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Ferroptosis therapy (FT) of the colorectal cancer (CRC) is usually restricted by the relatively slow rate of
Fenton reaction due to the limited concentration of intracellular H,O, and the high-level of endogenous H,S
with strong reducibility. To develop an unprecedented strategy for precise targeted CRC theranostics, in-
spired by the “cyclotron” concept in physics, we propose a new concept of cycloacceleration of ferroptosis
and calcicoptosis for the magnetic resonance imaging (MRI)-guided CRC therapy. The developed FGNPs@TA-
Fe3/Ca4 nanoparticles have an ideal hydrodynamic diameter of 16.5 + 2.2 nm and relatively high loading
contents of Fe**/Ca®* (15.6 + 3.4 % and 32.1 + 1.9 %). The powerful T, imaging ability of FGNPs@TA-Fe3/Ca4
with TME-responsive relaxivities is identified by 7.0 and 3.0 T of MRI scanners. The cycloacceleration of
ferroptosis and calcicoptosis induced by FGNPs@TA-Fe3/Ca4 is reinforced by the MTT assay, and the mea-
surements of reactive oxygen species (ROS), lipid peroxide (LPO), glutathione (GSH) peroxidase 4 (GPX4)
bioactivity, GSH, H,S and SO, of CT 26 cells with various treatments with or without ferroptosis or calci-
coptosis inhibitors. The in vivo effectiveness and safety of FGNPs@TA-Fe3/Ca4 for MRI-guided CRC therapy
based on cycloacceleration of ferroptosis and calcicoptosis are demonstrated on the CT 26 tumor-bearing
BALB/c mice.
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affects the imaging quality [6-11]. In addition, the clinical CRC
treatments lack effective methods for monitoring the disease pro-

Introduction

Colorectal Cancer (CRC) is the third leading cause of cancer death
around the world with the trend of rising incidence among young
adults [1-5]. At present, clinical imaging diagnosis of CRC is affected
by stool and fluid in the intestinal cavity. To provide solid judgment
bases and details for clinical diagnosis of CRC disease progress, the
enema is required for patients before imaging examination. How-
ever, the enema brings pain to patients, causes the secretion of in-
testinal glands, and sometimes results in more fluid retention, which
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gression, and the commonly used clinical treatment methods in-
cluding chemotherapy, radiotherapy, and surgical resection, still
have drawbacks, e.g., serious side-effects and risks of recurrences
[6,12,13]. Although immune checkpoint blockade therapy (e.g., PD-1/
L1, and CTLA-4 inhibitors) [14-16] have been approved for clinical
application, its remarkable therapeutic effect could only be observed
in a small fraction of patients [17,18]. Furthermore, the immune-
related adverse effects (irAEs) have attracted more and more at-
tention [19-22]. To develop unprecedented strategies for precise
targeted CRC theranostics, tumor microenvironment (TME)-re-
sponsive nanomedicines emerged [13,23,24].

Ferroptosis therapy (FT) is an iron-dependent programmed cell
death driven by reactive oxygen species (ROS) generation as well as
lipid peroxide (LPO) accumulation on cancer cells membrane
[25-29]. Nanomedicine-based FT shows significant penitential to
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conquer the above-mentioned obstacles for CRC therapy via the in-
voled stratergies of ROS amplying and/or LPO accumulation pro-
motion [30-38]. Recently, a growing number of nanomaterials with
functions of ROS generation and glutathione peroxidase 4 (GPX4, the
ferroptosis downstream regulator) depletion were reported for FT of
tumors [30,33,39-45]. However, the relatively slow rate of Fenton
reaction due to the limited concentration of intracellular H,O, and
the high-level of endogenous H,S (with strong reducibility) restricts
the FT efficiency of CRC [46]. The commonly used ferroptosis ago-
nists, e.g., Erastin (system X inhibitor) [47], Sorafenib (system X
inhibitor) [48], and RSL3 (GPX4 inhibitor) [49], are small molecular
drugs with limited water solubility without tumor targetability.

To establish multifunctional nanoplatforms with more sufficient
ferroptosis for tumor therapy, we are seeking more synergistic ef-
fects in ROS generation and cell membrane destruction. The calci-
coptosis was recently defined as a novel programmed cell death
caused by Ca®* over-loading that leads to mitochondrional dys-
function with excess ROS generation. Under oxidative stress, the
functions of calcium channels in cells are abnormal with difficulties
of Ca®* concentration modulation, which further causes cell mem-
brane mineralization by Ca3(PO,4), precipitation [50]. Moreover,
ferroptosis also exhibites with great potential of modulation of mi-
tochondrion membrane poteintial (MMP) as well as disruption of
cells membranes [51].

In this study, inspired by the “cyclotron” concept in physics, we
propose a new concept of cycloacceleration of ferroptosis and cal-
cicoptosis for the magnetic resonance imaging (MRI)-guided high-
efficiency CRC therapy. Typically, our previously reported dotted
core-shell Fe304/Gd,03 hybrid nanoparticles (FGNPs), a superior T-
weighted MRI contrast agent (CA) with a superhigh r; (70.0 mM™!
s™!) and low r,/r; (1.98) [52], was used for the chelation between
tannic acid (TA) and Fe**/Ca®* on its surface, forming FGNPs@TA-Fe/
Ca (Scheme 1). After intravenous injection, the FGNPs@TA-Fe/Ca
accumulates at solid tumors based on enhanced permeability and
retention (EPR) effect. Under the acidic conditions of late endo-
somes, the FGNPs@TA-Fe/Ca can release the Ca%*, Fe?* (with electron
transferring from the ortho-phenolic hydroxyl groups to Fe**) on the
surface, and the core FGNPs. The released FGNPs with remarkable
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relaxivities can be used for the MRI-guided CRC therapy. The re-
leased Fe?" reacts with the intracellular H,0, (i.e., Fenton reaction) in
CRC cells generating ROS, which induces LPO accumulation. Mean-
while, the Fe** can be reduced to be Fe?* by the relatively high level
of glutathione (GSH) in TME, which inhibits GPX4 activity and ac-
celerates LPO accumulation. The LPO accumulation finally results in
ferroptosis of CRC cells. Furthermore, the released Ca®* (ie., Ca®*
overloading) can cause dysfunction of mitochondrion with robust
ROS generation and biomineralization of cell membrane due to the
Ca?* exocytosis and formation of Ca;(PO4), aggregate, which induces
calcicoptosis. The excessive ROS generated from Ca®* overloading on
mitochondrion can promote LPO accumulation, which accelerates
ferroptosis. The ferroptosis can expedite the mitochondrion dys-
function as proved by the mitochondrion membrane potential
(MMP) decreasing and biomineralization of cell membranes by Ca®*
exocytosis promoted by LPO disruption on the cells membranes,
which accelerate calcicoptosis. Therefore, our FGNPs@TA-Fe/Ca can
cycloaccelerate ferroptosis and calcicoptosis for high performance
MRI-guided CRC therapy.

Results and discussion
Synthesis and characterization of the FGNPs@TA-Fe/Ca nanoparticles

FGNPs used in this study was prepared according to our pre-
viously reported procedures [52]. Fig. 1A shows the TEM image of
FGNPs with a average size of 5.5 nm, which is almost the same with
the reported size.

