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The immunotherapy efficiency of stimulator of interferon genes (STING)-activatable drugs (e.g., 7-ethyl-10-
hydroxycamptothecin, SN38) is limited by their non-specificity to tumor cells and the slow excretion of the
DNA-containing exosomes from the treated cancer cells. The efficacy of tumor ferroptosis therapy is always
limited by the elimination of lipid peroxides (LPO) by the pathways of glutathione peroxidase 4 (GPX4), dihy-
droorotate dehydrogenase (DHODH) and ferroptosis suppressor protein 1(FSP1). To solve these problems, in this
study, we developed a STING pathway-activatable contrast agent (i.e., FeGd-HN@TA-Fe?*-SN38 nanoparticles)
for magnetic resonance imaging (MRI)-guided tumor immunoferroptosis synergistic therapy. The remarkable in
vivo MRI performance of FeGd-HN@TA-Fe?"-SN38 is attributed to its high accumulation at tumor location, the
high relaxivities of FeGd-HN core, and the pH-sensitive TA-Fe?*-SN38 layer. The effectiveness and biosafety of
the immunoferroptosis synergistic therapy induced by FeGd-HN@TA-Fe?"-SN38 are demonstrated by the in vivo
investigations on the 4T1 tumor-bearing mice. The mechanisms of in vivo immunoferroptosis synergistic therapy
by FeGd—HN@TA—Fe2+-SN38 are demonstrated by measurements of in vivo ROS, LPO, GPX4 and SLC7A11 levels,
the intratumor matured DCs and CD8™ T cells, the protein expresion of STING and IRF-3, and the secretion of
IFN-p and IFN-y.

1. Introduction

Ferroptosis therapy (FT) of tumors aims to initiate the programmed
cells death by accumulated lipid peroxides (LPO), which is generated
from the oxidative stress in cells [1-4]. Despite the significant break-
through in ferroptosis acceleration by ascending the level of intracel-
lular reactive oxygen species (ROS), the overall efficiency of LPO
generation and accumulation still remains unsatisfactory due to the
natural ferroptosis defense in cells [5]. According to the recent insights
into the ferroptosis regulation mechanisms, there are three parallel
pathways that respond to the prevention of ferroptosis, including
glutathione (GSH) peroxidase 4 (GPX4) pathway [2,6], ferroptosis
suppressor protein 1 (FSP1) pathway [7] and dihydroorotate dehydro-
genase (DHODH)-mediated ferroptosis defense pathway [8]. Typically,
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the GPX4 converts the cytotoxic LPO into the nontoxic lipid alcohol with
consumption of GSH as the substrate. The FSP1 catalyzes the recycling of
coenzyme Q10 (CoQ10) to ubiquinol (CoQ10H;) by consumption of
lipid peroxyl radicals, which prevents LPO accumulation. The DHODH
attenuates ferroptosis by inhibition of mitochondrial LPO with reducing
ubiquinone to ubiquionol. Consequently, the further development of
new strategies to inhibit the above-mentioned three ferroptosis defense
pathways is very significant to enhance the LPO accumulation for fer-
roptosis therapy of tumors [2,7-21].

The cancer immunotherapy-activated CD8" T cells mainly clear
tumor cells via the Fas-Fas ligand pathway [22]. Meanwhile, the
released interferon (IFN)-y from CD8" T cells can downregulate the
expression of SLC3A2 and SLC7A11 that are the subunits of the
glutamate-cystine antiporter system (X; ), which thus inhibit the cellular
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uptake of r-cystine, further suppress the bioactivity of GPX4, enhance
the LPO accumulation in cancer cells, and then promote the ferroptosis
of tumor cells [22]. Recently, nanomedicines with the function of
stimulator of interferon genes (STING) activation have been widely used
for cancer immunotherapy applications via an endogenously activated
cyclic guanosine monophosphate (GMP)-adenosine monophosphate
(AMP) synthase (cGAS)-STING pathway. Typically, the cGAS recognizes
and binds to cytosolic tumor DNA, forming cyclic GMP-AMP (cGAMP)
that is the natural ligand of STING. The binding of cGAMP and STING
can further recruit TANK-binding kinase 1 (TBK1), activate interferon
regulatory factor (IRF)-3 and induce IFN-B generation, which can further
promote the dendric cells (DCs) migration, activate the cytotoxic T
lymphocytes cells (i.e. CD8 T cells) and natural killer (NK) cells, and
enhance the IFN-y secretion [13,23-41]. Zhao J. et al. screened a potent
drug 7-ethyl-10-hydroxycamptothecin (SN38) for STING activation,
which was proved to be mediated by the DNA-containing exosomes from
the SN38 treated cancer cells. After transferring to bone marrow dendric
cells (BMDCs), the DNA-containing exosomes can activate the STING
pathway, and stimulate IFN-f secretion followed by robust activation of
NK cells and CD8" T cells [35,36,38,40-45]. However, the immuno-
therapy efficiency of STING-activatable drugs (e.g., SN38) is limited by
their non-specificity to tumor cells and the slow excretion of the
DNA-containing exosomes from the treated cancer cells.

Mluminated by the previous work that developing integrated model
for tumor diagnosis and therapy [46,47], in this study, the
above-mentioned problems of ferroptosis therapy and immunotherapy
were solved by developing a STING pathway-activatable contrast agent
(CA) for MRI-guided tumor immunoferroptosis synergistic therapy
(Scheme 1). Typically, Fe304/Gd203 hybrid nanoparticles (FeGd-HN), a
superior T1-weighted MRI contrast agent (CA) with high longitudinal
relaxivity r; (70.0 mM~! s_l), low ro/rq ratio (1.98, ry is transverse
relaxivity), small particle size (~5.5 nm), good water dispersibility and
stability [48], is utilized for coating of tannic acid (TA) and complexing
of Fe?* and SN38, generating FeGd-HN@TA-Fe?"-SN38. After intrave-
nous injection, FeGd-HN@TA-Fe2+-SN38 accumulates at solid tumors
due to the enhanced permeability and retention (EPR) effect. Under the
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acidic tumor environment (TME) and endosome conditions, TA, Fe®t
and SN38 can be released from FeGd-HN@TA-Fe?"-SN38. The gener-
ated FeGd-HN can be used for high contrast MRI of tumors. The released
Fe* can initiate ferroptosis via Fenton reaction with intracellular HyO4
(Fe*t 4+ Hy0, — Fe®' + oOH + OH™), generating «OH and Fe>". The
released TA plays a role of transferring Fe>* to Fe?" due to the electron
transferring from the ortho-phenolic hydroxyl groups of TA to Fe3™,
which benefits the ferroptosis via Fenton reaction. The produced robust
ROS results in GSH/GPX4 downregulation, LPO accumulation, cell
membrane rupture, and cell ferroptosis. The released SN38 can activate
the STING pathway via the DNA-containing exosomes, stimulate IFN-f
secretion, and activate NK and CD8" T cells for immunotherapy. The cell
membrane rupture facilitates the release of DNA-containing exosomes
for further activation of STING pathway. Robust IFN-y secretes in the
activated STING pathway, which can inhibit the system X; and activate
the GPX4 pathway, leading to LPO accumulation for ferroptosis therapy.
Therefore, our MRI contrast agent FeGd-HN@TA-Fe?"-SN38 can be used
for immunoferroptosis synergistic therapy of tumors.

2. Materials and methods
2.1. Synthesis of FeGd-HN

The FeGd-HN was synthesized according to a reported procedure
[48]. Briefly, 40 mL of PAA solution (4.0 mg/mL) was first purged with
nitrogen (>50 min) to remove oxygen. After that, PAA solution was then
heated to reflux. Then, 0.8 mL mixture of iron precursors (0.50 M
FeCl3-6H20 plus 0.25 M FeSO4-7H20) was quickly injected into the
heated polymer solution, followed by addition of 12 mL of ammonia
solution (28%). Exceedingly small magnetic iron oxide nanoparticles
(ES-MIONs) were then obtained after 30 min of reaction under magnetic
stirring. After that, 0.70 mL of Gd(NOs)3 (0.50 M) and 6.0 mL of
ammonia solution (28%) were added. The reaction was kept for another
90 min under magnetic stirring at 100 °C. Then, the solutions were
cooled down to room temperature. The obtained FeGd-HN were purified
by membrane dialysis (Mw cut-off 6000-8000 Da) against MilliQ water

\
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Scheme 1. Schematic illustration for the synthesis of FeGd-HN@TA-Fe?"-SN38, and the principle of mutual activation of GPX4 and STING pathways for immu-

noferroptosis therapy.
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for 5.0 days with a daily change of water. The purified FeGd-HN were
collected and concentrated by a centrifugal ultrafiltration (Millipore,
Mw cut-off 3000 Da). The Fe and Gd concentrations in the samples were
measured by inductively coupled plasma-optical emission spectroscopy
(ICP-OES, iCAP PRO, Thermo Fisher Scientific, US).

