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Nanozymes have limited applications in clinical practice due to issues relating to their safety, stability,
biocompeatibility, and relatively low catalytic activity in the tumor microenvironment (TME) in vivo. Herein,
we report a synergistic enhancement strategy involving the conjugation of metal-based nanozymes
(Fe@Fesz04) with natural bioactive organic molecules (ginsenoside Rg3) to establish a new nanodrug.
Importantly, this metal-organic nanocomposite drug ensured the stability and biosafety of the
nanozyme cores and the cellular uptake efficiency of the whole nanodrug entity. This nanodrug is based
on integrating the biological characteristics and intrinsic physicochemical properties of bionics. The
glycoside chain of Rg3 forms a hydrophilic layer on the outermost layer of the nanodrug to improve the
biocompatibility and pharmacokinetics. Additionally, Rg3 can activate apoptosis and optimize the activity
and status of normal cells. Internal nanozymes enter the TME and release Fe*" and Fe®*, and the central

metal Fe(0) continuously generates highly active Fe?* under the conditions of the TME and in the

iig:gé% Zzlgtthsgﬁe;g:frzgglzl presence of Fe®*, maintaining the catalytic activity. Therefore, these nanozymes can effectively produce
reactive oxygen species and oxygen in the TME, thereby promoting the apoptosis of cancer cells. Thus,

DOI: 10.1039/d1na00657e we propose the use of a new type of metal-organic nanocomposite material as a synergistic strategy
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Introduction

Compared with natural enzymes, nanozymes have been rapidly
developed for use in biosensing, antibacterial resistance, and
immunoassay because they possess high stability, low cost, and
are easy to prepare.'” In the unique physiological microenvi-
ronment, tumor cells produce a large concentration of
hydrogen peroxide (H,0,) via the overexpression of superoxide
dismutase (SOD) from the mitochondria. Nanozymes have
shown promise in reactive oxygen species (ROS)-mediated
tumor therapy.®” Several nanozymes for efficient tumor
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therapy and/or precise imaging diagnosis have been developed,
such as carbon-based nanoparticles (NPs), metal NPs, and
metal oxide NPs, all of which participate in unique catalytic
activities.**?

Iron-based NPs (e.g., FeO,) have attracted great interest.'®**
First, magnetic resonance imaging mediated by iron-based NPs
has become mature, thereby providing a foundation for an
integrated platform for diagnosis and treatment.’ Second, in
the research field of photothermal therapy, iron compound-
based NPs perform a pivotal role due to their high heat
conversion efficiency.'*** Finally, iron-based nanomaterials can
engage in catalytic functions such as dual enzyme peroxidase
(POD)- and catalase (CAT)-like activities.****® According to
previous studies, there is higher POD-like activity under acidic
conditions for iron-based nanomaterials, and they catalyze
H,0, to generate highly toxic ROS, while under neutral condi-
tions, higher CAT-like activity has been observed, with catalysis
of H,0, to generate H,0 and O,."* Using this method, a highly
toxic ROS kills tumor cells, and O, can control tumor hypoxia,
reduce the antioxidant capacity of tumor cells, strengthen the
effect of oxidative damage, and inhibit tumor invasion and
migration.'”'®

Pancreatic cancer is a highly malignant disease character-
ized by local invasion and metastasis, and is the deadliest
among all cancers.” In terms of patient survival, most patients
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have advanced disease at diagnosis with a poor prognosis, and
the 5 year survival rate is less than 5%.>° Additionally, many
patients are inoperable because of metastasis and invasion.**
Instead of surgical resection, chemotherapy has become the
standard treatment for locally metastatic or advanced tumors.
Unfortunately, the current chemotherapy drugs and regimens,
including gemcitabine, 5-fluorouracil (FU), oxaliplatin, and
nab-paclitaxel cause obvious side effects and chemoresistance,
resulting in the inability to effectively inhibit tumor growth.**
Therefore, there is an urgent need to develop new methods for
treating pancreatic cancer, such as the development of new
nanodrugs.