TA and Fe** were then chelated on the surface of FGNPs gen-
erating FGNPs@TA-Fe1-3 with various synthesis conditions sum-
marized in Table S1. The size distributions measured by dynamic
light scattering (DLS, Fig. S1) show only one narrow peak for each
sample. The hydrodynamic diameter (d,) was measured to be
165.5 £ 7.3, 95.8 + 8.9, and 10.9 + 2.1 nm for FGNPs@TA-Fe1-3, re-
spectively (Table S1). Because a higher feeding amount of TA and
Fe®* caused aggregation of FGNPs@TA-Fe1 and 2, FGNPs@TA-Fe3 was
chosen as the optimized sample. The TEM image of FGNPs@TA-Fe3

FGNPs@TA

/a Ca,(PO,),aggreate

FGNPs@TA-Fe/Ca

Scheme 1. Schematic illustration for the synthesis of FGNPs@TA-Fe/Ca, and the cycloacceleration principle of ferroptosis and calcicoptosis for MRI-guided tumor therapy based

on FGNPs@TA-Fe/Ca.
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Fig. 1. (A-C): TEM images of FGNPs (A), FGNPs@TA-Fe3 (B) and FGNPs@TA-Fe3/Ca4 (C). (D, E): Zeta potential of FGNPs, FGNPs@TA, and FGNPs@TA-Fe3/Ca4 (D), and stability of
FGNPs@TA-Fe3/Ca4 in pure water, PBS, or DMEM with 10 % FBS (E), which were measured by DLS. (F): ESR measurement for FGNPs, FGNPs@TA-Fe3 FGNPs@TA-Ca4, and
FGNPs@TA-Fe3/Ca4 incubated at pH 6.5 with H,0, (100 uM) for 6.0 h. (G): Fe and Ca release curves of FGNPs@TA-Fe3/Ca4 at pH 7.4 or 5.0. (H, I): T, relaxation rate (1/T;) observed
by a 70T (H), or 3.0T (I) of MRI scanner plotted as a function of Cgq for FGNPs@TA-Fe3/Ca4 (Batch 1) incubated at pH 7.4 or 6.5 for 6.0 h. (J, K): The black & white (J) and
corresponding pseudo-color (K) of T;-weighted MR images for FGNPs@TA-Fe3/Ca4 with various Cc4 observed by a 7.0 T MRI scanner (TE = 200.0 ms, TR = 6.3 ms). (L): T;-weighted
MR image of FGNPs@TA-Fe3/Ca4 with various Cgq observed by a 3.0 T clinical MRI system (TE = 400.0 ms, TR = 7.3 ms).

reveals the coating of TA-Fe shell layers by the enhanced contrast in
the FGNPs outer sphere (Fig. 1B).

The feeding amount of Ca?>* was then optimized to synthesize
FGNPs@TA-Fe3/Cal-4 with various synthesis conditions summar-
ized in Table S2. The dy measured by DLS (Fig. S2) is respectively
250.5 £ 11.7, 136.5 + 6.6, and 16.5 + 2.2nm for FGNPs@TA-Fe3/

Ca2-4 (Table S2). The corresponding data were not shown in for
FGNPs@TA-Fe3/Cal due to its serious aggregation. Due to the ideal
particle size of 16.5 £ 2.2 nm for in vivo applications, FGNPs@TA-
Fe3/Ca4 was considered to be the optimal sample.

Fig. 1B and C show the TEM images of the optimized sample
FGNPs@TA-Fe3 and FGNPs@TA-Fe3/Ca4, respectively. From the TEM
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images, it is found that the nanoparticles aggregate slightly because
they are observed at dried state without water. The d;, measured by
DLS is respectively 10.9 £ 2.1 and 16.5 + 2.2 nm for FGNPs@TA-Fe3
and FGNPs@TA-Fe3/Ca4, which indicates that the nanoparticles are
well-dispersed in water without aggregation. In addition, the
loading contents of the Fe and Ca in the FGNPs@TA-Fe3/Ca4 were
respectively measured to be 15.6 + 3.4 % and 32.1 + 1.9 % by in-
ductively coupled plasma-optical emission spectroscopy (ICP-OES).

The zeta potential of the nanoparticles (Fig. 1D) decreases from
-31.3 = 6.2mV (FGNPs) to —50.7 + 4.8 mV (FGNPs@TA) indicating
the successful coating of negatively charged TA, but then increases to
-22.9 + 3.1 mV (FGNPs@TA-Fe3/Ca4) demonstrating the significant
loading of Fe>* and Ca?*. Moreover, the dy, of the FGNPs@TA-Fe3/Ca4
in water, PBS or DMEM with 10 % FBS measured by DLS has no
significant changes in one week (Fig. 1E), which reveals that the
FGNPs@TA-Fe3/Ca4 displays good colloidal stability in aqueous so-
lutions.

Fig. S3 shows the structure and Fourier transform infrared (FT-IR)
spectra of TA, FGNPs@TA-Fe3/Ca4, and PAA-stabilized FGNPs. The
peak a at 1510 or 1490 cm™' corresponds to the stretching vibration
of benzene -C=C- from TA [53]. The peak b at 1435 or 1420 cm™’
corresponds to the in-plane bending vibration of -CH,- from PAA
[54]. Both peak a and b are found in the spectrum of FGNPs@TA-Fe3/
Ca4, indicating the successful coating of TA on the surface of PAA-
stabilized FGNPs. Fig. S4 shows X-ray Photoelectron Spectroscopy
(XPS) spectrum of FGNPs@TA-Fe3/Ca4. The peaks of Ca2p,.
(347.2eV), Ca2psp, (352.5eV) [50], Fe2pyj, (712.2eV) and Fe2ps);,
(717.5eV) [41] indicate the successful loading of Fe** and Ca®* on
FGNPs@TA-Fe3/Ca4.

To demonstrate the vital role of Fe in cancer FT activated by TME,
the ROS generation ability of FGNPs@TA-Fe3/Ca4 was then in-
vestigated. The samples of FGNPs, FGNPs@TA-Fe3, FGNPs@TA-Ca4
and FGNPs@TA-Fe3/Ca4 were incubated in PBS with H,0, at pH 6.5
and 37 °C for 6.0 h. With adding of H,0, (with the final concentra-
tion of 100 pM) and 5,5-dimeth-yl-1-pyrroline-N-oxide (DMPO) as
hydroxyl radical (*OH) trapping agent, the characteristic of *OH
peaks appears to be 1:2:2:1 signal (Fig. 1F) [4]. Compared with
FGNPs and FGNPs@TA-Ca4, FGNPs@TA-Fe3 and FGNPs@TA-Fe3/Ca4
present higher signal of *OH, which can be attributed to the gener-
ated *OH from the Fenton reaction between the released Fe?* and
H,0, (Fe?" + H,0, —Fe*" + OH" + *OH).