Biomaterials 302 (2023) 122300

2.2. Synthesis of FeGd-HN@TA-Fe*+
2.5 mL of FeGd-HN (Cge = 2.45 mM; Cgq = 7.56 mM) and 100 pL of

TA (10.0 mg/mL) aqueous solutions were added into 17.5 mL of pure
water. After stirring for 30 min at room temperature, 800-200 pL of Fe?*
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Fig. 1. (A-C): TEM images of FeGd-HN (A), FeGd-HN@TA-Fe?*-3 (B) and FeGd-HN@TA-Fe?*-3-SN38-2 (C). (D): Zeta potential of FeGd-HN (i), FeGd-HN@TA (ii),
FeGd-HN@TA-Fe?"-3 (iii), and FeGd-HN@TA-Fe?*-3-SN38-2 (iv). (E): Fe and SN38 cumulative release curves of FeGd-HN@TA-Fe?*-3-SN38-2 at pH 7.4, 6.5, or 5.5.
(F): ESR measurements for FeGd-HN, FeGd-HN@TA-Fe?*-3, and FeGd-HN@TA-Fe?*-3-SN38-2 incubated at pH 6.5 with HyO, (100 uM) for 6.0 h. (G): T;-weighted
MR image of FeGd-HN@TA-Fe2+-3-SN38-2 with various Cgq observed by a 3.0 T clinical MRI system (TE = 400 ms, TR = 7.30 ms). (H, I): The black & white (I) and
corresponding pseudo-color (J) of T;-weighted MR images for FeGd-HN@TA-Fe?*-3-SN38-2 with various Cgq observed by a 7.0 T MRI scanner (TE = 200 ms, TR =
6.30 ms) as incubated at pH 6.5 for 12 h. (J, K): T; relaxation rate (1/T;) observed by a 3.0 T (K), or 7.0 T (L) of MRI scanner plotted as a function of Cgq for FeGd-
HN@TA-Fe?"-3-SN38-2 incubated at pH 7.4 or 6.5 for 12 h. (L): Pseudo-color T;-weighted MR images of 4T1 cells treated with FeGd-HN (Cgq = 0.2 mM) or FeGd-

HN@TA-Fe?*-3-SN38-2 (Cgq = 0.2 mM) for 0, 1.0, or 2.0 h.
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(FeSO4-7H,0, 38 uM) aqueous solutions were added to the above FeGd-
HN@TA solutions. After 30 min of reaction under magnetic stirring at
room temperature, FeGd-HN@TA-Fe2+ (dark blue solutions) were ob-
tained, and then purified by dialysis (Mw cut-off 3000 Da) to remove
free Fe?* and TA.

2.3. Synthesis of FeG-HN@TA-Fe?>"-SN38

2.5 mL of FeGd-HN (Cge = 2.45 mM; Cgq = 7.56 mM) and 100 pL of
TA (10 mg/mL) aqueous solutions were added into 17.5 mL of pure
water. After stirring for 30 min at room temperature, 200 pL of Fe?* (38
pM) and 10-40 pL of SN38 (2.5 mM) in DMSO solutions were mixed and
the mixtures were respectively added into the above FeGd-HN@TA so-
lution. After further 30 min of reaction under magnetic stirring at room
temperature, FeGd-HN@TA-Fe?*/SN38 was obtained and then purified
by dialysis (Mw cut-off 3000 Da) to remove free Fe®" and SN38.

3. Results and discussion
3.1. Synthesis and characterization of FeGd-HN@TA-Fe?*-SN38

The FeGd-HN was first synthesized according to our previous re-
ported procedures. The average particle size is measured to be 5.5 nm
from the transmission electron microscopy (TEM) images (Fig. 1A),
which is similar with our previous results [48]. Subsequently, the
TA-Fe?* complexion layer was chelated on the surface of FeGd-HN. The
synthesis conditions and characterization results of
FeGd-HN@TA-Fe?t-1-3 are summarized in Table S1. The size distribu-
tions of FeGd-HN@TA-Fe?™-1-3 measured by dynamic light scattering
(DLS) exhibit with narrow peaks (Fig. S1). The hydrodynamic diameter
(dp) was measured to be 186.3 £ 10.7,112.6 £ 12.4 nm, and 8.5 + 3.2
nm for FeGd-HN@TA-Fe?™-1-3, respectively. The very large dp of
FeGd-HN@TA-Fe?*-1 and FeGd-HN@TA-Fe?*-2 indicates the aggrega-
tion of the nanoparticles. Therefore, FeGd-HN@TA-Fe?*-3 is the optimal
sample due to its ideal dy, and good dispersibility in water. The size of
FeGd-HN@TA-Fe®" increases with the iron addition amount, which
could be attributed to the growth of the metal polyphenol network of
TA-Fe*',

The synthesis conditions and characterization results of FeGd-
HN@TA—Fe2+—3—SN38—1—3 are shown in Table S2. Since the nano-
particles size is crucial for its accumulation at tumor location and the
half-time in blood circulation [49,50], the hydrodynamic size dy was
measured by DLS (Fig. S2). Because the FeGd-HN@TA-FeZtSNSS is
utilized as a MRI CA for tumor theranostics, a smaller size with a high
loading content of Fe?* and SN38 is the ideal choice. FeGd-HN@TA--
Fe?t.3-SN38-3 with the dy of 17.9 + 3.6 nm and FeGd-HN@TA--
Fe?*-3-SN38-2 with dj, of 27.2 + 4.5 nm could be better choices than
FeGd—HN@TA-Fe2+—3—SN38—1 with the dy of 136.5 + 6.6 nm.
FeGd-HN@TA-Fe?*-3-SN38-2 is the optimal sample due to its higher
SN38 loading content (14.54 + 0.89%) than that of FeGd-HN@TA--
Fe2*-3-SN38-3 (5.76%). The Fe?" loading content of FeGd-HN@TA--
Fe?*-3-SN38-2 was measured to be 10.93 = 2.45% by ICP-OES. Fig. 1B
and C respectively display the TEM images of the FeGd-HN@TA-Fe?*-3
and FeGd-HN@TA-Fe?"-3-SN38-2, showing a slight assembly of the
nanoparticles, which is consistent with the above-mentioned DLS
results.

Fig. 1D shows the zeta potential of the nanoparticles measured by
DLS. Due to the coating of TA layer with negative charged carboxyl
groups, the zeta potential of FeGd-HN@TA (—52.05 £ 2.7 mV) is much
lower than that of FeGd-HN (—29.65 4+ 2.2 mV). In addition, the zeta
potential of FeGd-HN@TA-Fe?*-3 and FeGd-HN@TA-Fe?"-3-SN38-2 is
respectively —24.6 = 3.9 mV and —19.97 + 1.75 mV, which are both
much higher than that of FeGd-HN@TA due to the loading of positive
charged Fe?*. These results indicate the successful coating of TA layer
and loading of Fe?",

Fig. S3 and Table S4 show the schematic illustration for the structure
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of FeGd-HN, FeGd-HN@TA-FeZ+-3 and FeGd-HN@TA-Fe2+-3-SN38-2,
the related functional groups and vibrations of PAA, TA and SN38, and
the Fourier transform infrared spectroscopy (FT-IR) spectra. The peaks
of FeGd-HN, i.e., 1460 cm ™! (the in-plane bending vibration of C-O of
_COOH) and 1319 cm ™ * (stretching vibration of C-O in ~-COOH), can be
attributed to PAA [51], which is the stabilizer of FeGd-HN. For
FeGd-HN@TA-Fe?*-3, the peaks of 1450 cm ™~ and 1310 cm ™! illustrate
the existence of PAA, and the peaks of 1720 cm™! (the stretching vi-
bration of C=0), 1190, 1080, 1120 cm ™! (the C-0-C stretching vibra-
tion) and 765 cm ! (the out-plane bending vibration of C-H in benzene)
[51] indicate the successful binding of TA on FeGd-HN. For
FeGd-HN@TA-Fe?"-3-SN38, the peaks of 1460 cm™* and 1310 cm™!
confirm the existence of PAA (FeGd-HN), the peaks of 1725 cm’l, 1180
em™}, 1100 em ™}, 1030 cm ™! and 765 cm ™! demonstrate the existence
of TA, and the peaks of 1580 cm ! (stretching vibration of C=0) and
1665 cm ™ (stretching vibration of C=N in amide) which are in accor-
dance with the peaks of SN38 [52,53] illustrate the existence of
TA-Fe?"-SN38 layer on the surface of FeGd-HN, indicating the successful
synthesis of FeGd-HN@TA-Fe?*-3-SN38-2.

