the Dz + c-mRNA band in Dz + mRNA + Fe?" channel was
slightly lower than the Dz + mRNA band in Dz + mRNA channel as well
as the appearance of c-mRNA band, suggesting the effective cleavage of
GPR65 mRNA substrate (Fig. 2H). These results indicated that the
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biomimetic Fe>* metal-phenolic network was successful assembled.

2.2. Dual gene regulation of DR-TF@E in vitro

Under the premise of detecting cytotoxicity of TF@E on B16F10
melanoma cells, 50pg mL ™! of nanosystem was selected for the subse-
quent experiments (Figure S13). As designed in this study, the DR-TF@QE
nanosystem released DNAzyme system in cytoplasm for GPR65 gene
silencing and Cas9 RNP in nucleus for GPX4 gene editing (Fig. 3A). Thus,
prior to the evaluation of DNAzyme gene silencing and Cas9 RNP gene
editing, whether the internalization and endosomal escape of DR-TF@E
and the nuclear entry of Cas9 RNP was first confirmed. FAM-labeled
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Fig. 3. Gene regulation efficiency of DR-TF@E nanosystem in vitro. A) Mechanism diagram of DR-TF@E released Cas9 RNP and DNAzyme for GPX4 gene editing and
GPR65 gene silencing, respectively. B) The lysosome escape capacity of DR-TF@E nanosystem was detected by using FAM-labeled DNAzyme and representative
images were taken by CLSM at different time periods (0 h, 6 h). Scale bar: 20 pm, enlarged scale bar: 10 pm. C) gRT-PCR analysis of GPR65 mRNA levels in B16F10
cells with different treatments. D) Cy3-labeled Cas9 protein assembled DR-TF@E was used to detect the lysosome escape and nuclear entry ability of Cas9 RNP. Scale
bar: 20 pm, enlarged scale bar: 10 pm. E) Western blot analysis and quantitative analysis of GPX4, GPR65 and ACSL4 protein expression in B16F10 cells after treated
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C. Chen et al.

GPR65 mRNA

Re....

Cas9RNP

&

Gene silencing

/—\

\ GPR65 ‘

b /
Fenton-like reaction\

GSH } GSSG

Chemical Engineering Journal 499 (2024) 156050

tpof

\ / RN p

=

: GPX4 | 4
\ WW System Xc- A
~~  .OH -O0OH Tumor inhibition
,,,,,,,,,,,,,,,,,,,,,,,,, Nucleus % Gemeediting " T
BA 200 C 15 D o
) s
% é kR
3 150 s 60
] s
= 100 8
5 00 ]
£ 2
S 50 g
Qo
o <
o 0
& @ S & & & &
& 8 ¢ & & &8
S
E
ctrl TF@E R-TF@E DR-TF@E
0
o - - - -
3
F Scale bar: 100 pm
ctrl TF@E D-TF@E R-TF@E DR-TF@E
[
=
<
i
@
°
]
o
Scale bar: 100 pm
G Ctrl TF@E D-TF@E R-TF@E DR-TF@E
10° 10° 10¢ 10 - 108
3.8% 4.0% ey 17.2% 4.8% 1 :25.7% 5.5% 26.1% 3.0% . 41.5%
10% 10° ] 10°] 10°]
1044 10°] 10% 1044
10°4 & 10°4 10°4 10°q
[ E = -
1%%67.0% 3| 1% Y60 3% 929 '%65.0% 34| 1% Ya 4% 1%
100 10° 10° 10° 10° 10°  10° 10° 10° 10° 10° 10° 10° 10° 10° 10° 10° 10* 10° 10°
FITC

Fig. 4. Antitumor efficiency evaluation of DR-TF@E nanosystem in vitro. A) Schematic diagram of DR-TF@E nanosystem synergistic induced ferroptosis to realize
tumor inhibition. B) Analysis of LPO content in B16F10 cells with different treatments. C) Cell viability analysis of B16F10 cells after treated with different for-
mulations. D, G) Flow cytometry analysis of apoptosis in B16F10 cells. E) ROS fluorescence images of B16F10 cells stained with DCFH-DA. Scale bar: 100 pm. F)
Representative fluorescence images of Calcein-AM (green, live cells) and PI (red, dead cells) co-stained B16F10 cells after treated with different formulations. Scale
bar: 100 pm. Data were expressed as means + SD (n = 3). *P < 0.05, **P < 0.01 and ***P < 0.001. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