The metal-phenolic networks established by TA chealting with
the Gd®*, Fe** and Ca?* on the surface of FGNPs can be degraded at
TME [33]. The corresponding mechanism is illustrated in Scheme S1.
The TA-Fe/Ca layer can be degraded due to its pH sensitiviy to re-
lease Fe?* (Scheme S1B) [41], Ca®* (Scheme S1C), and FGNPs (Scheme
S1D). Fig. 1 G shows the release of Fe?* and Ca?* from the FGNPS@TA-
Fe3/Ca4 at pH 5.0 or 7.4 at 37 °C. After incubation for 24 h, the Fe?*
and Ca®* release percentages respectively reach 92.5 + 6.6 % and
95.6 + 5.7 % at pH 5.0, while only 16.0 + 3.2 and 14.5 + 1.66% at pH
7.4. It not only illustrates the responsive release Fe?* and Ca?* from
the FGNPs@TA-Fe3/Ca4 in acidic endo/lysosomes, but also demon-
strates the stability of the FGNPs@TA-Fe3/Ca4 during the process of
blood circulation and the limited side effects at physiological con-
ditions.

T, relaxation rate (1/T;) (Fig. TH and I, and Fig. S5A-D) and T,
relaxation rate (1/T,) (Fig. S6A-F) observed by a 7.0 T or 3.0 T of MRI
scanner are plotted as a function of Cgq for three batches of
FGNPs@TA-Fe3/Ca4 incubated at pH 7.4 or 6.5 for 6.0 h. The slopes of
linear lines were used as the ry or r, values [55], and summarized in
Table S3. The FGNPs@TA-Fe3/Ca4 (incubated at pH 7.4 for 6.0h)
exhibits a smaller r; value (6.17 £ 0.05mM™! s' at 70T and
13.18 + 1.01mM ' s7! at 3.0T) and larger r,/r; ratio (11.64 + 0.42 at
70T and 4.22 + 0.19 at 3.0T) due to the bondage of water proton
exchange with FGNPs core with a layer of TA-Fe/Ca. However, after
incubation of FGNPs@TA-Fe3/Ca4 in pH 6.5 buffer at 37 °C for 6.0 h,
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the r; increases (1824 +051mM™ s at 70T and
4400 +2.02mM™! s' at 3.0T) and the r,/r; ratio decreases
(9.28 £ 0.21 at 70T and 2.84 £ 0.12 at 3.0T) significantly, which
indicates that the FGNPs core can escape from the FGNPs@TA-Fe3/
Ca4 after the pH-sensitive degradation of TA-Fe/Ca layers at acidic
TME and then exhibit remarkable MRI performance.

From the black & white (Fig. 1J) and corresponding pseudo-color
(Fig. 1K) T;-weighted MR images of FGNPs@TA-Fe3/Ca4 observed by
a 7.0 T of MRI scanner (TE = 200.0 ms, TR = 6.3 ms) and that observed
by a 3.0 T of clinical MRI system (TE = 400.0 ms, TR = 7.3 ms) (Fig. 1L),
it is obvious that the intensity of T; signal increases with increasing
of Cga.

Additionally, ASNR is utilized for the quantitative analysis of
signal changes, which is calculated according to Eqs. (1) and (2)
[52,55-57].

SNR = SImean
SDnoise (l )
ASNR = M %100 %
SNRyre (2)

Fig. S7 exhibits the ASNR values of T;-weighted MRI at 7.0T
(Fig. 1]), which reinforce the strong dependence of the T; signal on
Gd concentration gradient.In addition, the intensities of T;-weighted
MR images (pseudo-color) of CT 26 cells treated with FGNPs@TA-
Fe3/Ca4 (Cgq = 0.20 mM) are much stronger than that treated with
FGNPs (Cgq = 0.20 mM) at any time of treatment (Fig. S8), which also
reveals the powerful T; imaging ability of the FGNPs@TA-Fe3/Ca4.

The phantom studies illustrate the importance of the pH-sensi-
tivity design of FGNPs@TA-Fe3/Ca4 in the MRI-guided tumor
therapy, which exhibits a bright contrast at the tumor location.
Besides, the high rq, low r,/r; and high ASNR suggest the potential to
be used as an T;-weighted MRI contrast agent.

Ferroptosis induced by FGNPs@TA-Fe3/Ca4 nanoparticles

To reveal the essential role of intracellular Fe?* for FT, the cellular
uptake of nanoparticles by CT 26 cells and the following Fe?* release
in acidic late endosomes were investigated by confocal laser scan-
ning microscopy (CLSM). The CT 26 cells were incubated with RMPI
1640 medium (control) or the medium containing nanoparticles
including FGNPs, FGNPs@TA-Fe3, FGNPs@TA-Ca4, or FGNPs@TA-Fe3/
Ca4 at 37 °C for 3.0 h. The cell nuclei stained with DAPI are blue, the
cell cytoskeletons stained with FITC-actin are green, and in-
tracellular Fe?* stained with FeRhoNox-1 is red (Fig. 2A). In the
FGNPs@TA-Fe and FGNPs@TA-Fe3/Ca4 groups, it is obvious that lots
of intracellular Fe?* (red dots) were released into the cytoplasm from
the nanoparticles. In comparison, very few red dots can be observed
in the FGNPs and FGNPs@TA-Ca4 groups. This result illustrates the
importance of the TA-Fe or TA-Fe/Ca layer on the surface of FGNPs to
enhance the intracellular Fe?* level of CT 26 cells for the FT appli-
cation.

The endo/lysosome escape capabilities of the nanoparticles were
also examined by CLSM. After 3.0 h of incubation with RMPI 1640
medium (control) or the medium containing FGNPs, FGNPs@TA-Fe3,
FGNPs@TA-Ca4, or FGNPs@TA-Fe3/Ca4 nanoparticles, the CT 26 cells
were incubated with the completed medium for another 2.0 h. The
cell nuclei stained with DAPI are blue, the endo/lysosomes stained
with Endo/Lyso-Tracker are green, and the intracellular Fe?* stained
with FeRhoNox-1 is red (Fig. 2B and Fig. S9). Both FGNPs@TA-Fe3
and FGNPs@TA-Fe3/Ca4 groups display numerous red dots that are
not overlapped with the green dots, however, both FGNPs and
FGNPs@TA-Ca4 groups do not. This result demonstrates that the
endo/lysosome escape abilities can be enhanced by TA-Fe coating on
the surface of FGNPs, which is in accordance with previous re-
ports [58].
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FGNPs@TA-Ca4 FGNPs@TA-Fe3/Ca4

Fig. 2. (A-D): CLSM images of CT 26 cells treated with RMPI 1640 medium (control), or the medium containing nanoparticles (FGNPs, FGNPs@TA-Fe3, FGNPs@TA-Ca4, or
FGNPs@TA-Fe3/Ca4). The cells were stained with DAPI (cells nuclei, blue), FITC-actin (cytoskeleton, green) and FeRhoNox-1 (intracellular Fe?*, red) to observe the cellular uptake
of Fe (A), stained with DAPI, Endo/Lyso-Tracker (endo/lysosomes, green) and FeRhoNox-1 to observe the endo/lysosome escape of Fe (B), stained with DCFH-DA (green) to indicate
the ROS production (C), or stained with DAPI (cells nuclei, blue) and BODIPY C11-581/591 (green/red) to demonstrate the LPO generation (D).