The 'H NMR can further prove the existence of TA-Fe?*-SN38 layer.
Figs. $4-S7 show the 'H NMR of SN38, TA, FeGd-HN@TA-Fe?*-3-SN38-
2 and FeGd-HN@TA-Fe?-3-SN38-2 with pH-responsiveness degrada-
tion. The active hydrogen signal from SN38 (5 10.29 s, 1H, Fig. S4) and
TA (8 9.62, d, 9H, Fig. S5) cannot not been seen in the TH NMR of FeGd-
HN@TA-Fe2+-3-SN38-2 (Fig. S6). However, after degradation of FeGd-
HN@TA-Fe?"-3-SN38-2 under pH 6.8, the signal of active hydrogen
appears (8 9.0-10.6 (w, 35H), Fig. S7). This phenomenon could be
attributed to the Fe-O bonding of Fe?* with TA and SN38, which sug-
gesting the existence of TA-Fe?"-SN38 layer. As shown in Fig. S8, the
complexing of TA and SN38 with Fe?" is essential for the formulation of
polyphenolic network structure, which possesses pH-responsive degra-
dation to release SN38 and Fe?! in tumor microenvironment (TME) for
ferroptosis therapy.

Moreover, the X-ray photoelectron spectroscopy (XPS) spectra of
FeGd-HN@TA-Fe?t-3-SN38-2 and FeGd-HN can also prove the existence
of TA-Fe?*-SN38 layer from the N 1s peak and ratio of Fe?t/Fe*. As
shown in Fig. SOA, the peak of N1s (399.1 eV) as appeared in the XPS
spectrum of FeGd-HN@TA-Fe?*-3-SN38-2 suggests the SN38 existence.
The valence state and Fe?*/Fe3" ratio analyzed by the curve fitting of
Fe2p; /o and Fe2ps3s, as shown in Figs. S9B and S9C, Table S5 and
Table S6, indicate that the FeGd-HN@TA-Fe?*-3-SN38-2 has a much
higher Fe?"/Fe3* ratio (69.64:30.36) than that of FeGd-HN
(34.24:65.76), which indicates the Fe>" loading by the polyphenolic
network structure.

The cumulative release behaviors of Fe (measured by ICP-OES) and
SN38 (measured by the fluorescence calibration curve of SN38 in
Fig. S10) at pH 5.5, pH 6.5 and pH 7.4 are shown in Fig. 1E. After 12 h of
incubation, the cumulative release percentage of Fe and SN38 respec-
tively reach 78.5 + 2.1% and 69.2 + 2.9% at pH 5.5, 58.5 + 5.6% and
55.1 + 4.3% at pH 6.5, but only 10.3 & 2.5% of Fe and 9.7 + 0.99% of
SN38 at pH 7.4. These results indicate the effective release of Fe and
SN38 from FeGd-HN@TA-Fe2+-3-SN38-2 in the acidic of TME and en-
dosome conditions, and the stability of FeGd-HN@TA-Fe?"3-SN38-2
during the blood circulation [17,54].

The electron spin resonance (ESR) spectrum, which demonstrates the
ROS generation ability of the nanoparticles, was also measured for
FeGd-HN, FeGd-HN@TA-Fe?*-3 and FeGd-HN@TA-Fe>'-3-SN38-2 as
shown in Fig. 1F. From the characteristic peaks of ¢OH (1:2:2:1 signal),
it is observed that both FeGd-HN@TA-Fe?"-3 and FeGd-HN@TA-Fe*"-3-
SN38-2 show much stronger signal of eOH than FeGd-HN. That’s
because the loaded Fe?* can accelerate the Fenton reaction, producing
«OH. Although the groups of FeGd-HN@TA-Fe?*-3-SN38-2 and FeGd-
HN@TA-Fe?"-3 have the same concentration of Fe, the FeGd-HN@TA-
Fe?"-3 group exhibit with higher eOH signal than FeGd-HN@TA-Fe?*-3-
SN38-2 group, which could be attributed to the lipophilicity of SN38
that prevents the interaction between TA and Fe?™.
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From the T;-weighted MR images of FeGd-HN@TA-Fe?*-3-SN38-2
with various Cgq observed by a 3.0 T clinical MRI system (Fig. 1G) or by
a 7.0 T MRI scanner (Fig. 1H and I), it is obvious that the T; signal de-
pends on the Gd concentration, which demonstrates that FeGd-HN@TA-
Fe2*-3-SN38-2 can be used as a T;-weighted MRI CA.

The T; relaxiation rate (1/T;) (Fig. 1J and K; Figs. S11A-D) and Ty
relaxiation rate (1/T5) (Figs. S12A-F) of FeGd-HN@TA-Fe?*-3-SN38-2
(3 batches) with various Cgq measured at 3.0 or 7.0 T scanner are plotted
as a function of Cgq, from which the slopes of linear lines are considered
as rq and ry. Because the ro/r; ratio is also significant for the T;-weighted
MR imaging performance evaluation [48,55,56], the r;, rp values and
ro/11 ratios of FeGd-HN@TA-Fe?*-3-SN38-2 measured at 3.0 or 7.0 T are
summarized in Table S3. After 12 h of incubation at pH 7.4, the
FeGd-HN@TA-Fe?*-3-SN38-2 exhibits a relatively low rq value (16.10
+ 2.50 at 3.0 T; 8.05 &+ 0.17 at 7.0 T) and a relatively high ro/r; ratio
(9.45+2.35at 3.0 T; 19.44 + 1.03 at 7.0 T), which is not advantageous
for the T;-weighted MRI. However, after 12 h of incubation at pH 6.5,
the FeGd-HN@TA-Fe?"-3-SN38-2 presents a very high r; value (46.79
+0.41at3.0T; 25.10 + 1.24 at 7.0 T) and a very low ry/r; ratio (1.67 +
0.05 at 3.0 T; 1.53 + 0.14 at 7.0 T), which is extremely favorable for the
T1-weighted MRI. These results suggest that the slight acidic TME (pH ~
6.5) results in shedding of the TA-Fe2*-SN38 complexing layer, and the
exposed FeGd-HN exhibits remarkable MRI performance.

Fig. 1L shows the Pseudo-color T;-weighted MR images of 4T1 cells
treated with FeGd-HN (Cgq = 0.2 mM) or FeGd-HN@TA-Fe2+-3-SN38-2
(Cga=0.2mM) for O h, 1.0 h, or 2.0 h. It is found that the T; signal of the
cells increases with increasing the incubation time, and FeGd-HN@TA-
Fe2*-3-SN38-2 exhibits a better MRI performance than the FeGd-HN
because the nanoparticles with TA coating exhibits with higher
cellular uptake due to the nanoparticle-cell interactions. The released
TA from FeGd-HN@TA-Fe?"-3-SN38-2 could be removed from the body
via renal excretion [57]. Therefore, FeGd-HN@TA-Fe2+-3-SN38-2 is a
potential T7-weighted CA to be used for MRI-guided tumor therapy.

3.2. Cellular uptake and endo/lysosome escape of FeGd-HN@TA-Fe?*-
SN38

Fig. S13 shows the CLSM images of 4T1 cells treated by DMEM
medium without (control) or with SN38, FeGd-HN@TA-Fe?>"-3, or
FeGd-HN@TA-Fe?*-3-SN38-2. The treated 4T1 cells were stained by
DAPI (cells nuclei, blue), FITC-actin (cell cytoskeletons, green) and
FeRhoNox-1 (intracellular Fe2+, red). It is found that both FeGd-
HN@TA-Fe?"-3 and FeGd-HN@TA-Fe?"-3-SN38-2 groups exhibit strong
FeRhoNox-1 signals inside the cells compared with the control and SN38
groups, which indicates the high cellular uptake of the nanoparticles.