The development of new nanodrugs with high efficiency,
high safety, high biocompatibility, and longer residence time
(with improved drug utilization) is currently a major difficulty.
There are several issues regarding the clinical treatment of
pancreatic cancer using nano-metalloenzymes (NMEs). First,
the stability of NMEs is problematic. In addition to the double
enzymatic activities, iron-based NMEs can catalyze various
biochemical reactions, and this may have unexpected biological
effects in a complex in vivo microenvironment.>® Safety is also
an issue, because the premature leakage of catalytic iron ions
may cause toxic effects in normal cells and/or tissues, and may
cause severe collateral damage.** Therefore, the composition,
microstructure, delivery process, and surface modification of
NMEs must be optimized for increased efficiency, stability, and
biocompatibility.

Ginsenosides are effective therapeutic ingredients with
multiple pharmacologic activities and have been widely used in
clinical practice.” Ginsenoside Rg3 (Rg3) exhibits anticancer
properties, promotes tumor cell apoptosis, inhibits tumor
infiltration, proliferation, and angiogenesis, and reduces the
recurrence of cancer metastasis.”**” Studies have shown that the
combination of Rg3 and commonly used chemotherapeutics
such as paclitaxel, docetaxel, cisplatin, and doxorubicin signif-
icantly increased the therapeutic effect and reduced toxicity.**>°
It has also been observed that Rg3 is effective in reshaping the
immunomodulatory effect of the tumor microenvironment
(TME).**** However, most drugs are directly metabolized by the
kidneys after entering the human body, and therefore, the
bioavailability of Rg3 is very low, with only a tiny concentration
reaching the tumor site.***

Herein, we report a new type of nanodrug (RNME) synthe-
sized by the bioactive organic molecule (Rg3) coupled with NME
(Fe@Fe30,4). RNME confers the anticancer effects of NME and
Rg3 and has overcome their individual shortcomings with
obvious synergistic effects. The center Fe@Fe;0, NME exhibits
excellent biocatalytic activity and imaging functions.*® The
innermost metal Fe’, due to weak acid conditions and the
presence of Fe’* in the TME, will continue to generate high
catalytic activity of Fe**. Therefore, these NMEs can effectively
produce ROS and oxygen, promoting the apoptosis of cancer
cells.®

These types of NMEs have been used to treat hepatocellular
carcinoma, and they can significantly inhibit liver cancer
progression and lung metastasis.>*® The outer layer of Rg3
contains a hydrophilic glycoside chain that can form
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a hydrophilic layer on the outer layer of the drug, which
increases biocompatibility and ensures stability and catalytic
activity of the internal NME. It also increases the safety of the
RNME, and prevents toxic side effects. Rg3 also regulates the
accumulation of lipids and induces the formation of the second
phase, thereby significantly affecting the pharmacokinetics in
the body.** This results in prolonged blood circulation of the
new nanodrug, leading to a greater amount of the high-
concentration nanodrug reaching the tumor site, accelerating
endocytosis, and solving the problem of the low transport effi-
ciency of Rg3 alone.

In this study, RNME was used in the treatment of pancreatic
cancer in situ. The application of RNME can safely and effec-
tively inhibit the development of pancreatic cancer and effec-
tively prevent the metastasis of pancreatic cancer to the liver.
This study highlights the synergistic anti-tumor potential of the
combination of Rg3 and NMEs. Also, a new perspective to
explore similar synergistic treatment strategies using novel
metal-organic nanocomposites is discussed.

Results and discussion
Synthesis process and characterization of NPs and NMEs

Fe@Fe;0, NPs were synthesized using a simple programmed
microfluidic process.*”** Fig. 1A and S1f show transmission
electron microscopy (TEM) images of Fe@Fe;O, NPs. They
present with slight agglomeration due to the magnetic dipole
attraction of the magnetic NPs. The HRTEM image of the
Fe@Fe;0, NPs reveal a clear core-shell structure with amor-
phous cores and tiny crystalline parts doped in the shell. The X-
ray diffraction (XRD) of NPs (Fig. 1B) clearly shows two different
crystal structures, including a core of typical amorphous Fe and
shells of crystalline magnetite Fe;O, (PDF 79-0419). The
formation of self-oxide shells assists in stabilizing the magnetic
Fe core components and increasing biocompatibility, which is
beneficial for conjugation between the surface Fe ions and Rg3.
Then, our previously developed method was used to synthesize
RNME via modification with a double silane coupling agent and
the activation of the amino group using a crosslinking agent.****
In addition, the coupling efficiency of Rg3 and NPs is shown in
Fig. 1C. When the mass ratio was 1 : 1, most active groups on
the surface of the NPs were coupled with Rg3, and the coupling
efficiency was significantly reduced after increasing the amount
of Rg3. Hence, the 1:1 mass ratio can be used for all subse-
quent works.