Subsequently, the excessive intracellular ROS generated from
Fenton reaction by the high level of intracellular Fe?* and H,0, were
also detected by CLSM. The CT 26 cells were stained with a ROS-
sensitive fluorescence probe (i.e., 2’,7'-dichlorofluorescein diacetate,
DCFH-DA). As shown in Fig. 2C, the FGNPs group exhibits almost no
green fluorescence due to the limited intracellular Fe?*. On the
contrary, the FGNPs@TA-Fe3 and FGNPs@TA-Ca4 groups show ob-
vious green fluorescence indicating the ROS generation in CT 26
cells, which can be respectively attributed to the accelerated Fenton
reaction with ROS generation induced by the released Fe?* and the
mitochondrional dysfunction with robust ROS generation resulted
from the Ca®" over-loading. Furthermore, the FGNPs@TA-Fe3/Ca4
group presents much stronger green fluorescence suggesting sig-
nificantly higher ROS level, which demonstrates that the FGNPs@TA-
Fe3/Ca4 can cycloaccelerate ferroptosis and calcicoptosis for high
performance CRC therapy.

The LPO accumulation was then observed by CLSM using the
BODIPY C11-581/591 fluoresce probe (reduced state, red fluores-
cence; oxidation state, green fluorescence). The process of LPO ac-
cumulation could be revealed by the fluorescence transition from
red to green. As shown in Fig. 2D, the FGNPs group shows limited

LPO accumulation as indicated by the red fluorescence; the
FGNPs@TA-Fe3 and FGNPs@TA-Ca4 groups display increased LPO
accumulation due to the obvious fluorescence transition from red to
green; the FGNPs@TA-Fe3/Ca4 group exhibits very strong green
fluorescence without red fluorescence. The strong LPO accumulation
in CT 26 cells can be ascribed to the above-mentioned robust ROS
generation that oxidize the phospholipid, which is considered the
hallmark of ferroptosis [25,59].

To verify the ferroptosis induced by the FGNPs@TA-Fe3/Ca4,
more investigations were conducted by utilization of ferroptosis
inhibitors, including: 1) the inhibitors that decrease the concentra-
tion of intracellular Fe?*/Fe*" to prevent ROS generation from Fenton
reaction, e.g., Ferrostatin-1 (Fer-1) [60,61| and deferoxamine (DFO);
[48] 2) the inhibitors that activate the GPX4, a central regulator of
ferroptosis reducing the toxic LPO to non-toxic hydroxyl lipid (LOH)
[42], e.g., GSH (the substrate of GPX4) [59], L-cystine (the substrate of
GSH) [62], and N-acetyl-L-cysteine (NAC, a ROS scavenger);[63] 3)
the inhibitors with a strong reducibility eliminating oxidizing ROS in
cells, e.g., Vitamin C (V¢) [33] and Vitamin E (Vg) [64].

With addition of ferroptosis inhibitors, both ROS and LPO levels
in CT 26 cells treated by FGNPs@TA-Fe3/Ca4 were investigated
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Fig. 3. Fluorescence distribution of the cells treated with FGNPs@TA-Fe3/Ca4 without or with addition of ferroptosis inhibitors including Fer-1 (2.0 pM), DFO (100 pM), GSH
(2.0 mM), L-cystine (2.0 mM), NAC (2.0 mM), V¢ (25 mM), or Vg (25 mM) measured by flow cytometry (A, C), and the corresponding qualification results (B, D) for the analysis of
ROS (A, B) or LPO (C, D) generation, which was stained with DCFH-DA (green), or C11-BODIPY 581/591 (green/red), respectively. Mean = SD, *P < 0.01, **P < 0.01, ***P < 0.001,

***p < 0.0001.

utilizing flow cytometry. CT 26 cells were incubated with RMPI 1640
medium or the medium containing FGNPs@TA-Fe3/Ca4 for 3.0 h, and
then incubated with completed medium with or without ferroptosis
inhibitors for another 6.0 h, including Fer-1 (2.0 pM), DFO (100 pM),
GSH (2.0 mM), t-cystine (2.0 mM) and NAC (2.0 mM), V¢ (25 mM),
and Vg (25mM) [33,65], respectively. Fig. 3A, C show the fluores-
cence distributions of the cells measured by flow cytometry, Fig. 3B,
D present the corresponding qualification results for the analysis of
ROS (Fig. 3A, B) or LPO (Fig. 3C, D) generation, which was stained
with DCFH-DA (green), or C11-BODIPY 581/591 (green/red), re-
spectively. It can be seen that the FGNPs@TA-Fe3/Ca4 group pos-
sesses much stronger green DCFH-DA signal (i.e., higher ROS levels)
and much weaker red BODIPY 581/591 signal (i.e., higher LPO levels)
than that of the control, and both the ROS and LPO levels decrease
significantly with addition of the above-mentioned ferroptosis in-
hibitors. Therefore, it can be concluded that the FGNPs@TA-Fe3/Ca4
do induce ferroptosis.

Calcicoptosis induced by FGNPs@TA-Fe3/Ca4 nanoparticles

The increasing of intracellular Ca* level with cellular uptake of
FGNPs@TA-Fe3/Ca4 was examined by CLSM. Fig. 4A and Fig. S10
show the CLSM images of CT 26 cells treated with RMPI 1640
medium or the medium containing nanoparticles. The cell nuclei
stained with DAPI are blue, and the intracellular Ca®* stained with
Fluo-4 AM is green. It is obvious that the control, FGNPs, and
FGNPs@TA-Fe3 groups display rare green dots (ie., intracellular
Ca?"). On the contrary, the FGNPs@TA-Ca4 and FGNPs@TA-Fe3/Ca4
groups exhibit numerous green dots, indicating the efficient cellular
uptake of FGNPs@TA-Ca4 and FGNPs@TA-Fe3/Ca4, and the following
Ca?* release enhancing the intracellular Ca®* level of CT 26 cells.

Then, the endo/lysosome escape of Ca%* was also observed by
CLSM. The CT 26 cells were incubated with RMPI 1640 medium
(control) or the medium containing nanoparticles. The cells nuclei
stained with DAPI are blue, the endo/lysosomes stained with Endo/
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Fig. 4. CLSM images of CT 26 cells incubated with RMPI 1640 medium (control), or the medium containing nanoparticles (FGNPs, FGNPs@TA-Fe3, FGNPs@TA-Ca4, and FGNPs@TA-
Fe3/Ca4). The cells were stained with DAPI (cells nuclei, blue) and Fluo-4 AM (intracellular Ca?*, green) to observe the cellular uptake of Ca®* (A), stained with DAPI, Endo/Lyso-
Tracker Red (endo/lysosomes, red) and Fluo-4 AM to observe the endo/lysosome escape of Ca%* (B), stained with DAPI, Mito-Tracker Red (mitochondrion, red) and Fluo-4 AM to
indicate mitochondrion invasion of Ca?* (C), or stained with stained with of DAPI and JC-1 probe (green/red) to demonstrate MMP decrease caused by Ca®* over-loading (D).