DNAzyme and lysosomal dyes of Lyso-Tracker were employed and found
that the DNAzyme released from DR-TF@E could successfully escape
through lysosomes into cytoplasm (Fig. 3B), which presumably due to
the proton effects of metal cations. The gene silencing efficiency of DR-
TF@E nanosystem was detected using qRT-PCR, and the D-TF@E and
DR-TF@E groups could obviously downregulate the mRNA levels of
GPR65, compared with the control and other groups (Fig. 3C). More-
over, Cy3-labeled Cas9 nuclease was used to monitor the nuclear entry
of Cas9 RNP and it was shown that the significant Cy3 fluorescence
signals were observed in the nucleus after 6 h of incubation under CLSM
imaging (Fig. 3D), suggesting the successful endosomal escape and nu-
clear delivery of Cas9 RNP in B16F10 cells.

After verified the successful intracellular delivery, the gene regula-
tion efficiency of DR-TF@E nanosystem was further studied. The results
of Western blotting indicated that the DR-TF@E and R-TF@E treated
groups could significantly decrease the protein expression of GPX4
rather than that of the control and other groups, and the protein levels of
GPR65 could be obvious downregulated by the DR-TF@E and D-TF@E
treatments (Fig. 3E), which consisted with the qRT-PCR results of
Fig. 3C, and suggested the favorable gene regulation capacity of DR-
TF@E nanosystem. To further verified the gene editing efficiency of
DR-TF@E, a T7 Endonuclease I (T7E1) assay was performed to assess the
frequency of mutation generated in B16F10 cells. The results indicated
that the R-TF@E and DR-TF@E groups could lead to a much higher
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mutation frequency of 28.2 % and 25.0 %, respectively (Fig. 3F and
Figure S14). In addition, small insertions and deletions (indels) sus-
ceptible to double-strand breaks repair by the nonhomologous end
joining were observed at the target site near the protospacer adjacent
motif (PAM), through sequencing the PCR amplicons (Fig. 3G). The
results suggested that the DR-TF@E nanosystem proposed the favorable
dual-gene regulation capacity in vitro.

2.3. Ferroptosis induction and tumor inhibition of DR-TF@E in vitro

DR-TF@E nanosystem achieved the synergistic ferroptosis through

Chemical Engineering Journal 499 (2024) 156050

dual-gene regulation of GPR65 and GPX4, which ultimately resulted in
tumor inhibition (Fig. 4A). To detect the ferroptosis induced by nano-
system, lipid peroxidation (LPO), a key indicator of ferroptosis was
investigated, and it was found that significant accumulation of LPO was
observed in the D-TF@E, R-TF@E, and DR-TF@E groups, especially for
DR-TF@E treated group (Fig. 4B). Subsequently, a DCFH-DA probe was
used to determine the production of ROS, and the most pronounced
intracellular fluorescence was observed in the DR-TF@E treated group
compared to the other groups (Fig. 4E and Figure S15), and the fluo-
rescence intensity of ROS was gradually enhanced with the increasing
incubation time (Figure S16). To further verify the ferroptosis induction,
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Fig. 5. Antitumor ability evaluation of DR-TF@E nanosystem in vivo. A) Schematic diagram of DR-TF@E nanosystem for orthotopic tumor administration. B) Body
weight monitoring of mice during the treatment process. C) Tumor weight and D) physical images of excised tumors after different treatments as indicated. E) Tumor
growth curves of mice in different treatment groups. F) Representative H&E staining, IHC analysis of Ki-67 and TUNEL fluorescent staining in tumor sections. Scale
bar: 50 pm. Data were expressed as means + SD (n = 5). *P < 0.05, **P < 0.01 and ***P < 0.001.
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the protein expression of crucial ferroptosis-related gene, GPX4 and
ACSL4, were detected using Western blotting. As shown in Fig. 3E, the
DR-TF@E group could obviously decrease the protein level of GPX4 and
increase the protein expression of ASCL4 compared with the other
groups, suggesting that the DR-TF@E could induce ferroptosis through
interfering with the related genes.

Subsequently, the performance of DR-TF@E nanosystem on tumor
cells viability were performed. As shown in MTS assay detection, DR-
TF@E nanosystem exhibited the highest cytotoxicity to B16F10 cells
compared with other treatment groups (Fig. 4C). The live/dead fluo-
rescent cell staining assay using the Calcein-AM and PI dyes indicated
that the DR-TF@E treated groups showed the weakest green intensity
and the highest red intensity compared to the other treated groups
(Fig. 4F), which consistent with the trend of MTS results. Additionally,
the cell apoptosis induced by nanosystem was measured using flow
cytometry, and the highest apoptosis rate was observed in the DR-TF@E
group, compared with the PBS and others TF@E-based nanosystem
groups (Fig. 4D, G). In summary, the above results revealed that the DR-
TF@E nanosystem could induce ferroptosis and thus resulted in tumor
cell inhibition.