Figs. S14A and B shows the fluorescence distributions and the cor-
responding qualification results as measured by flow cytometry (FC) of
the cells treated by DMEM medium without (control) or with SN38,
FeGd-HN@TA-Fe?*-3, or FeGd-HN@TA-Fe?"-3-SN38-2. It is observed
that both FeGd-HN@TA-Fe>*-3 and FeGd-HN@TA-Fe®*-3-SN38-2
groups exhibit obvious intracellular Fe?" level increase compared with
the control and SN38 groups, which reinforces the high cellular uptake
of the nanoparticles concluded from the CLSM results. Regarding the
stability of Fe?*, TA exhibits with reductive properties which can pre-
vent Fe?* from being oxidized to Fe3*. The Fe?* can be protected in the
complexing layer of TA-Fe2"-SN38 on the surface of FeGd-HN during the
blood circulation. Moreover, the cumulative release of the Fe (Fig. 1E)
suggests the stability of FeGd-HN@TA-Fe?"-SN38 under pH 7.4. In
addition, the intracellular Fe?* detected by CLSM (Fig. S13) and flow
cytometry (Fig. S14) demonstrates the stability of released Fe2* in tumor
cells.

Cellular uptake of SN38 with green fluorescence [57] measured by
flow cytometry is shown in Fig. S15A (the fluorescence distribution),
and Fig. S15B (the corresponding qualification results). It is obvious that
the FeGd-HN@TA-Fe?*-3-SN38-2 treated 4T1 cells has even higher
intracellular SN38 level than the SN38 treated 4T1 cells, which could be
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attributed to the enhancement of cellular uptake and pH-responsiveness
of TA-Fe?*-SN38 layers.

Fig. S16 shows the CLSM images of 4T1 cells treated by DMEM
medium without (control) or with SN38, FeGd-HN@TA-Fe?*-3 or FeGd-
HN@TA-Fe®>"-3-SN38-2, and stained with DAPI (cells nuclei, blue),
Endo/lyso-Tracker Green (endo/lysosomes, green), and FeRhoNox-1
(intracellular Fez+, red). Lots of red dots can be found in the cells
without overlap with green dots for the FeGd-HN@TA-Fe?*-3 and FeGd-
HN@TA-Fe?*-3-SN38-2 groups, which demonstrates the endo/lysosome
escape of the released Fe?' from FeGd-HN@TA-Fe?*-3 and FeGd-
HN@TA-Fe?*-3-SN38-2, and the potential of FeGd-HN@TA-Fe?"-3 and
FeGd-HN@TA-Fe?*-3-SN38-2 to be used for tumor ferroptosis therapy
via enhancing intracellular Fe?* level.

3.3. FeGd-HN@TA-Fe?*-SN38 mediated ferroptosis therapy and its
mechanism

The DCFH-DA was utilized to stain the 4T1 cells to specifically
identify the generation of intracellular ROS, which induces ferroptosis.
Fig. S17 shows the CLSM images of the 4T1 cells treated by DMEM
medium without (control) or with SN38, FeGd-HN@TA-Fe?*-3 or FeGd-
HN@TA-Fe?*-3-SN38-2, and stained with DCFH-DA (green). Both FeGd-
HN@TA-Fe?"-3 and FeGd-HN@TA-Fe’"-3-SN38-2 groups present
robust green dots, indicating the increase of intracellular ROS level.
Moreover, the green fluorescence distribution of the treated 4T1 cells
determined by FC and the corresponding quantification results are
shown in Figs. S18A and B. Compared with the control and SN38 groups,
the FeGd-HN@TA-Fe?"-3 and FeGd-HN@TA-Fe?*-3-SN38-2 groups
show much stronger green fluorescence (p < 0.001). Therefore, our
FeGd—HN@TA—Fe2+—3 and FeGd—HN@TA—Fe2+—3—SN38—2 are promising
to be used for tumor ferroptosis therapy via generation of robust ROS
induced by the high level of intracellular Fe?*, which reacts with the
intracellular H,O, based on the Fenton reaction.

Fig. S19 shows the CLSM images of the 4T1 cells treated by DMEM
medium without (control) or with SN38, FeGd-HN@TA-Fe?*-3 or FeGd-
HN@TA-Fe®>"-3-SN38-2, and stained with DAPI (cells nuclei, blue) and
BODIPY C11-581/591 (intracellular LPO, green), which is LPO-specific
probe with red fluorescence at the reductive state and green fluores-
cence at the oxidative state. Compared with the control and SN38
groups, both FeGd-HN@TA-Fe?*-3 and FeGd-HN@TA-Fe?"-3-SN38-2
groups present enhanced green fluorescence and attenuated red fluo-
rescence, indicating the intracellular LPO accumulation. In addition, the
red fluorescence distribution of the treated 4T1 cells with staining of
BODIPY C11-581/591 determined by FC, and the corresponding quan-
tification results are shown in Figs. S20A and B. The significant decrease
of the red fluorescence is found for both FeGd-HN@TA-Fe?*™-3 and
FeGd-HN@TA-Fe?*-3-SN38-2 groups comparing with the control and
SN38 groups, which reinforces the high accumulation of intracellular
LPO.

To further verify the cell death induced by FeGd-HN@TA-Fe?"-3-
SN38-2 is ferroptosis, inhibitors of ferroptosis were utilized in our
studies, including Fer-1 and DFO that can eliminate the intracellular
FeZ* [58], L-cystine that is necessary for intracellular GSH synthesis,
GSH that is the substrate of GPX4 [59], N-acetyl-L-cysteine (NAC) that is
a ROS scavenger [60], Vitamin E (Vg) that can decrease the level of
intracellular HoO5 [61]. The ROS generation of the treated cells with
addition of ferroptosis inhibitors, i.e., Fer-1 (2.0 pM), DFO (100 pM),
L-cystine (2.0 mM), GSH (2.0 mM), NAC (2.0 mM), Vg (25 mM), were
determined by DCFH-DA assay and FC. The green fluorescence distri-
butions (Fig. S21A) and the corresponding quantification results
(Fig. S21B) indicate the significant intracellular ROS suppression by the
above-mentioned ferroptosis inhibitors (p < 0.0001). This result dem-
onstrates that the decreasing of intracellular Fe?* /Fe3" concentration by
Fer-1 or DFO, the activation of GPX4 activity by GSH or L-cystine, the
scavenging of intracellular ROS by NAC, and the depletion of intracel-
lular HoO3 by Vg can prevent the ROS generation, which reinforce the
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existence of ferroptosis in cancer cells
FeGd-HN@TA-Fe?"-3-SN38-2.

The intracellular LPO accumulation with addition of ferroptosis in-
hibitors were also determined by FC. The treated 4T1 cells were stained
with BOIDPY C11-581/591 to determine the intracellular LPO level.
Figs. S22A and B show the green fluorescence distributions and the
corresponding quantification results. It is obvious that the ferroptosis
inhibitors, including Fer-1, DFO, 1-cystine, GSH, NAC and Vg, can inhibit
the LPO accumulation. These results reinforce the critical role of FeGd-
HN@TA-Fe?"-3-SN38-2 on ferroptosis inducing in cancer cells.

Fig. 523 shows GPX4 levels in the 4T1 cells measured by ELISA kits
after various treatments. The 4T1 cells treated with FeGd-HN@TA-Fe®*-
3 and FeGd-HN@TA-Fe®™-3-SN38-2 exhibit obvious decreased GPX4
level, compared with the control and SN38 groups. However, the GPX4
level in the cells treated with FeGd-HN@TA-Fe?*-3-SN38-2 with addi-
tion of Fer-1 or L-cystine exhibits significant recovery. From Fig. 524, itis
found that the intracellular level of GSH (an important substrate of
GPX4) in the 4T1 cells treated with FeGd-HN@TA-Fe2+-3 or FeGd-
HN@TA-Fe?"-3-SN38-2 also significantly decreases, compared with the
control and SN38 groups. Similarly, the GSH level in the cells treated
with FeGd-HN@TA-Fe?*-3-SN38-2 with addition of Fer-1 or L-cystine is
comparable to that of the control and SN38 groups, which is in accor-
dance with the above-mentioned GPX4 assay results. Therefore, it can be
concluded that FeGd-HN@TA-Fe?*-3-SN38-2 can be utilized for fer-
roptosis therapy of tumors.