Fig. 1D and S27 depict the TEM images of RNME. Compared
with simple NPs, RNME significantly increased the concentra-
tion of organic matter on the surface of NPs and resulted in
a more evident aggregation. This phenomenon is mainly
attributed to the NPs themselves, which are magnetic and easily
cause agglomeration. Additionally, the coupling reaction
generated during the conjugation process results in obvious NP
aggregation, which also indirectly confirms the success of the
conjugation. Compared with NPs, the HRTEM image of RNME
shows a significant organic coating, and thus, the RNME image
is not as straightforward as that of simple NPs.

Nanoscale Adv., 2022, 4,190-199 | 191
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Fig. 1 The characteristics of NPs and RNME. (A) A TEM image of Fe@FezO,. (B) The XRD pattern of Fe@FezO,. (C) The coupling efficiency at
different mass ratios (MNPs : mRg3). (D) A TEM image of RNME. (E) XPS spectra from each step in the synthesis process. (F) FT-IR spectra of
Fe@FezO4, Rg3, and RNME. (G) A histogram of the size distributions of Fe@FezO4 and RNME. (H) The hydrodynamic sizes of Fe@FezO4and RNME.

(I'and J) Zeta potential and stability data for Fe@FesO4 and RNME.

To further assess the coupling process, X-ray photoelectron
spectroscopy (XPS) and Fourier transform infrared (FT-IR)
spectroscopy were used to characterize different samples.
Compared with pure NPs, the XPS of each synthesis step (Fig. 1E
and Table S1}) showed that new peaks of Si and N were iden-
tified in the modified NPs. The elements Si and N were derived
from modified APTMS, thereby confirming the modification of
—-OH to -NH, on the surface of NPs. Compared with pure NPs
and Rg3, the FT-IR spectroscopy of RNME (Fig. 1F) revealed that
RNME contains the characteristic peak -CO-NH- of pure NPs,
and characteristic peaks for C-O-C asymmetric vibration, C-H
bending vibration, and CH3/CH, of the pure Rg3.

A statistical analysis based on NPs and RNME by randomly
selecting 200 NPs showed that their average diameters were 11.5
+ 1.0 and 12.7 + 1.0 nm, respectively, as shown in Fig. 1G.
Then, the hydrodynamic diameter, zeta potential, and stability
of RNME were evaluated. The hydrodynamic diameters of
simple NPs and RNME are approximately 128 and 214 nm,
respectively (Fig. 1H). Due to the existence of several hydroxyl
groups on the surface of simple NPs, they exhibited a negative
potential. However, due to the presence of amino groups during
subsequent processes, there was a significant positive potential
for RNME that facilitated its entrance into cells to reach the
mitochondria (Fig. 11).*> To confirm the stability of simple NPs

192 | Nanoscale Adv., 2022, 4, 190-199

and RNME, the hydrodynamic diameter was evaluated at the
same time every day for 5 days. As shown in Fig. 1], simple NPs
and RNME exhibited excellent stability and minimal change in
hydrodynamic diameter. Combined analyses revealed that
RNME was successfully synthesized by the method according to
the proposed coupling reaction mechanism.