2.4. Antitumor effects of DR-TF@E nanosystem in vivo

The favorable in vivo therapeutic effect and lower biological toxicity
are based on the excellent tumor targeting capacity of nanosystem. Thus,
the biodistribution of DR-TF@E in orthotopic xenograft mice after sys-
tematic administration was detected and it was observed that the
indocyanine green (ICG)-assembled DR-TF@E was mainly accumulated
in the tumor regions under IVIS imaging, and further confirmed by the
fluorescence signals distribution in subsequently harvested major organs
(i.e., heart, liver, spleen, kidney, and lung) and tumor tissues
(Figure S17), suggesting the favorable tumor targeting of nanosystem.
Encouraged by the positive results of in vitro experiments, the antitumor
efficacy of synthetic nanosystem was proceed on B16F10 orthotopic
tumor model, and the nanosystems were first administrated via intra-
venous injection when the tumor volume of about 80 mm? (Fi g. 5A). The
changes of mouse weight were monitored and no lethality or pro-
nounced drop was observed in the treatment process (Fig. 5B). The
tumor growth curve was monitored and found that the DR-TF@E groups
(51.3 = 7.5 mm®) exhibited the most robust suppression of tumor
growth, compared with the PBS (848.2 + 185.1 mma), TF@E (552.8 +
58.4 mm?®), D-TF@E (298.3 + 32.3 mm?), and R-TF@E (283.3 + 34.9
mm?) treated groups (Fig. 5E), indicating the superior antitumor effi-
cacy of nanosystem. In addition, the xenograft tissues were harvested
and weighed after euthanasia of mice, and the trend of physical image
and weight of collected tumor further confirmed the therapeutic efficacy
of nanosystems in vivo (Fig. 5C-D).

The Hematoxylin-eosin (H&E) and immunohistochemistry (IHC)
staining were performed on the tumor sections of each group for further
evaluate the therapeutic effects of DR-TF@E nanosystem. The H&E
staining results showed that the TF@E based nanosystem treated groups
exhibited an obvious decreased cell density, especially for the DR-TF@E
group (Fig. 5F). IHC staining of Ki-67 for cell proliferation and TUNEL
(terminal deoxynucleotidyl transferase-mediated deoxyuridine triphos-
phate nick end labeling) staining for cell apoptosis indicated that the
most proliferation repression and apoptosis promotion effects induced
by the DR-TF@E treatment (Fig. 5F). Furthermore, H&E staining of the
major organs of all groups demonstrated that no noticeable abnormality
or appreciable organ damage (Figure S18). The harvested peripheral
blood of mice with treatment of PBS or DR-TF@E nanosystem, and the
separated serum was used for the standard serum biochemistry analysis.
The results showed that the value of liver and kidney function in-
dicators, such as, ALT (alanine aminotransferase), ALP (alkaline phase),
AST (aspartate aminotransferase), TP (total protein), UREA (urea), and
CREA (creatinine), were within the normal reference range both in the
PBS and nanosystem groups (Figure S19A-F), suggesting the favorable
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biocompatibility of nanosystem in vivo. In all, the DR-TF@E nanosystem
emerged robust antitumor efficiency with highly biological safety in
vivo.

2.5. Gene interference and ferroptosis induction of DR-TF@E in vivo

The efficiency of GPX4 gene editing and GPR65 gene silencing
induced by DR-TF@E were further verified in the tumor tissues. Western
blotting results revealed that the DR-TF@E and R-TF@E treatments
could obviously downregulate the protein levels of GPX4, and the pro-
tein expression of GPR65 was significantly decreased by the D-TF@E
and DR-TF@E treated groups (Fig. 6A-B), demonstrating the excellent
gene interference capacity of nanosystem. In order to further confirmed
the GPX4 gene editing efficiency of DR-TF@E, a T7E1 mismatch
detection assay was also performed in the tumor tissues and indicated
that the R-TF@E and DR-TF@E groups showed the mutations frequency
of 21.1 % and 19.3 %, respectively (Fig. 6C and Figure 520). To more
fully reveal the results of gene editing, Sanger gene sequencing was
employed and revealed that the DR-TF@E treatment induced the small
insertions and deletions (indels) on the targeting DNA sequences
(Fig. 6D).