The cells viabilities tested by MTT assay, as shown in Fig. 525,
demonstrate the killing effect of FeGd-HN@TA-Fe?>"-3-SN38-2 on the
cancer cells. Moreover, the addition of the ferroptosis inhibitors, ie.,
Fer-1, GSH and NAGC, can largely increase the cell viability of cancer
cells, which demonstrates the effectiveness of FT provoked by FeGd-
HN@TA-Fe?"-3-SN38-2.

introduced by

3.4. FeGd-HN@TA-Fe®>"-SN38 mediated immunotherapy and its
mechanism

According to the mechanism of the STING pathway activation via
SN38 [42], it is hypothesized that the released SN38 from FeGd-HN@-
TA-Fe?*-3-SN38-2 in cancer cells leads to exocytosis of DNA contained
exosomes from the cancer cells.

As shown in Fig. 2A, it could be found that the synergy effect from
ferroptosis and SN38 in FeGd-HN@TA-Fe?"-3-SN38-2 group has
obvious DNA damage on 4T1 cells. The related apoptosis of the treated
4T1 cells could be seen in Fig. S26. As shown in Fig. 2B, the colocali-
zation of the dsDNA (stained by green Picogreen) and CD63 (the specific
biomarker of exosomes, stained by red immunofluorescence) indicates
that the DNA fragments containing exosomes are generated. The high
intensity of dsDNA and CD63 in group iv suggests that the synergistic
effect from SN38 and ferroptosis together promotes the DNA fragments
containing exosomes generation. The cells membranes staining by Dio as
shown in Fig. 2C reveals the cells membrane damage by LPO when
ferroptosis happens. As shown in Fig. 2D, the dsDNA of the cancer cells
stained by Picogreen and uptaken by BMDCs, as detected by direct
adding the culture medium (CM) of 4T1 cells to DCs, demonstrate that
the FeGd-HN@TA-Fe2+-3-SN38-2 treated cancer cells can delivery
robust DNA fragments to BMDCs. Therefore, it could be concluded that
ferroptosis promotes DNA-fragments delivery to BMDCs by the fierce
DNA damages due to the ROS generation and intense exosomes exocy-
tosis due to the cancer cells membranes damage by LPO accumulation.

Moreover, to explore why ferroptosis provokes exosomes generation
from 4T1 cells, investigations were taken by CLSM observation of lipid
droplets, LPO accumulation, expression of Rab8a, Plin5 and CD63. As a
biomarker of exosomes generation from cells, the CD63 could be upre-
gulated by Rab8a [62]. The lipid droplets, an organelle for storage of the
unsaturated fatty, are reported to have a strong linkage with mito-
chondrion by Rab8a and Plin5 [63,64]. With the happening of ferrop-
tosis in cells, the lipid droplets increased, as revealed by Fig. S27. The
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4T1 cells treated by FeGd-HN@TA-Fe2+-3 (ii) and FeGd-HN@TA--
Fe?*.3-SN38-2 (iv) exhibits both increased signal of Lipi-Blue and
decreased signal of reductive BODIPY C11-581/591. The high expres-
sion of adipose triglyceride lipase (ATGL) in groups of
FeGd-HN@TA-Fe**-3 (ii) and FeGd-HN@TA-Fe®"-3-SN38-2 (iv)
measured by ELISA kits (Fig. $28), which is the biosynthetic enzyme for
fatty acid esters of hydroxy fatty acids [65], is in accordance with the
high expression of lipid droplets. The colocalization of the lipid droplets
(Lipi-Blue) and mitochondrion (Mito-tracker Red), as shown in Fig. S29,
indicates the migration of lipid droplets to mitochondrion, which could
be considered as the way of cancer cells to relieve the stress of ferrop-
tosis to mitochondrion. High expression of Rab8a and Plin5 stained by
immunofluorescence (Figs. S29 and S30) confirms the specific linkage of
lipid droplets to mitochondrion. The expression of CD63 is upregulated
in 4T1 cells treated by FeGd-HN@TA-Fe2+-3 (ii) and FeGd-HN@TA--
Fe®-3-SN38-2 (iv) (Fig. S31). Therefore, the synergy effect of ferrop-
tosis induced by FeGd-HN@TA-Fe?*-SN38 in generation of DNA
containing exosomes could be generalized below (Fig. S32): the released
Fe?* provokes ferroptosis by LPO accumulation, followed by the damage
of cancer cells membrane and CD63 upregulation due to the lipid
droplets activation; meanwhile, the released SN38 causes damage of
DNA. All these provokes the DNA-fragments containing exosomes gen-
eration and excretion from treated cancer cells for activation of
immunotherapy.

Fig. 2E schematically illustrates the progress of exosomes and DNA
isolation from the supernatant of 4T1 cells treated by SN38, FeGd-
HN@TA-Fe?"-3, or FeGd-HN@TA-Fe?*-3-SN38-2 with or without fer-
roptosis inhibitors. As shown in Fig. 2F, the relative exosomes content in
the supernatant of FeGd-HN@TA-Fe?>"-3-SN38-2 treated 4T1 cells
(group iv) is much higher than that of control (group i), and SN38 (group
ii). However, with the addition of inhibitors of ferroptosis, FeGd-
HN@TA-Fe?"-3-SN38-2 + Fer-1 (group v) and FeGd-HN@TA-Fe?"-3-
SN38-2 + L-cystine (group vi) exhibit with obvious decrease of exosomes
content, indicating that the ferroptosis in 4T1 cells can accelerate the
exosomes secretion. The relative DNA content of SN38 group (ii) or
FeGd-HN@TA-Fe?*-3-SN38-2 group (iv) is respectively much higher
than that of control group (i) or FeGd-HN@TA-Fe2+-3 group (iii), which
demonstrates that the SN38 and SN38-loaded nanoparticles can pro-
mote DNA disruption and then enhance the DNA content in the exo-
somes, as shown in Fig. 2G. In addition, with addition of ferroptosis
inhibitors, i.e., Fer-1 and 1-cystine, the relative DNA content also
significantly decreases, which illustrates that the ferroptosis can also
promote the DNA exocytosis. Fig. 2H illustrates the mechanism why the
ferroptosis can promote the exocytosis of DNA-containing exosomes.
That’s because the accumulation of LPO during ferroptosis disrupt the
integrity of cells membrane.

Fig. 3A shows the STING pathway activation of the BMDCs by double
strand (ds)-DNA from exosomes of cancer cells. Fig. 3B illustrates the
BMDCs activation via STING pathway by CM of the 4T1 cells that may
include dsDNA-containing exosomes, enhancing the expression of
STING and IRF3 proteins in the BMDCs, and the exocytosis of cell cy-
tokines IFN-p and IL-6. As shown in Fig. 3C, the high expression of p-
STING, p-IRF3, IRF3, TBK1 and p-TBK1 evaluated by the western blot-
ting (WB) assay demonstrates the STING pathway activation of the
BMCDs after incubation with CM of 4T1 cells treated with FeGd-
HN@TA-Fe*-3-SN38-2.

Fig. 3D shows the analysis of BMDCs maturation by as analyzed by
anti-CD80 and anti-CD86. It is found that CM from SN38 (group ii) or
FeGd-HN@TA-Fe?*-3 (group iii) treated 4T1 cells can obviously pro-
mote BMDCs maturation compared with the control (group i). The
former is because SN38 can induce DNA disruption and then enhance
the DNA content in the exosomes, which can promote BMDCs matura-
tion. The latter is because the immunogenic cell death (ICD) from the
cancer cell fragments generated by ROS (i.e., ferroptosis) induced by
FeGd-HN@TA-Fe?*-3 can also promote the BMDCs maturation [13,66,
67]. In addition, it can be seen that the BMDCs maturation in the
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Fig. 2. (A-C): CLSM images of the 4T1
cells treated with (i) PBS (control), (ii)
SN38, (iii) FeGd—HN@TA—Fe2+—3, @iv)
FeGd-HN@TA-Fe?*-3-SN38-2, and
stained with DAPI, rabbit anti-mouse 8-
OHdG and goat anti-rabbit 1gG H&L-
FITC (A); or stained with DAPI, Pico-
green, rabbit anti-mouse anti-CD63,
and goat anti-rabbit 1gG H&L-Cy3 (B);
or with DAPI and Dio (C). (D): The
BMDCs treated by the conditioned
medium of the Picogreen stained 4T1
cell with treatment of i-iv, and stained
with DAPI. (E): Schematic illustration
for the isolation of exosomes and DNA
from the supernatant of 4T1 cells
treated with DMEM (control) or that
containing SN38, or nanoparticles
(NPs) without or with ferroptosis in-
hibitors. (F, G): Relative content of
exosomes (F) or DNA (G) in the super-
natants of 4T1 cells, which were
treated with (i) control, (ii) SN38, (iii)
FeGd-HN@TA-Fe?*-3, (iv)  FeGd-
HN@TA-Fe?*-3-SN38-2, (v) FeGd-
HN@TA-Fe?*-3-SN38-2 + Fer-1 (2.0
uM), or (vi) FeGd-HN@TA-Fe®*-3-