Assessment of the release mechanism of NPs and RNME in
vitro

The CAT- and POD-like activities of RNME were investigated in
vitro (Fig. 2A). First, whether simple NPs or RNME possess CAT-
like activity under acidic conditions was investigated, and the
generation of O, in the presence of H,0, and NPs or RNME was
evaluated. Notably, a simple H,0, group did not significantly
differ over time. After adding NPs and RNME, a large amount of
O, molecules was produced over time (Fig. 2B). Compared with
simple NPs, the same mass of RNME contained 60% NPs, and
the reaction with H,O, exhibited a significant distinct hysteresis
due to encapsulation by organic molecules. Simple NPs and
RNME exhibited excellent CAT-like activity, which effectively
catalyzed H,0, to generate O, molecules. Furthermore, under
hypoxic conditions, the invasion and migration capacity of
tumor cells increased, and the antioxidant capacity was
enhanced. Therefore, changing the hypoxic state of the tumor

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The responsiveness and catalytic mechanism of RNME. (A) A diagram of the CAT- and POD-like activities. (B) The production of O, after
incubation with Fe@FezO4 and RNME. (C) UV-Vis absorption spectra of TMB after incubation with Fe@FesO4 and RNME. (D) Rg3 release rates
from RNME at various time intervals via HPLC analysis. (E) Iron release rates from RNME at different time intervals via ICP assays. (F and G) ESR
spectra of ‘OH and O,"~ spin after incubation with Fe@FezO4 and RNME. (H) A high-resolution scan showing the Fe 2p XPS spectrum of

Fe@Fe3O4.

site may decrease the invasion and migration of tumor cells,
reduce the antioxidant capacity of tumor cells, and enhance the
effects of oxidative damage."”

Then, the POD-like activities of NPs and RNME were inves-
tigated via the oxidation of 3,3',5,5'-tetramethylbenzidine (TMB)
in the presence of H,0,. UV-Vis absorption spectroscopy was
used to monitor the production of oxidized TMB. In the pres-
ence of H,0, alone, the absorbance was negligible, which
indicates that there was no oxidation reaction in the mixture of
TMB and H,0,. However, when NPs and RNME were added to
the mixed solution of TMB and H,O, for 10 min, two prominent
absorption peaks appeared at 370 and 652 nm in the UV-Vis
absorption spectrum, which were attributed to oxidized TMB.
Thus, NPs and RNME have the ability to catalyze H,O, to
produce ROS (Fig. 2C), and calculations based on the coupling
efficiency indicate that the same mass of RNME contains
approximately 60% NPs, confirming that the coupling of Rg3
did not reduce the catalytic activity of NPs.

Fe@Fe;0, NPs participate in pH-dependent ionization. Fe
ions are barely released at neutral pH, but sufficient release is
achieved via acid hydrolysis in the TME.**** Rg3 are more
effectively degraded and transformed under acidic conditions
than in neutral environments.*> When Fe ions and Rg3 are

© 2022 The Author(s). Published by the Royal Society of Chemistry

hydrolyzed or degraded under acidic conditions, separation of
the NPs and the organic pharmaceutical ingredients results.
Two characterization methods were used to assess RNME
release behavior under different conditions. First, the release of
Rg3 was used to investigate the release behavior of RNME at
different pH levels. Next, the same amount of RNME superna-
tant was obtained at different time points for high-performance
liquid chromatography (HPLC). RNME was extremely stable at
neutral pH, and the amount of Rg3 in the solution was low.
However, at pH 5.0, approximately 52.5% of Rg3 was released
after 48 h, which confirmed the sensitivity of the material to the
TME (Fig. 2D). After incubation of RNME in phosphate-buffered
saline (PBS, pH 5.0 and 7.4) at different time points, the iron
concentration in the supernatant was determined via induc-
tively coupled plasma mass spectrometry (ICP-MS) (Fig. 2E) to
further validate the sensitivity of RNME to the TME. We deter-
mined that Rg3-sheltered NME was specific to TME. Due to the
relatively high blood pH (7.4), RNME remained inert during
circulation. Therefore, after intravenous injection, the circula-
tion time in the plasma can be prolonged. Eventually, more
RNME reaches the tumor site under the action of electron
paramagnetic resonance (EPR), which is conducive to the

Nanoscale Adv., 2022, 4,190-199 | 193
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specific release of the drug in cancer cells, and prevents toxic
side effects.