Lyso-Tracker are red, and intracellular Ca%* stained with Fluo-4 AM is
green. As shown in Fig. 4B and Fig. S11, rare green dots could be
observed in the FGNPs, and FGNPs@TA-Fe3 groups; while the CT 26
cells treated with FGNPs@TA-Ca4 and FGNPs@TA-Fe3/Ca4 display
robust green dots out of red dots, which indicates the successful
endo/lysosome escape of Ca®".

Subsequently, the progress of calcicoptosis induced by Ca%* over-
loading was also monitored, including: 1) the invasion of in-
tracellular Ca®* into mitochondrion; 2) Ca®* accumulation in the
mitochondrion; 3) the MMP decreases and ROS generation induced

by mitochondrial Ca?*; 4) biomineralization of the cells membrane
caused by Ca®* exocytosis.

The invasion of intracellular Ca?* into mitochondrion was re-
vealed by the CLSM. The cells nuclei stained with DAPI are blue, the
mitochondrion stained with Mito-Tracker are red, and intracellular
Ca* stained with Fluo-4 AM is green. As shown in Fig. 4C and Fig.
S12, the FGNPs@TA-Ca4 and FGNPs@TA-Fe3/Ca4 groups display
over-lapping of the green dots with red dots, suggesting the Ca®*
invasion into the mitochondrion.
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The mitochondrial Ca?* accumulation was also analyzed by
staining of Rod-2 AM (which is a specific mitochondrial Ca®* probe)
[50]. The fluorescence distributions (Fig. S13A) and the corre-
sponding quantification results (Fig. S13B) clearly show the in-
creasing amount of mitochondrial Ca®" in FGNPs@TA-Fe3,
FGNPs@TA-Ca4 and FGNPs@TA-Fe3/Ca4 groups. It is obvious that the
mitochondrial Ca®* accumulation in FGNPs@TA-Ca4 and FGNPs@TA-
Fe3/Ca4 groups is caused by the overloading of Ca%*. Surprisingly, the
intracellular Ca%* also appears in FGNPs@TA-Fe3 group, which could
be attributed to the ROS generated ferroptosis that provoke Ca?*
entry of mitochondrion by modulating the Ca®* channels on the
plasma membranes [50|. Moreover, the addition of Fer-1 sig-
nificantly prevents the mitochondrial Ca®* accumulation caused by
FGNPs@TA-Fe3/Ca4, which further demonstrate the promotion of
ferroptosis to calcicoptosis.

The MMP decrease caused by Ca®* overloading was also tested by
the commercial JC-1 (tetrechloro-tetraethyl benzimidazo carbocya-
nine iodide) probe. It forms aggregates in the normal polarized
mitochondrial membrane with red fluorescence, while displays
monomers in the damaged and depolarized mitochondrial mem-
brane with green fluorescence [50]. Therefore, the mitochondrial
dysfunction could be revealed by fluorescence transition from red to
green. As shown in Fig. 4D and Fig. S14, the FGNPs@TA-Ca4 group
exhibits obvious green fluorescence transferred from red fluores-
cence, which reveals the MMP decrease and mitochondrial dys-
function caused by Ca?* overloading. In addition, the FGNPs@TA-Fe3/
Ca4 group presents much stronger green fluorescence due to the
synergistic effect of mitochondrial Ca?* accumulation, and ferrop-
tosis effect on mitochondrion, including the condensed densities of
mitochondrial membrane, the reduction or vanishing of mitochon-
dria crista, and the rupture of outer mitochondrial membranes [66].

In the progress of calcicoptosis, the overloading of Ca?* can in-
duce mitochondrion dysfunction with robust ROS generation. It
could be proved by FGNPs@TA-Ca4 treated CT 26 cells, which were
chosen as the model to investigate the relationship between ROS
generation and mitochondrial Ca?* accumulation. The CT 26 cells
were stained by DCFH-DA and Rod2-AM to monitor the dynamic
intracellular ROS level increase and mitochondrial Ca?* accumula-
tion by a RT (real-time)-CLSM. As shown in Fig. 5A, the intracellular
ROS level is indicated by the green signal and the mitochondrial Ca®*
accumulation is revealed by the red signal. The intensity of red and
green fluorescence was measured every 80 s. It could be found that
both the intracellular ROS level and mitochondrial Ca%* obviously
ascend, confirming that Ca?* overloading induces the intracellular
ROS level increase in the progress of calcicoptosis. That is because
the mitochondrial Ca* accumulation can stimulate NADPH oxidase
activity, followed by ROS production. The ROS level increase can
provoke Ca?* entry of mitochondrion by modulating the Ca%* chan-
nels and Ca®* ATPases [50].

Biomineralization of the CT 26 cells membranes caused by Ca®*
exocytosis was also examined. The CT 26 cells treated by the
medium containing FGNPs@TA-Fe3, FGNPs@TA-Ca4 and FGNPs@TA-
Fe3/Ca4 were stained by Von Kossa and Alizarin Bordeaux to show
the biomineralization of CT 26 cells with black and red dyes. As
shown in Fig. 5B. the FGNPs@TA-Fe3/Ca4 treated group is observed
with a faster and more frequent accumulation of the black dyes
compared with FGNPs@TA-Ca4 treatment at the time point of 12, 15,
18, 24 h. Similarly, as shown in Fig. 5 C, the CT 26 cells treated with
FGNPs@TA-Fe3/Ca4 appear with more red dyes than FGNPs@TA-Ca4
at any time points. Moreover, the CT 26 cells treated with
FGNPs@TA-Fe3 also exhibits with black dyes (Fig. 5B) and red dyes
(Fig. 5 C) at 24 h, which indicates that the ferroptosis plays a role in
promoting the progress of biomineralization due to the LPO dis-
ruption of the cell’s membrane [67], thus leading to intracellular
Ca?" releasing and exposing in the extracellular environment, and
acceleration of the cell membrane biomineralization.
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Cycloacceleration of ferroptosis and calcicoptosis induced by FGNP@TA-
Fe3/Ca4

Fig. S15A-C show the cell viabilities of CT 26 cells treated with
FGNPs@TA-Fe3, FGNPs@TA-Ca4, or FGNPs@TA-Fe3/Ca4 with or
without inhibitors of Fer-1, A23187, DFO, 1-cystine, GSH or NAC. The
cell viability of CT 26 cells treated with FGNPs@TA-Fe3, FGNPs@TA-
Ca4, or FGNPs@TA-Ca4 is 63.4 % (Ce = 200 uM), 48.7 % (Cge = 174 uM;
Cca= 55.7 uM), or 20.2 % (Cge = 200 pM; Cca= 55.7 pM), respectively.
This result indicates that only ferroptosis or calcicoptosis exhibit
limited therapeutic efficiency. However, the FGNPs@TA-Fe3/Ca4
show much higher cytotoxicity than that of FGNPs@TA/Fe3 and
FGNPs@TA/Ca4 with the same Fe or Ca concentration due to the
effect of cycloacceleration of ferroptosis and calcicoptosis. Our
FGNPs@TA-Fe/Ca can cycloaccelerate ferroptosis and calcicoptosis
because the excessive ROS generated from Ca®* overloading on mi-
tochondrion can promote LPO accumulation accelerating ferroptosis,
and the ferroptosis can expedite the mitochondrion dysfunction and
biomineralization of cell membrane accelerating calcicoptosis.