DAPI SN38-2 + r-cystine (2.0 mM). (H):
Schematic illustration of exosomes
— exocytosis from cancer cells with or

without ferroptosis. Mean + SD, *P <

DMEM (control) or that containing 0.05, **P < 0.01, ***P < 0.001, ****P
E SN38, or nanoparticles (NPs) without < 0.0001.
or with ferroptosis inhibitors
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Fig. 3. (A): Schematic illustration for the STING pathway activation of the BMDCs by ds-DNA from exosomes of cancer cells. (B): Schematic illustration for BMDCs
activation via STING pathway by CM of 4T1 cells, i.e., DMEM (control) or that containing SN38, or NPs without or with ferroptosis inhibitors, enhancing the
expression of STING pathway related proteins in the BMDCs, and the exocytosis of IFN-p and IL-6. (C) Western blot (WB) assay showing the expression of STING, p-
STING, IRF3, p-IRF3, TBK1 and p-TBK1 protein in the BMCDs treated with the CM of 4T1 cells after incubation with (i) PBS (control), (ii) SN38, (iii) FeGd-HN@TA-
Fe?*-3 and (iv) FeGd-HN@TA-Fe?"-3-SN38-2. (D) BMDCs maturation as detected by FC with staining of anti-CD80 and anti-CD86. (E, F): IFN-$ (E) and IL-6 (F) levels
in the supernatants of BMCDs with different treatment of 50% CM (i-vi), analyzed by ELISA kits. Mean + SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

FeGd-HN@TA-Fe?*-3-SN38-2 group (iv) is much higher than that of the
SN38 group (i) plus FeGd-HN@TA-Fe?"-3 group (iii), displaying “1 +
1>2” of synergistic effects in BMDCs activation. Therefore, it can be
concluded that FeGd-HN@TA-Fe?"-3-SN38-2 can be utilized for
immunoferroptosis synergistic therapy of tumors.

The exocytosis of cell cytokines IFN-p (Fig. 3E) and IL-6 (Fig. 3F) in
the group FeGd-HN@TA-Fe?"-3-SN38-2 (iv) are much higher than that
of the group SN38 (ii) and FeGd-HN@TA-Fe*-3 (iii). However, with

addition of ferroptosis inhibitors, the group of FeGd-HN@TA-Fe?*-3-
SN38-2 + Fer-1 (v) and FeGd-HN@TA-Fe2+-3-SN38-2 + 1-cystine (vi),
exhibit much lower cytokines level of IFN-f and IL-6. These results
demonstrate that the ferroptosis can significantly provoke enhanced
STING activation in BMDCs via promoting the exocytosis of ds-DNA-
containing exosomes.
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3.5. In vivo behaviors of FeGd-HN@TA-Fe?*-SN38 on tumor-bearing
mice

The pharmacokinetic profile of Fe level in the 4T1 tumor-bearing
BALB/c mice with intravenous injection of FeGd-HN@TA-Fe?*-3-
SN38-2 is shown in Fig. S33, from which the half-life time (t;/2) in the
blood stream is measured to be 2.41 h. The short t; /5 can be ascribed to
the small dy, of FeGd-HN@TA-Fe?-3-SN38-2 (i.e., 27.2 + 4.5 nm).

Fig. S34 shows the in vivo biodistribution of Fe level in the 4T1
tumor-bearing BALB/c mice with intravenous injection of FeGd-
HN@TA-Fe?"-3-SN38-2. The FeGd-HN@TA-Fe?"-3-SN38-2 accumu-
lates at tumor location due to the EPR effect, reaching 11.9 + 3.47% L.
D./g at 4.0 h post-injection. The accumulation in the liver and spleen
could be mainly attributed to mononuclear phagocyte system (MPS),
and that in the kidney is caused by the renal clearance of FeGd-HN (5.5
nm) degraded from FeGd-HN@TA-Fe?*-3-SN38-2 under TME.

Fig. 4A shows the axial T;-weighted MR images of 4T1 tumor-
bearing mice at predetermined time points after i.v. injection of FeGd-
HN@TA-Fe?"-3-SN38-2 or the commercially available Magnevist. The
MRI signal of tumors is strongest at 4.0 h post-injection of FeGd-
HN@TA-Fe?"-3-SN38-2, which is consistent with the above-mentioned
results of pharmacokinetic and biodistribution studies. However, the
strongest MRI signal of tumors at 10 min post-injection of the Magnevist
(control) is much weaker than that of the FeGd-HN@TA-Fe?"-3-SN38-2
because the Magnevist is a small molecule with a molecular weight of
938.0 Da.

The corresponding quantitative analysis of the MRI signal of tumors
is shown in Fig. 4B and C utilizing ASNR, according to Equations (1) and
(2) [48,55,68,69].

SNR=——— 1
SD noise M
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SNRpost — SNRpre

ASNR = SNRpre

x 100 % 2

The highest ASNR of the FeGd-HN@TA-Fe?*-3-SN38-2 group at 4.0
his167.3 £+ 5.0% (Fig. 4B), which is much higher (p < 0.0001) than that
of the Magnevist group at 10 min (ie., 71.2 + 4.6%, Fig. 4C). The
remarkable in vivo MRI performance of the FeGd-HN@TA-Fe?*-3-SN38-
2 could be attributed to its high accumulation at tumor location, the
high relaxivities of FeGd-HN core, and the pH-sensitive TA-Fe?*-SN38
layer that could be degraded in TME.

The in vivo tumor inhibition experiments (Fig. 5A) were evaluated on
the 4T1 tumor-bearing mice after intravenous injection of PBS (control,
group i), aPD-L1 (group ii), SN38 (group iii), FeGd-HN@TA-Fe?"-3
(group iv), FeGd—HN@TA—Fe2+—3—SN38—2 (v) and FeGd—HN@TA—Fe2+—3—
SN38-2 + aPD-L1 (group vi). The combination of aPD-L1 was used for in
vivo tumor therapy because aPD-L1 can upregulate the activity of CD8™"
T cells, which can further inhibit the bioactivity of system X, resulting
in lower intracellular 1-cystine level and downregulation of GPX4 that
benefits the efficacy of ferroptosis therapy [70-73].

Fig. 5B and C shows the 1st tumor growth curves and the corre-
sponding percentage survival, respectively. In the group i (PBS, control),
the tumors grow exponentially with one mouse euthanized at day 16
post-injection due to its excessive tumor size (>2000 mm3). The aPD-L1
(group ii) and SN38 (group iii) exhibit slight inhibition of the tumor
growth with mice euthanized at day 24 and 26, respectively. FeGd-
HN@TA—Fe2+—3 (group iv) and FeGd—HN@TA—Fe2+—3—SN38—2 (group v)
show obvious tumor growth inhibition with the first mouse euthanized
at day 36 and 56, respectively. FeGd-HN@TA-Fe?*-3-SN38-2 + aPD-L1
(group vi) exhibits more remarkable inhibition of tumor growth with all
mice survived. The significant statistical difference (p < 0.001) between
FeGd-HN@TA-Fe?*-3-SN38-2 (group v) and PBS (group i) demonstrates
the high efficacy of tumor immunoferroptosis synergistic therapy. The
differences between FeGd-HN@TA-Fe’'-3 (group iv) and FeGd-
HN@TA-Fe?"-3-SN38-2 (group v), and between FeGd-HN@TA-Fe?*-3-
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Fig. 4. (A): In vivo T;-weighted MR images (slice orientation: axial; TR = 200.0 ms; TE = 6.3 ms) of 4T1 tumor-bearing BALB/c mice after i.v. injection of FeGd-
HN@TA-Fe?"-3-SN38-2 (Fe dosage: 5.0 mg/kg) or Magnevist (Gd dosage: 5.0 mg/kg). (B, C): The quantitative analysis of the MRI signal of tumors utilizing ASNR

after i.v. injection of FeGd-HN@TA-Fe?"-3-SN38-2 (B) or Magnevist (C). Mean + SD,

**P < 0.0001.
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Fig. 5. (A): Schematic illustration of the animal experimental design. (B-E): 1st tumor growth curves (B), percentage survival (C), body weight changes (D), and 2nd
tumor growth curves of the 4T1 tumor-bearing BALB/c mice (E), treated with (i) PBS (control), (ii) aPD-L1 (1.0 mg/kg), (iii) SN38 (1.2 mg/kg), (iv) FeGd-HN@TA-
Fe?*-3 (Fe dosage: 5.0 mg/kg), (V) FeGd-HN@TA-Fe2+-3-SN38-2 (Fe dosage: 5.0 mg/kg), or (vi) FeGd-HN@TA-Fe2+-3-SN38-2 + oPD-L1 (Fe dosage: 5.0 mg/kg, aPD-
L1: 1.0 mg/kg). (F): H&E stainning of the tumor tissues from the 4T1 tumor-bearing mice with various treatments (i-vi) for 16 days. Mean + SD, *P < 0.05, **P

< 0.01.