To validate the catalytic mechanism and further identify the
generated ROS, electron spin resonance (ESR) spectroscopy
findings were used as discriminatory evidence for the generated
ROS. Then, 5,5-dimethyl-1-pyrroline-N-oxide was utilized as
a capture probe for ‘OH and O," . The ESR intensities obtained
after a 3 min reaction with NPs and RNME are presented in
Fig. 2F and G. The results showed that simple H,0, did not
exhibit ESR intensity, although the NPs and RNME showed
prominent ESR intensity. Compared with simple H,O,, the "OH
radicals were characterized by a 1:2:2:1 signal. Then, the
addition of NPs and RNME within 3 min induced a large
amount of "OH. Hyperfine splitting into six peaks is character-
istic of the O,"" radical, and the results showed that the NPs
and RNME catalyzed H,O, to produce a large amount of O," . In
addition, the chemical state of RNME was assessed using XPS.
Specifically, the corresponding high-resolution XPS spectrum of
Fe 2p (Fig. 2H) contained 2p,/, and 2ps, parts of Fe** and Fe**
due to spin-orbit splitting. In addition, the Fe® peak was near
706 eV. This information, along with the XRD results, strongly
confirmed the successful synthesis of metal and metal oxide
heterostructures. The weaker peak intensity was caused by the
weaker penetration capability of XPS itself.

Based on the above data and results, a possible catalytic
mechanism of RNME was proposed. First, when RNME enters
the cell to decompose, due to the weak acid of the TME, the
POD-like catalytic activity of the RNME was dominant. Fe>*
reacted with H,0, to generate a large amount of ‘OH (Fig. 2F).
However, the above results also confirmed the existence of O, ™
and O, (Fig. 2B and G), indicating that the CAT-like catalytic
activity of RNME also played a part. After entering the cell,
exposed Fe®" reacted with H,0, to form O, ”, and then Fe**
reacted with O,"~ to form O,.**?°* However, due to the inhibition
of the TME on the catalytic activity of CAT, only a portion of O,
was converted to form O,. In addition, the 48 hour release of
RNME was approximately 50% (Fig. 2D and E), which was
sufficient to achieve the effect of sustained drug release for long-
term effectiveness. When a portion of iron ions was released,
Rg3 and NPs were completely separated under the TME, lyso-
somes, and enzymes. Catalytic activity was still measured for
the Fe@Fe;0, NPs that remained intact. Fe° in the core of the
NPs could be exposed and released, and in the presence of weak
acid and Fe’*, it was converted to Fe®*, which continuously
promotes the Fenton reaction.

Cytotoxicity of NPs and RNME

First, ICP-MS was used to assess the efficiency of endocytosis.
Fig. 3A shows that NPs and RNME were sufficiently internalized.
Then, the anticancer efficacy and biosafety of NPs and RNME
were evaluated via Cell Counting Kit-8 (CCK-8) assay and the use
of Rg3 as a positive control. NPs and RNME at different
concentrations were incubated with pancreatic cancer cells
(L3.6pl) for 24 h. As shown in Fig. 3B, NPs and RNME were
slightly cytotoxic to cells at concentrations ranging from 0 to
400 pg mL ', thereby revealing that the biocompatibility of NPs
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and RNME is satisfactory. The cellular uptake results based on
ICP-MS revealed that cytotoxicity was caused by the phagocy-
tosis of NPs and RNME by L3.6pl cancer cells. In addition, when
incubated with H,O, or at a pH of 6.5 for 24 h, no cytotoxicity
was measured in L3.6pl cells (Fig. S31), which was attributed to
the fact that the overexpression of H,0, and weak acid can
provide sufficient TME for the growth of L3.6pl. Because of the
specific sensitivity to the TME by the NPs and RNME, the in vitro
antitumor effect of NPs and RNME simulated under the TME
state was investigated. The cell viability tests using L3.6pl cells
incubated with NPs and RNME for 24 h exhibited evident
concentration gradient cytotoxicity (Fig. 3C). In contrast, the
cytotoxicity of the Rg3 groups was significantly lower than that
of the NP and RNME groups. A fluorescent probe (2/,7'-
dichlorofluorescin diacetate, DCFH-DA) was used to measure
intracellular ROS levels to validate ROS production.