To validate the powerfulness of cycloacceleration of ferroptosis and
calcicoptosis, the inhibitors of ferroptosis and calcicoptosis were uni-
tized in the MTT assay. With the addition of Fer-1 (2.0 uM), the CT 26
cells treated with FGNPs@TA-Fe3 and FGNPs@TA-Fe3/Ca4 display ro-
bust recovery of cell viability (Fig. S15A). The addition of A23187
(8.0 uM), a calcicoptosis inhibitor, also largely enhances the cell viability
treated by FGNPs@TA-Ca4 or FGNPs@TA-Fe3/Ca4 (Fig. S15B) because
the A23187 can dynamically transport the intracellular Ca®* out of the
cells [50]. The inhibitors of L-cystine (2.0 mM), GSH (2.0 mM), and NAC
(20mM) significantly increase the viability of cells treated by
FGNPs@TA-Fe3/Ca4 (Fig. S15C), suggesting the key role of GPX4 and
ROS on ferroptosis. Moreover, with addition of Fer-1 (2.0 uM) and DFO
(100 uM), the CT 26 cells treated with FGNPs@TA-Fe3/Ca4 exhibit sig-
nificantly enhanced viability (Fig. S15A, C), indicating the importance of
intracellular Fe** level on ferroptosis.

Fig. S16 shows CLSM images of CT 26 cells with Live & Dead
staining after treatment with RMPI 1640 medium (control), or the
medium  containing nanoparticles (FGNPs, FGNPs@TA-Fe3,
FGNPs@TA-Ca4, and FGNPs@TA-Fe3/Ca4). The FGNPs group displays
green dots, illustrating the living cells. Both FGNPs@TA-Fe3 and
FGNPs@TA-Ca4 groups exhibit numerous red dots (the dead cells)
among green dots. The FGNPs@TA-Fe3/Ca4 group presents majority
of dead cells, which is consistent with the above-mentioned MTT
results, demonstrating the powerfulness of cycloacceleration of
ferroptosis and calcicoptosis.

Fig. 6A-D show the fluorescence distribution of the CT 26 cells after
various treatments with staining of DCFH-DA or BODIPY C11-581/591
measured by flow cytometry, and the corresponding qualification re-
sults for the analysis of ROS or LPO generation. Fig. GA (the fluorescence
distribution) and Fig. 6B (the corresponding qualification result) in-
dicate the ROS generation situation revealed by green fluorescence. The
FGNPs group only exhibits slight increase of MFI, while the FGNPs@TA-
Fe3 and FGNPs@TA-Ca4 groups display obvious MFI increase. Mean-
while, the FGNPs@TA-Fe3/Ca4 group presents with significant
(p < 0.001) increase of MFI compared with the FGNPs@TA-Fe3 and
FGNPs@TA-Ca4 groups, which could be attributed to the cycloacce-
leration of ferroptosis and calcicoptosis in ROS generation. Further-
more, the addition of Fer-1 significantly decreases the ROS generation
from FGNPs@TA-Fe3 and FGNPs@TA-Fe3/Ca4 group (P < 0.0001). Si-
milarly, the addition of A23187 also significantly decrease the ROS level
generated from the FGNPs@TA-Ca4 and FGNPs@TA-Fe3/Ca4 group
(P < 0.001). The one-side inhibition of ferroptosis or calcicoptosis in-
duced by FGNPs@TA-Fe3/Ca4 leads to the dysfunction of ROS genera-
tion, further demonstrating the cycloacceleration of ferroptosis and
calcicoptosis in ROS generation.

Fig. 6C (red fluorescence distribution) and Fig. 6D (corresponding
quantification analysis) demonstrate the LPO generation level revealed
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Fig. 5. (A): The fluorescence intensities of intracellular ROS stained with DCFH-DA and mitochondrial Ca?* stained with Rod2-AM from CT 26 cells treated with FGNPs@TA-Ca4,
which were monitored by a RT-CLSM. (B, C): Von Kossa (B) and Alizarin Bordeaux (C) staining of the CT 26 cells treated with FGNPs@TA-Fe3, FGNPs@TA-Ca4, or FGNPs@TA-Fe3/

Ca4 for various times (12, 15, 18, or 24 h).

by red fluorescence from the oxidative state of BODIPY C11-581/591.
The FGNPs group displays with slight decrease of MFI compared with
the control group, while the FGNPs@TA-Fe3 and FGNPs@TA-Ca4 exhibit
with obvious (p < 0.01) decrease of MFI, which could be attributed to
the LPO accumulation resulted from the above-mentioned ROS gen-
eration. The FGNPs@TA-Fe3/Ca4 group displays more significant
(p < 0.001) decrease of MFI, illustrating the high LPO accumulation
generated from the excessive ROS in the progress of cycloacceleration
of ferroptosis and calcicoptosis. With the addition of Fer-1 or A23187,
the MFI of FGNPs@TA-Fe3 and FGNPs@TA-Ca4 resume due to the
clearance of Fe**** and Ca* in the cytoplasm by the inhibitors. Inter-
estingly, Fer-1 added to the FGNPs@TA-Fe3/Ca4 group displays sig-
nificant (P < 0.01) MFI recovery, however, the A23187 added to the
FGNPs@TA-Fe3/Ca4 group only slightly (P < 0.05) elevates the MEFI.
This result demonstrates that the ferroptosis takes the leading role in
the cycloacceleration of ferroptosis and calcicoptosis.

The GPX4 is a central downstream regulator of ferroptosis that
can eliminate LPO accumulation. In the progress of cancer FT, the
active GPX4 decreases the LPO accumulation. In this study, the GPX4
bioactivity of the treated CT 26 cells was analyzed by the enzyme
linked-immune-sorbent assay (ELISA) kits. Fig. 6E shows the quali-
fication of intracellular GPX4 level. The FGNPs group shows no sig-
nificant changes compared with the control group, while the
FGNPs@TA-Fe3 and FGNPs@TA-Ca4 groups exhibit significant
(P < 0.05) downregulation of the GPX4 bioactivity due to the LPO
accumulation. The FGNPs@TA-Fe3/Ca4 group displays the strongest
GPX4 activity inhibition due to the cycloacceleration of ferroptosis
and calcicoptosis in LPO accumulation and downregulation of the
GPX4 bioactivity. The addition of inhibitor Fer-1 in the FGNPs@TA-
Fe3 or FGNPs@TA-Fe3/Ca4 group and inhibitor A23187 in the
FGNPs@TA-Ca4 or FGNP@TA-Fe3/Ca4d group exhibits obvious
(P < 0.01) recovery of GPX4 bioactivity. Both addition of Fer-1 and
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Fig. 6. (A-D): Fluorescence distribution of the CT 26 cells after the treatments of RMPI 1640 medium (i), or the medium containing FGNPs (ii), FGNPs@TA-Fe3 (iii), FGNPs@TA-Ca4
(iv), and FGNPs@TA-Fe3/Ca4 (v) without or with addition of Fer-1 (2.0 pM) or A23187 (8.0 uM) measured by flow cytometry (A, C), and the corresponding qualification results (B,
D) for the analysis of ROS (A, B) or LPO (C, D) generation. (E, F): qualification of intracellular GPX4 level (E), H,S and SO, levels (F) of CT 26 cells treated with i-v. Mean + SD,

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

A23187 in FGNPs@TA-Fe3/Ca4 group presents more significant
(P < 0.001) recovery of GPX4 bioactivity.