SN38-2 (group v) and FeGd—HN@TA—Fe2+—3—SN38—2 + oPD-L1 (group
vi) are both statistically significant with p < 0.01, indicating the
amplified efficacy of tumor ferroptosis therapy by immune modulation.
Fig. 5D shows the relative body weight of mice during the process of
tumor treatments. All groups show stable body weights, indicating low
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or non-toxicity of the treatments.

From the 2nd tumor growth curves (Fig. 5E), it can be seen that
FeGd-HN@TA-Fe?*-3-SN38-2 (group v) shows obvious tumor growth
inhibition, indicating the function of immunoferroptosis synergistic
therapy from FeGd-HN@TA-Fe?"-3-SN38-2. In addition, FeGd-HN@TA-
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Fe®T-3-SN38-2 + oPD-L1 (group vi) shows more remarkable tumor
growth inhibition, which demonstrates that the upregulation of CD8" T
cells by immune checkpoints blockade (ICB) [13,74-78] can further
amplify the efficacy of tumor therapy. The H&E stainning of the tumors
from the 4T1 tumor-bearing mice with various treatments (i-vi) (Fig. 5F)
reinforces the above-mentioned therapeutic efficacy.

The H&E assay of the main organs (heart, liver, spleen, lung, and
kidney) as shown in Fig. S35 demonstrates the harmlessness of all
groups, which reinforces the low or non-toxicity of the treatments. The
hemolysis of FeGd-HN@TA-Fe?-3-SN38-2 with various Fe concentra-
tions (Figs. S36A and B) is comparable to that of 0.90% of NaCl and PBS,
but much lower than that of 1.0% of X-triton (p < 0.0001), which also
demonstrate the bio-safety of FeGd-HN@TA-Fe?*-3-SN38-2. Figs. S37
and S38 show the blood routine test and biochemical analysis of serum
(liver function test) from the plasma Balb/c mice pre- or post-injection of
FeGd-HN@TA-Fe?*-3-SN38-2 (Fe dosage: 5.0 mg/kg or 15.0 mg/kg),
demonstrating the bio-safety of FeGd-HN@TA-Fe?-3-SN38-2.

The CLSM images (Fig. S39) of the immunofluorescence of the kid-
ney from the PBS or FeGd-HN@TA-Fe?*-3-SN38-2 treated 4T1 tumor-
bearing mice with stainning of anti-CD8, anti-CD4 and anti-CD3, sug-
gest that FeGd-HN@TA-Fe?*-3-SN38-2 treatment do not cause cytotoxic
T-lymphocytes (CTLs) increase in kidney.

The optical images (Fig. S40) of the immunohistochemistry staining
of hematoxylin and myeloperoxidase (MPO), demonstrate that FeGd-
HN@TA-Fe?>-3-SN38-2 treatment do not cause the increasing of
neutrophil in kidney. All these data illustrate the bio-safety of FeGd-
HN@TA-Fe>™-3-SN38-2.

3.6. The mechanisms of in vivo immunoferroptosis synergistic therapy by
FeGd-HN@TA-Fe?-SN38

Fig. 6A schematically illustrates the ferroptosis initiation, and the
ferroptosis acceleration promoted by the STING activation via the GPX4
pathway. Typically, under the slight acidic TME, Fe?* released from the
FeGd-HN@TA-Fe?"-3-SN38-2 generates ROS, leading to robust LPO
accumulation and ferroptosis initiation. Meanwhile, the released SN38
activates the STING pathway, promoting the maturation of DCs.
Furthermore, the cross-priming of matured DCs and T cells generates
robust cytotoxic T-lymphocytes (CTLs), whose majority is CD8" T cells.
The IFN-y secreted from CD8" T cells inhibits system X, which down-
regulates the intracellular GSH/GPX4 and then promotes the ferroptosis
acceleration. The corresponding mechanism was verified by the mea-
surements of in vivo ROS, LPO, GPX4 and SLC7A11 levels. Fig. 6B shows
the schematic illustration of the animal experimental design for deter-
mination of the ferroptosis indicators in the 4T1 tumor-bearing mice
after treatment (i.v. injection) of (i) PBS (control), (ii) aPD-L1, (iii) SN38,
(iv) FeGd-HN@TA-Fe?*-3, (v) FeGd-HN@TA-Fe®>"-3-SN38-2, or (vi)
FeGd-HN@TA-Fe?*-3-SN38-2 -+ oPD-L1. Fig. 6C show the CLSM images
with intratumor LPO accumulation stained by BOIDPY C11-581/591. It
is found that FeGd-HN@TA-Fe?*-3 (group iv) exhibits obvious fluores-
cence transition from red to green compared with the PBS (group i),
aPD-L1 (group ii) and SN38 (group iii), indicating happening of fer-
roptosis. The green fluorescence of FeGd-HN@TA-Fe?*-3-SN38-2 (group
v) is much stronger than that of FeGd-HN@TA-Fe?*-3 (group iv),
demonstrating the STING activation by the released SN38 and the sub-
sequent ferroptosis acceleration promoted by the STING activation via
the GPX4 pathway. It presents the high efficiency of FeGd-HN@TA-
Fe?-3-SN38-2 provoking FT at the tumor tissue, which is the most
direct proof for immunotherapy synergy with ferroptosis. In addition,
the green fluorescence of FeGd-HN@TA- Fe?™-3-SN38-2 + aPD-L1
(group vi) is even stronger than that of FeGd-HN@TA- Fe?*-3-SN38-2
(group v), which indicates the upregulation of CD8" T cells by ICB with
enhancement of the IFN-y secretion for subsequent ferroptosis acceler-
ation via the GPX4 pathway. These conclusions can also be drawn from
the fluorescence distriutions and relative quantification results of the
cells in the treated tumors (i-vi) stained with DCFH-DA (Fig. 6D and E)
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for ROS analysis or with BOIDPY C11-581/591 (Fig. 6F and G) for LPO
identification, measured by FC.

Furthermore, FeGd-HN@TA-Fe2+-3-SN38-2 (group v) and FeGd-
HN@TA-Fe?"-3-SN38-2 + oPD-L1 (group vi) present much lower level
of GPX4 (Fig. 6H) and SLC7A11 (Fig. 6]) in the treated tumors than that
of the group i-iv. These results reinforce that the GPX4 pathway is the
key target for the ferroptosis acceleration promoted by the SN38-based
STING activation, or ICB-based CD8 T cells upregulation and its IFN-y
secretion.

Fig. 7A schematically presents the STING activation promoted by the
GPX4 pathway based ferroptosis due to the enhanced exosomes release
from the cells membrane ruptured by LPO. Typically, under the slight
acidic TME and endosome conditions, Fe>™ and SN38 can be released
from FeGd-HN@TA-Fe?"-SN38. The released SN38 results in damaged
cancer cells DNA and exocytosis of tumor-derived DNA fragments-
containing exosomes. The released Fe?™ can initiate ferroptosis, and
the corresponding LPO accumulation can lead to cell membranes
rupture, which accelerates the exosomes exocytosis and promotes the
STING activation. The activation of cGAS-STING pathway includes
expression of STING protein, and secretion of IRF3 and IFN-f. The IFN-f
plays the essential role of eliciting DCs maturation and cross-priming,
leading to IFN-y secretion from the CD8" T cells. The corresponding
mechanism was verified by the measurements of in vivo immune in-
dicators, including STING protein, IRF3, IFN-§ and IFN-y.