Flow cytometry (Fig. 3D) revealed that cells incubated with
NPs and RNME showed remarkable DCF fluorescence intensity
due to the production of a large amount of ROS via H,0,
catalysis by NPs and RNME. As shown in Fig. 3E, based on
a quantitative analysis of ROS in cells that underwent different
treatments, when compared with the control group, the Rg3,
NPs, and RNME increased by 1.2, 4.7, and 4.8 times, respec-
tively. It was confirmed that at the cellular level, RNME was
more easily endocytosed by cells due to the modification of Rg3
and the positive potential, resulting in RNME only containing
60% of NPs, and still exerting an excellent catalytic H,O, effect.
The live/dead assay incorporated calcein-AM (green) and pro-
pidium iodine (PI) (red), and the ROS assay utilized Hoechst
(blue) and DCFH-DA (green), as shown in Fig. 3F. Cells treated
with NPs and RNME exhibited a significant increase in green
DCF fluorescence, as shown in the CLSM image, compared with
the control and Rg3 groups.

Due to the high migration and invasion ability of the L3.6pl
cells, trans-well assays were performed (Fig. S4 and S5t). Rg3
alone slightly inhibited the invasion and migration of L3.6pl
cells, and NPs and RNME significantly decreased the migration
and invasion capabilities of L3.6pl cells.

Intracellular mechanism verification of NPs and RNME

Next we evaluated the intracellular action mechanism of NPs
and RNME. First, detection kits (Annexin V-FITC/PI) were used
to investigate apoptosis mechanisms (Fig. 4A and S67). A higher
level of apoptosis was detected in L3.6pl cells treated with
RNME compared with cells separately treated with Rg3 or NPs,
which further confirmed their synergistic effects.

Reduced glutathione (GSH) is a major intracellular antioxi-
dant that is catalyzed by glutathione peroxidase 4 (GPX4) to
become oxidized glutathione (GSSG) and reduce ROS to
nontoxic hydroxyls. The concentrations of GSH and GSSG in
L3.6pl cells were further investigated using different incubation
methods based on the approach described in the GSH and
GSSG assay kits. As shown in Fig. 4B, the NPs and RNME
catalyzed H,O, to generate ROS. GSH acts as an antioxidant to
scavenge free radicals and convert them into GSSG, resulting in
a significant decrease in the concentration of GSH/GSSG. GPX4

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Cell viability of L3.6pl cells after incubation with different treatments in a normal microenvironment. (C) Viability of L3.6pl cells after incubation
with different treatments in the TME. (D) Flow cytometry analysis with DCFH-DA staining revealing intracellular ROS levels in L3.6pl cell lines
subjected to different drug treatments. (E) Quantitative analysis of DCFH-DA staining via flow cytometry after treatment with different drugs. (F)
CLSM images of L3.6pl cells co-stained with calcein-AM/Pl and DCFH-DA/Hoechst.

and GSH are considered to be typical indicators that can be
used to confirm the occurrence of ferroptosis. Therefore, GPX4
was chosen as the reactive protein of ferroptosis to compare
different drugs.* Interestingly, the expression levels of GPX4 in
the cells treated with RNME and NPs were significantly lower
than those in other groups (Fig. S77). This indicates that RNME
has great potential in promoting oxidative stress and
ferroptosis.

Beyond their role in energy metabolism via ATP production,
the mitochondria are key organelles involved in regulating the
cellular redox balance and intracellular apoptosis signaling,
and thus, they can be used to determine cell viability and
function in all tissues. In particular, the loss of mitochondrial
integrity and function is considered a key cause of cell redox
imbalance. Mitochondrial function is evaluated by monitoring
oxygen consumption using a Seahorse analyzer. As shown in
Fig. 4C and S8, the NP and RNME groups decreased basal
respiration and maximum respiration and the production of
ATP. This indicates that the mitochondrial function and the
integrity of the mitochondrial membrane in the NP and RNME
groups was damaged. Furthermore, combined with its catalytic
mechanism, the generation of ROS leads to lipid peroxidation
(LPO), which destroys the membrane function of the