Similarly, the intracellur GSH levels of CT 26 cells treated with
RMPI 1640 medium (control), or the medium containing nano-
particles (FGNPs, FGNPs@TA-Fe3, FGNPs@TA-Ca4, and FGNPs@TA-
Fe3/Ca4), with or without A23187 (8.0 M) or Fer-1 (2.0 M) addition
are shown in Fig. S17. The change of GSH levels in various groups is
similar to that of the GPX4 levels because the GSH is an important

10

substrate of GPX4. Both the GPX4 and GSH assays indicate the ef-
fective cooperation of ferroptosis and calcicoptosis.

It is known that the specific physiological feature of CRC is the
overexpression of endogenous H,S caused by the upregulation of
cystathionine-p -synthase enzyme [4,46], which inhibits ferroptosis
due to its strong reductivity. However, the cycloacceleration of fer-
roptosis and calcicoptosis induced by our FGNPs@TA-Fe3/Ca4 can
decrease the reductivity of the CT 26 cells due to the intracellular
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H,S level descending as tested by ELISA kits. Fig. 6 F shows qualifi-
cation of intracellular H,S and SO, levels of CT 26 cells with various
treatments. It is found that the intracellular H,S level of CT 26 cells
treated with FGNPs@TA-Fe3/Ca4 significantly (P < 0.001) decreases,
whereas that of FGNPs@TA-Fe3 and FGNPs@TA-Ca4 display with no
significant changes of the H,S level. It could be attributed to the
robust intracellular ROS generation from the cycloacceleration of
ferroptosis and calcicoptosis induced by FGNPs@TA-Fe3/Ca4. Noti-
cing that the intracellular H,S are oxidated by ROS, it is proposed
that the intracellular H,S is transferred to SO, Thus, the intracellular
SO, was tested by ELISA Kkits. As shown in Fig. 6 F, the CT 26 cells
with treatment of FGNPs@TA-Fe3/Ca4 exhibit with significant in-
crease of the intracellular SO, level accompanied with a decreasing
of H,S level. These results distinctly exhibit the powerfulness of the
cycloacceleration of ferroptosis and calcicoptosis in cancer therapy.
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In vivo effectiveness and safety evaluations of FGNPs@TA-Fe3/Ca4

Encouraged by the cycloacceleration of ferroptosis and calci-
coptosis as examined by CT 26 cells, the pharmacokinetic of
FGNPs@TA-Fe3/Ca4 was investigated. By intravenous injection of the
FGNPs@TA-Fe3/Ca4 into BALB/c mice, the orbital venous blood was
collected at defined time points and then analyzed by ICP-OES. As
shown in Fig. 7A, the FGNPs@TA-Fe3/Ca4 shows a half-lifetime (t;/2)
of 242h in the blood circulation, which indicates that the
FGNPs@TA-Fe3/Ca4 is metabolized by the liver, but not the kidney.

It is hypothesized that the FGNPs@TA-Fe3/Ca4 can be accumu-
lated at the tumor location due to the EPR effect [50,68,69]. Based on
the pharmacokinetic studies, the biodistribution of the FGNPs@TA-
Fe3/Ca4 was also investigated by CT 26 tumor-bearing BALB/c after
intravenous injection with the dosage of Fe at 5.0 mg/kg. At the
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Fig. 7. (A, B): Blood clearance profile (A) and in vivo biodistribution (B) of Fe level in the CT 26 tumor-bearing BALB/c mice with intravenous injection of FGNPs@TA-Fe3/Ca4 (Fe
dosage: 5.0 mg/kg). (C-E): In vivo T;-weighted MR images (slice orientation: axial; TR = 200.0 ms; TE = 6.3 ms) of CT 26 tumor-bearing BALB/c mice after i.v. injection of FGNPs@TA-
Fe3/Ca4 (Fe dosage: 5.0 mg/kg) or Magnevist (Gd dosage: 5.0 mg/kg) (C), and the corresponding quantification analysis of the tumor images by ASNR (D, E). The MR images before

injection are identified as Pre in (C). Mean + SD, n=5, *P < 0.05, **P < 0.01, ***P < 0.001.
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defined time points, the CT 26 tumor-bearing mice were sacrificed
for further examination of the Fe concentration in main organs and
tumor tissues by ICP-OES, as shown in Fig. 7B. As expected, the
tumor uptake of the FGNPs@TA-Fe3/Ca4 at 3.0h reached
12.34 + 1.87% 1.D./g, and then decreased with the time, which is
coincident with the results of pharmacokinetic studies. Moreover,
the liver and spleen also display with Fe uptake. Notably, due to the
significant difference of intracellular H,O, concentration (20 nM) in
somatic cells and tumor cells (50-200 pM) [70], the FGNPs@TA-Fe3/
Ca4 can hardly cause side effectsby ferroptosis and calcicoptosis,
which could be demonstrated by results of hematoxylin-eosin (H&E)
staining (Fig. S18).

Encouraged by the above-mentioned positive results of MRI
phantom studies, our FGNPs@TA-Fe3/Ca4 was used for MRI of CT 26
tumors on BALB/c mice compared with the commercial Magnevist.
Fig. 7C shows the axial (slice orientation) T;-weighted MRI of tumor-
bearing mice post-injection (i.v.) of FGNPs@TA-Fe3/Ca4 or Magne-
vist. It is obvious that the MRI signal of tumors reaches strongest at
3.0 h post-injection of FGNPs@TA-Fe3/Ca4, which is in accordance

¥

Nano Today 47 (2022) 101663

with the results of pharmacokinetic. The strongest MRI signal of
tumors appears at 20 min post-injection of Magnevist due to its
small molecule weight (Mw = 938.0). Besides, the strongest MRI
signal of tumors at 3.0h post-injection of FGNPs@TA-Fe3/Ca4 is
much stronger than that at 20 min post-injection of Magnevist.
Fig. 7D, E show the corresponding quantification analysis of the
tumor images by ASNR. The highest tumor ASNR is 170.59 + 2.56%
at 3.0 h post-injection of FGNPs@TA-Fe3/Ca4, which is much higher
(P < 0.0001) than that at 20min post-injection of Magnevist
(75.10 £ 3.30 %). The high MRI efficiency of the FGNPs@TA-Fe3/Ca4
for tumors can be attributed to its high accumulation in the tumors,
and the remarkable relaxivities of the FGNPs released in the TME.
The therapeutic efficacy of FGNPs@TA-Fe3/Ca4 was evaluated
using CT 26 tumor-bearing BALB/c mice compared with the PBS
(control), FGNPs, FGNPs@TA-Fe3, and FGNPs@TA-Ca4 groups
(Fig. 8A). The dosage of Fe is 5.0 mg/kg body weight for intravenous
injection at day 0. Fig. 8B-D show the relative tumor volume, mice
body weight, and survival, respectively. In the PBS and FGNPs
groups, the tumors grow exponentially, and one mouse was
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Fig. 8. (A): Schematic illustration of the animal experimental design. (B-D): Tumor growth curves (B), body weight changes (C), and survival (D) of the CT 26 tumor-bearing BALB/
¢ mice after i.v. injection of PBS (control), FGNPs, FGNPs@TA-Fe3, FGNPs@TA-Ca4, or FGNPs@TA-Fe3/Ca4 (Fe dosage: 5.0 mg/kg). (E): Relative LPO and GSH level in the treated