Fig. 7B shows the animal experimental design for determination of
the above-mentioned immune indicators in the 4T1 tumor-bearing mice
after treatment (i.v. injection) of PBS (group i), aPD-L1 (group ii), SN38
(group iii), FeGd-HN@TA-SN38-2 (group iv), FeGd-HN@TA-Fe?*-3-
SN38-2 (group v), or FeGd—HN@TA—FeZ+—3—SN38—2 + oPD-L1 (group vi).
The high expression of the STING, p-STING, IRF3, p-IRF3, TBK1 and p-
TBK1 in the groups of FeGd-HN@TA-Fe?"-3-SN38-2 (group v) and
FeGd-HN@TA-Fe?t-3-SN38-2 + oPD-L1 (group vi), as shown in Fig. 7C,
demonstrates the successful activation of the STING pathways of intra-
tumor DCs. The increasing secretion of IFN-p (Fig. 7D) and IFN-y
(Fig. 7E) in the tumor tissues of 4T1 tumor-bearing mice after the
treatment with FeGd-HN@TA-Fe?t-3-SN38-2 (group v) and FeGd-
HN@TA-Fe2+-3-SN38-2 + oPD-L1 (group vi) illustrates the maturation
of DCs. Because the combination of aPD-L1 can upregulate the function
of T cells, the FeGd—HN@TA—Fe2+—3—SN38—2 + oPD-L1 (vi) group exhibts
a higher intratumor level of IFN-y than FeGd-HN@TA-Fe?*-3-SN38-2 (v)
group.

Moreover, the intratumor DCs analyzed by anti-CD11c, anti-CD80
and anti-CD86 (Fig. 7F and Fig. S41) suggests the maturation of DCs due
to high expresion of CD80 and CD86 in the groups FeGd-HN@TA-Fe2*-
3-SN38-2 (v) and FeGd-HN@TA-Fe2+-3-SN38-2 + aPD-L1 (group vi).
The increased polulation of intratumor CD8™ T cells and CD4" T cells
analyzed by CD3, CD4 and CD8 (Fig. 7G and Fig. S42) demonstrate that
the provoking of STING pathway by FeGd-HN@TA-Fe?*-3-SN38-2 (v)
can largely enhance the T cells profiling with robust CLTs inflitration of
tumor tissue, and the combination of aPD-L1 with FeGd-HN@TA-Fe*-
3-SN38-2 (group vi) can futher improve the effectiveness of T cells.
Moreover, the CD8" T effective memeroy cells analyzed by CD8, CD62L
and CD44 (Fig. 7H and Fig. S43) indicate the polulation of CD8" T
effective memeory cells under STING activation after treatments of
FeGd-HN@TA-Fe?*-3-SN38-2 (group v) and FeGd-HN@TA-Fe?*-3-
SN38-2 + oPD-L1 (group vi). Moreover, the FeGd-HN@TA-FeZtS
treatment also exihibits slight maturation of DCs and CTL polulation,
which could be attributed to the ICD caused by intratumor ROS due to
the ferroptosis, as shwon in Fig. S44.

It is well known that the triple negative breast cancer is the “cold”
tumor with seldom immune cells infiltration. However, the 4T1-bearing
mice treated by FeGd-HN@TA-Fe?"-3-SN38-2 exhibits avtivation of
immune cells (e.g., DCs, CD8™ T cells) with secretion of cytokines (e.g.,
IFN-B and IFN-y), which realizes the conversion of “cold tomor” to “hot
tumor” [79,80]. These results demonstrate that the GPX4 pathway based
ferroptosis promote the STING activation due to the enhanced exosomes
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Fig. 6. (A): Schematic illustration of the ferroptosis initiation due to the ROS generation and LPO accumulation triggered by FeGd-HN@TA-Fe?"-3-SN38-2, the
STING activation by the released SN38, and the ferroptosis acceleration promoted by the STING activation via the GPX4 pathway. (B): Schematic illustration of the
animal experimental design for determination of ferroptosis indicators in the 4T1 tumor-bearing mice after treatment (i.v. injection) of (i) PBS (control), (ii) «PD-L1
(1.0 mg/kg), (iii) SN38 (1.2 mg/kg), (iv) FeGd-HN@TA-Fe?*-3 (Fe dosage: 5.0 mg/kg), (v) FeGd-HN@TA-Fe?*-3-SN38-2 (Fe dosage: 5.0 mg/kg), or (vi) FeGd-
HN@TA-Fe?*-3-SN38-2 + oPD-L1 (Fe dosage: 5.0 mg/kg, aPD-L1: 1.0 mg/kg). (C): Observation of the LPO accumulation in the treated tumors (i-vi) stained with
BOIDPY C11-581/591. (D-G): Fluorescence distriutions (D, F) and relative quanlitification (E, G) results of the cells in the treated tumors (i-vi) stained with DCFH-DA
(D, E), and BOIDPY C11-581/591 (F, G). (H, I): The relative GPX4 (H) and SCL7A11 (I) levels of the cells in the treated tumors (i-vi). Mean + SD, *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 7. (A): Schematic illustration for the STING activation promoted by the GPX4 pathway based ferroptosis due to the enhanced exosomes release from the cells
membrane ruptured by LPO. (B): Schematic illustration of the animal experimental design for determination of immune indicators in the 4T1 tumor-bearing mice
after treatment (i.v. injection) of (i) PBS (control), (ii) aPD-L1 (1.0 mg/kg), (iii) SN38 (1.2 mg/kg), (iv) FeGd-HN@TA-SN38-2 (SN38 dosage: 1.2 mg/kg), (v) FeGd-
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mice as treated by i-vi. Mean + SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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release from the cells membrane ruptured by LPO.
4. Conclusions

In summary, a STING pathway-activatable MRI contrast agent (i.e.,
FeGd-HN@TA-Fe2+-SN38) was developed based on FeGd-HN nano-
particles. The successful coating of the TA, Fe?>' and SN38 are charac-
terized by TEM, DLS, ICP, ESR, XPS, etc. The remarkable MRI
performance of the FeGd-HN@TA-Fe?"-SN38 is characterized by 3.0
and 7.0 T MRI scanners. CLSM images and FC analysis indicate the
cellular uptake and endo/lysosome escape of FeGd-HN@TA-Fe?*-SN38.
The FeGd-HN@TA-Fe?t-SN38 mediated ferroptosis therapy and its
mechanism are confirmed on cells by observation and quantification of
ROS, LPO, GSH and GPX4 with or without ferroptosis inhibitors,
including Fer-1, DFO, GSH, 1-cystine, NAC, and Vg. The FeGd-HN@TA-
Fe2+-SN38 mediated immunotherapy and its mechanism are demon-
strated by measuring the contents of exosomes and DNA, the expression
of STING, IRF3, CD80 and CD86, and the exocytosis of cell cytokines
IFN-B and IL-6. The half-life time (t;/2) of FeGd-HN@TA-Fe2+-SN38 in
the blood stream is measured to be 2.41 h. The remarkable in vivo MRI
performance of FeGd-HN@TA-Fe2*-SN38 is attributed to its high
accumulation at tumor location, the high relaxivities of FeGd-HN core,
and the pH-sensitive TA-Fe?"-SN38 layer that could be degraded in
TME. The in vivo effectiveness and biosafety of the immunoferroptosis
synergistic therapy induced by FeGd-HN@TA-Fe?*-SN38 are demon-
strated by the in vivo investigations on the 4T1 tumor-bearing mice. The
mechanisms of in vivo immunoferroptosis synergistic therapy by FeGd-
HN@TA-Fe?’"-SN38 are proved by measurements of in vivo ROS, LPO,
GPX4 and SLC7A11 levels, the intratumor matured DCs analyzed by
anti-CD11c-PE and anti-CD 11b-APC, the intratumor CD8" T cells
analyzed by anti-CD4-FITC and anti-CD8-PE, the protein expresion of
STING and IRF3, and the secretion of IFN-p and IFN-y. Overall, our
synthesized FeGd-HN@TA-Fe?>"-SN38 is a STING pathway-activatable
contrast agent that can be used for MRI-guided tumor immuno-
ferroptosis synergistic therapy with high efficacy.
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