© 2022 The Author(s). Published by the Royal Society of Chemistry

mitochondria and affects metabolic pathways. We used C11-
BODIPY and JC-1 dyes to evaluate the level of LPO and the
integrity of mitochondrial membranes. C11-BODIPY staining
showed that exposure of cells to NPs and RNME caused
a significant increase in green fluorescence. This finding clearly
indicates that NPs and RNME can activate LPO and cause
damage to the mitochondrial membrane (Fig. 4D). JC1 staining
revealed that when treated with PBS or Rg3, the cells emitted
strong red fluorescence (JC-1 aggregates) in the mitochondria,
which indicated that the mitochondria remained intact. In
contrast, cells treated with NPs and RNME produced weak red
and strong green fluorescence (JC-1 monomer), indicating an
impaired mitochondrial membrane potential (Fig. 4E). These
data confirmed that after NPs and RNME were endocytosed by
cancer cells, a large amount of ‘OH was produced under the
TME, leading to the accumulation of intracellular ROS. Then,
ROS entered the cell nuclei to damage DNA and cause
apoptosis, and they also caused LPO to damage mitochondria,
resulting in ferroptosis. Rg3 in RNME can also activate
apoptosis, thereby leading to cancer cell death under multiple
actions.
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cells stained with C11-BODIPY. (E) CLSM images of L3.6pl cells stained with JC-1. All data are expressed as mean + SD.

Therapeutic effects of RNME for in situ pancreatic cancer

Based on the outstanding in vitro anticancer activity, the in vivo
therapeutic efficiency of RNME was further evaluated in detail.
The antitumor therapeutic effects of Rg3, NPs, and RNME in an
orthotopic nude mouse pancreatic ductal adenocarcinoma
(PDAC) model were tested. First, to prove that RNME can
effectively extend blood circulation in the body, the pharma-
cokinetics of RNME were examined. HPLC and ICP-MS were
used to test the concentration of Rg3 and iron ions in the
serum, respectively. It was found that simple NPs and Rg3 were
quickly cleared in the blood. In contrast, RNME caused the
significant effect of prolonging its circulation in the blood
(Fig. 5A and B). The main reason for this was the presence of an
outermost layer of RNME, which is the hydrophilic end of Rg3
that can form a hydrophilic layer on the surface of RNME,
resulting in mutual repulsion with the hydrophilic layer of
protein, thereby effectively decreasing protein adsorption and
prolonging blood circulation. Effective prolongation of circu-
lation in the bloodstream is closely related to tumor enrichment
ability, which can increase tumor drug enrichment. Saline, Rg3,
NPs, and RNME were injected into tumor-bearing mice via the
tail vein, and the procedure used for the animal experiments is
shown in Fig. S9.1 The tumor size was measured via fluores-
cence imaging every 5 days, and it was found that the size did
not significantly increase in the RNME group (Fig. S107).

196 | Nanoscale Adv, 2022, 4, 190-199

Moreover, the fluorescence quantitative data showed that the
tumor volume in the RNME group was significantly lower than
that in other groups (Fig. 5C).

The body weights for the mice in each group were monitored
for 21 days during the treatment process (Fig. 5D). Compared
with the Ctrl and NPs groups, the weight of the Rg3 and RNME
groups slightly increased, which indicates that Rg3 and RNME
were nontoxic in pancreatic tumor mice. Then, the iron ion
content of the main organs was measured by ICP-MS, and the
biodistribution of the drug was studied. Compared with the
saline group, the NP group exhibited obvious enrichment in the
liver and spleen after 21 days of treatment, while there was only
slight enrichment for the RNME group. It was confirmed that
the outer layer protection of Rg3 prevented the premature
leakage of iron ions, resulted in prolonged circulation in the
blood, enhanced the EPR effect, and caused significant
enrichment in the tumor sites in the RNME group (Fig. 5E). The
average weight of each tumor group after 21 days of treatment
and images of tumors are shown in Fig. 5F and G.