In view of ferroptosis induction of the DR-TF@E, ferroptosis related
crucial genes, GPX4, GPR65 and ASCL4, were evaluated in the tumor
tissues by western blotting and the results demonstrated that the DR-
TF@E group could significantly decrease the protein levels of GPX4
and GPR65, and increased the protein expression of ACSL4 (Fig. 6A). In
addition, IHC staining of GPX4, GPR65, and ACSL4 in the tumor sections
showed and verified that the DR-TF@E treatment could downregulate
the protein levels of GPX4 and GPR65 and upregulate the protein
expression of ACSL4 (Fig. 6E and Figure S21), which suggesting the
efficient ferroptosis induction of the DR-TF@E in vivo.

2.6. Robust antitumor immunity and pulmonary metastasis of DR-TF@QE
in vivo

To elucidate the DR-TF@E mediated tumor ferroptosis-immune
response, the tumor and spleen tissues of all treatment groups were
collected and analyzed using flow cytometry. As crucial antigen-
presenting cells in initiating immunity, matured dendritic cells (DCs,
CD11c¢"CD80"CD86™) were first evaluated in tumors and the results
showed that the DR-TF@E treatment could significantly promote the
maturation of DCs (22.9 + 1.2 %) compared with PBS treated group (8.1
+ 1.1 %) (Fig. 7A and B). Subsequently, the percentage of infiltrated
cytotoxic T lymphocytes (CTLs, CD3"CD4 CD8") were identified in
spleens, and the percentage of CD8" T cells in the DR-TF@E treated
group (23.1 + 3.6 %) was higher than those in the PBS group (13.2 +
0.5 %) (Fig. 7C-D). Meanwhile, the CD4 " helper T cells were evaluated
in spleens and found that the DR-TF@E treatment could obviously
upregulate the population of CD4 " T cells (43.5 + 1.7 %) compared with
the PBS administration (29.6 + 0.9 %) (Fig. 7C-D). Meanwhile, immu-
nofluorescence staining of CD8 and CD4 in tumor sections indicated that
the DR-TF@E nanosystem treatment could significantly increase the
CTLs and helper T cells infiltration compared with PBS administration,
which was similar to the results of flow cytometry (Figure S22). In
addition, the serum levels of interferon-gamma (IFN-y), interleukin-6
(IL-6), and tumor necrosis factor-o (TNF-a) were detected to further
confirmed the antitumor immunity. It was indicated that the DR-TF@E
treatment could significantly increase the levels of IFN-y, IL-6 and TNF-a
compared with the PBS treatment (Fig. 7E-G). The IFN-y-System Xc~
pathway in ferroptosis was also confirmed by evaluating the crucial
component of System Xc~, SLC7A11. The results of SLC7A11 protein
expression in tumor sections was detected by western blotting, and
indicated that the DR-TF@E could significant downregulate the
SLC7A11 protein level, compared with the PBS group (Figure S23),
which suggested that the DR-TF@E nanosystem could further promote
ferroptosis by inducing tumor cell to secrete IFN-y, thereby inhibiting
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= 5). *P < 0.05, **P < 0.01.

the System Xc~ pathway. In summary, this nanosystem reversed
immunosuppressed “cold” tumors to immunoactivated “hot” tumors and
implemented robust tumor ferroptosis-immunotherapy.

The capacity of DR-TF@E nanosystem on metastatic tumor was
further verified, and the pulmonary metastatic tumor model was
established by intravenous injection of B16F10 cells. Lung tissues from
each treatment groups were collected at the end of the experiment for
detailed analysis and evaluation (Fig. 7H). In contrast to the PBS treated
group covering dark metastatic tumor nodules, the invisible metastatic
tumor nodules were observed on the surface of lung in the DR-TF@E
treated group, which was similar to the unmodeled group. Notably,
only a small amount of metastatic tumor nodules was observed on the
lungs of D-TF@E and R-TF@E treatment groups (Fig. 7I), suggesting the
inhibition of synergistic ferroptosis-immunotherapy on metastatic
tumor. To further verified the anti-metastatic tumor efficiency of
nanosystem, the lung tissues of each treatment group were performed
H&E staining. H&E staining of lung tissues results indicated that a barely
visible metastatic tumor nodules were observed on the lung tissue sec-
tions after DR-TF@E treatment, which was consisted with the physic
images of lung tissues (Fig. 7J). These findings provided that the DR-

TF@E nanosystem proposed a powerful anti-metastatic tumor
efficiency.