tumors. Mean = SD, n=5, **P < 0.01, **P < 0.001.
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euthanized at day 18 post-injection because of the tumor size over
2000 mm?>. The tumor growth in the groups of FGNPs@TA-Fe3 and
FGNPs@TA-Ca4 was initially suppressed, but relapsed over time.
However, the tumor growth of the FGNPs@TA-Fe3/Ca4 group was
suppressed well, and the mice were all finally survived. The H&E
staining of the tumor tissues (Fig. S18) also revealed the extensive CT
26 tumor cells death after treatment with FGNPs@TA-Fe3/Ca4.
Fig. 8E shows the relative LPO and GSH level in the treated tumors
measured by flow cytometry and ELISA kits. In the FGNPs@TA-Fe3/
Ca4 group, the relative LPO concentration shows significant
(P < 0.001) enhancement than the control groups, and the relative
GSH concentration, on the contrary, displays significant (P < 0.001)
elimination. All these results reinforce the powerfulness of the oxi-
dative stress generated from cycloacceleration of ferroptosis and
calcicoptosis.

During the treatment period, the mice in all groups are at a stable
growth rate with no significant difference in body weight (Fig. 8C).
The H&E assay (Fig. S18) shows the harmlessness of PBS (control),
FGNPs, FGNPs@TA-Fe3, FGNPs@TA-Ca4, and the FGNPs@TA-Fe3/Ca4
nanoparticles on the main organs (i.e., heart, liver, spleen, lung, and
kidney). More investigations on the toxicity of the FGNPs@TA-Fe3/
Ca4 toward a circulatory system and normal tissues were conducted.
As shown in Fig. S19, the low hemolysis rate of the FGNPs@TA-Fe3/
Ca4 nanoparticles tested by 1.0% red blood corpuscles in PBS illus-
trates the bio-safety of the FGNPs@TA-Fe3/Ca4.

Conclusions

In summary, inspired by the “cyclotron” concept in physics, we
propose a new concept of cycloacceleration of ferroptosis and cal-
cicoptosis for the MRI-guided high-efficiency CRC therapy. Our
previously reported FGNPs, a superior T;-weighted MRI CA with a
superhigh r; (70.0mM™ s7') and low r/r; (1.98), was used for the
chelation between TA and Fe®*/Ca?* on its surface, forming
FGNPs@TA-Fe/Ca. The synthesis conditions were optimized and the
FGNPs@TA-Fe3/Ca4 was considered to be the optimal sample due to
the ideal d;, of 16.5 + 2.2 nm and the relatively high loading contents
of Fe**/Ca®* (i.e., 15.6 + 3.4%, and 32.1 * 1.9%). The successful coating
of TA and loading of Fe3*/Ca®* are demonstrated by the measure-
ments of zeta potentials and Fe/Ca release behaviors, and the char-
acterization of TEM, FT-IR, XPS, ESR, and ICP. The powerful T;
imaging ability of the FGNPs@TA-Fe3/Ca4 with TME-responsive re-
laxivities is identified by the 7.0 T or 3.0 T of MRI scanner. The me-
chanism of ferroptosis induced by FGNPs@TA-Fe3/Ca4 nanoparticles
is demonstrated by investigations on cells utilizing the ferroptosis
inhibitors of Fer-1, DFO, GSH, L-cystine, NAC, V¢, and Vg. The me-
chanism of calcicoptosis induced by FGNPs@TA-Fe3/Ca4 nano-
particles is indicated by the data on the invasion of intracellular Ca®*
into mitochondrion, Ca?* accumulation in the mitochondrion, MMP
decrease and ROS generation induced by mitochondrial Ca?*, and
biomineralization of the cells membrane caused by Ca®* exocytosis.
The cycloacceleration of ferroptosis and calcicoptosis induced by
FGNPs@TA-Fe3/Ca4 nanoparticles is reinforced by the MTT assay,
and the measurements of ROS, LPO, GPX4 bioactivity, GSH, H,S and
SO, of CT 26 cells with various treatments with or without ferrop-
tosis or calcicoptosis inhibitors. The in vivo effectiveness and safety
of FGNPs@TA-Fe3/Ca4 nanoparticles for MRI-guided colorectal
cancer therapy based on cycloacceleration of ferroptosis and calci-
coptosis are confirmed on the CT 26 tumor-bearing BALB/c mice.
Since We envision that this work shall inspire great interest in de-
signing nanomedicines for ferroptosis and/or calcicoptosis therapy
of tumors with more innovations.
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Materials and methods
Synthesis of FGNPs@TA-Fe1-3

2.5 mL of FGNPs (Cge = 2.45 mM; Cgq = 7.56 mM) and 508-127 uL
of TA (10 mg/mL) aqueous solutions were added into 17.5 mL of pure
water. After stirring for 30 min at room temperature, 400-100 puL of
FeCl50.6 H,0 water solution (Cg. = 38.0 tM) aqueous solutions were
added into the above FGNPs@TA solutions. After 30 min of reaction
under magnetic stirring at room temperature, FGNPs@TA-Fe1-3
(dark blue solutions) were obtained, and then purified by dialysis
(Mw cut-off 3000 Da) to remove free Fe** and TA.

Synthesis of FGNPs@TA-Fe3/Cal-4

2.5 mL of FGNPs (Cge = 2.45 mM; Cgq = 7.56 mM) and 127 pL of TA
(10 mg/mL) aqueous solutions were added into 17.5mL of pure
water. After stirring for 30 min at room temperature, 100 uL of
FeCl30.6 H,O water solution (Cge = 38.0uM) and 800-100uL of
Ca(Cl,0.4 H,0 water solution (C., = 70.0 utM) aqueous solutions were
mixed and the mixtures were respectively added into the above
FGNPs@TA solution. After further 30 min of reaction under magnetic
stirring at room temperature, FGNPs@TA-Fe3/Cal-4 were obtained,
and then purified by dialysis (Mw cut-off 3000 Da) to remove free
Ca?*, Fe*" and TA.

Synthesis of FGNPs@TA-Ca4

2.5 mL of FGNPs (Cge = 2.45 mM; Cgq = 7.56 mM) and 127 puL of TA
(10 mg/mL) aqueous solutions were added into 17.5mL of pure
water. After string for 30 min at room temperature, 100 uL of
CaCl,0.4 H,0 water solution (C., = 70.0uM) aqueous solution was
added in to the above FGNPs@TA solution. After further 30 min of
reaction under magnetic stirring at room temperature, the
FGNPs@TA-Ca4 were obtained and then purified by dialysis (Mw
cut-off 3000 Da) to remove free Ca®>* and TA.
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