This phenomenon strongly confirmed the inhibitory effect of
RNME. Compared with the control group that exhibited
uncontrolled tumor growth within 21 days, there was inhibition
of tumor growth by 32.6%, 28.1%, and 68.0% in the Rg3, NP,
and RNME groups, respectively. This phenomenon is attributed
to the fact that after Rg3 and NPs were administered alone, Rg3

© 2022 The Author(s). Published by the Royal Society of Chemistry
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was quickly cleared in the blood, and a low amount of Rg3 could
reach the tumor site compared with RNME. Due to instability in
the blood, NPs may cause premature leakage of iron ions,
resulting in toxic effects, and some of the NPs that reach the
tumors have lost their catalytic activity. However, RNME can
effectively prevent the leakage of iron ions, due to conjugation
with Rg3. It maintains excellent catalytic activity and has
a stronger EPR effect than NPs. After reaching the TME,
controllable and sustained release of NMEs and Rg3 can be
achieved due to the sensitivity of RNME to pH. Hence, after
being released, with Rg3 activating cell apoptosis, NMEs
simultaneously generate ROS in the tumor and activate

© 2022 The Author(s). Published by the Royal Society of Chemistry

apoptosis. Then, hematoxylin and eosin (H&E) staining,
terminal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) staining, and Ki67 staining of tumor tissues
were performed. As shown in Fig. 5H, the H&E and TUNEL
staining showed that compared with the other groups, the
administration of RNME led to the highest level of apoptosis
and necrosis in tumor tissues. In addition, Ki-67 staining
showed a greater inhibition of cancer cell proliferation in the
RNME group, which is consistent with the H&E and TUNEL
staining results. This finding further indicated that RNME
conferred an excellent synergistic antitumor effect. Compared
with the PBS and Rg3 groups, the expression level of HIF-1a in
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the NP and RNME groups significantly decreased, indicating
that hypoxia at the tumor site increased. O, produced by H,O,
catalyzed by CAT-like activity reduced the tumor antioxidant
capacity and increased the sensitivity of tumor cells to ROS,
thereby increasing the therapeutic effect. Vascular endothelial
growth factor (VEGF) staining revealed that RNME inhibited the
expression of VEGF in a manner similar to that of Rg3.

In addition to the therapeutic effect, it was necessary to
evaluate the possible occurrence of long-term toxicity. Then, 21
days after treatment, H&E staining of major organ (heart, liver,
spleen, lung, and kidney) samples collected from mice was
performed to assess the biocompatibility in vivo. There was no
evident pathological toxicity in each group after treatment
(Fig. S117). Blood samples were also collected for serum
biochemistry to measure the levels of alanine aminotransferase
(ALT), aspartate transaminase (AST), lactate dehydrogenase
(LDH), uric acid, blood urea nitrogen (BUN), creatine kinase
(CK), creatinine, and creatine kinase-MB fraction (CK-MB)
(Fig. S127). Significantly enhanced concentrations of AST and
ALT were measured in the NP group, which was caused by the
enrichment of NPs in the liver. On the contrary, all values in the
RNME group returned to the normal range. Therefore, the
treatment was effective in preventing liver or other organ
damage, and this showed that RNME is a safe and effective
anticancer therapy. The abovementioned results demonstrated
that RNME has great potential for use in the treatment of
tumors.

Conclusions

We successfully designed a new type of nanodrug synthesized
via coupling NMEs (heterostructures of metals and metal
oxides) with Rg3. This guarantees the stability and safety of the
internal NMEs, and it results in dual enzyme-like activity in the
TME. A possible catalytic mechanism that can enhance POD-
and CAT-like activity was proposed. The POD-like activity can
catalyze the conversion of H,O, into highly toxic ROS to kill
tumor cells. The CAT-like activity can generate oxygen, inhibit
hypoxia in the TME, reduce the antioxidant capabilities of
tumor cells, and enhance oxidative damage. Then, an excellent
synergistic effect against in situ pancreatic cancer was mediated
by RNME combined with the anticancer effects of Rg3. After
coupling, the metal-organic material significantly increased the
utilization rate of Rg3, and the catalytic activity of RNME was
fully demonstrated. Based on the obvious therapeutic effects,
blood biochemistry tests and pathological analysis showed that
RNME was completely safe. This research provides a new
perspective relating to metal/metal oxide nanomaterials with
excellent enzyme-like activity conjugated with organic phar-
maceutical ingredients that can be applied to cancer treatment
using a synergistic treatment strategy.
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