3. Conclusions

Summarily, we successfully developed EM-based biomimetic Fe>*
metal-phenolic networks to realize synergistic tumor ferroptosis-
immunotherapy through simultaneous delivery of DNAzyme and Cas9
RNP systems. The biomimetic DR-TF@E nanosystem could precision
delivery of Cas9 RNP and DNAzyme systems for GPX4 gene editing and
GPR65 gene silencing. To be specific, Fe>* released from nanosystem
was reduced to Fe?™ by TA in the TME, which assisted in endosomal
escape of nanosystem and served as the metal cofactor of DNAzyme
system for GPR65 gene silencing. Meanwhile, Fe?" interacted with HyO5
initiated the Fenton-like reaction and Cas9 RNP mediated gene editing
of GPX4 induced the enhanced ferroptosis. The ferroptosis induced
immunogenic cell death-initiated a series of systemic immune responses
and eventually resulted in tumor elimination. This biomimetic nano-
system achieves dual-gene regulation with highly efficiency and
biosafety and provides a robust synergistic tumor ferroptosis-
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immunotherapy.
4. Materials and Methods
4.1. Materials
Ferric chloride hexahydrate (FeCl3-6H20) and tannic acid (TA) were

acquired from McLean Biochemical Co., Ltd. (Shanghai, China). Poly-
allylamine hydrochloride (PAH) was purchased from Sinopharm

Chemical Reagent Co., Ltd. (Shanghai, China). DMEM culture medium,
MTS detection kit were obtained from KeyGen Biotech. Co., Ltd.
(Nanjing, China). Serum-free cell cryopreservation solution was pur-
chased from New Cell & Molecular Biotech Co., Ltd. (Suzhou, China).
Lipid Peroxide (LPO) Content Assay Kit was purchased from Beijing
Solarbio Science & Technology Co., Ltd. (Beijing, China). Both of the
FastPure® Cell/Tissue DNA/Total RNA Isolation Kit V2, T7 Endonu-
clease I, HiScript III RT SuperMix for qPCR (+gDNA wiper), and ChamQ
Universal SYBR qPCR Master Mix were purchased from Vazyme
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Biotechnology Co., Ltd. (Nanjing, China). ELISA kits for TNF-a, IFN-y
and IL-6 analysis were obtained from Dakewe Bio-engineering Co., Ltd.
(Shenzhen, China). All aqueous solutions were prepared using ultrapure
water (18.2 MU, Milli-Q; Millipore). The primary antibodies were
commercially available and listed in Table S1. All oligonucleotides were
obtained from Sangon Biotech (Shanghai) Co., Ltd. (Shanghai China)
and the sequences were provided in Table S2 and S3.

4.2. Biodistribution and anti-tumor evaluation

All animal procedures were performed under the guidance of the
Institutional Animal Care and Use Committee of the Nanjing University
of Chinese Medicine (ethical approval number: 202309A042).

For orthotopic tumor model, melanoma B16F10 cells (1 x 10° cells)
were injected subcutaneously into the right flank of C57BL/6 mice. The
modeled mice were randomly divided into five groups when the tumor
size was about 80 mm?, which treated with PBS, TF@E, D-TF@E, R-
TF@E and DR-TF@E through intravenous injection every other day for
ten days, respectively. the mice body weight and tumor volume were
monitored at the treatment process, and the tumor volume was calcu-
lated using the following formula: Viymer = 1/2 x (length x width?). At
the end of experiment, the mice were sacrificed and tumor tissues, pe-
ripheral blood, and major organs were collected for further analysis. To
further verified the antitumor immune-responses of DR-TF@E nano-
systems, the population of CD11¢"CD86CD80" DCs, CD3*CD8™ infil-
trated cytotoxic T cells, and CD3CD4 " helper T cells in tumor or spleen
tissues were analyzed by flow cytometry.

For pulmonary metastases tumor model, the mice were intravenous
injection of melanoma B16F10 cells (1 x 10° cells) and randomly
divided into five groups. The modeled mice were administrated with
nanosystem every two days for 15 days. At the end of experiment, the
mice were sacrificed and the pulmonary tissues were harvested and
photographed. The pulmonary metastasis of tumor was visualized by
H&E staining and the metastasis regions were marked in the pulmonary
sections of each group to evaluate the anti-metastasis efficiency of
nanosystem.

4.3. Statistical analysis

At least three experiments were carried out in duplicate, and the
experimental data were expressed in the form of means + standard
deviation. For statistical significance between two groups verified using
a two-sided Student’s t test analysis. *P < 0.05, **P < 0.01 or ***P <
0.001 means statistical significance.
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