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ABSTRACT: Severe acute pancreatitis (SAP) is a serious inflammatory
disease that is often associated with high mortality rate. It tends to trigger a
cascade of systemic inflammation that causes damage to multiple organs, such
as the lungs and kidneys. Currently, there is no effective treatment plan to
reverse the progress of SAP. The occurrence and development of SAP are
associated with oxidative stress (OS) and ferroptosis. In this study, the Ca/Fe-
based nanozymes are used as multi-enzyme simulants, which can effectively
remove the reactive oxygen species and regulate ferroptosis to prevent and
treat SAP. Notably, we make two trials for prevention and treatment of SAP.
Under the condition of good biocompatibility, the Ca/Fe-based nanozymes
effectively reduce the levels of serum pancreatitis-related biomarkers and
inflammatory factors which involved in local and systemic inflammatory
response. Moreover, the Ca/Fe nanozymes significantly increase the level of
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ferroptosis regulator of glutathione peroxidase 4 (GPx4) and ferritin heavy chain 1 (FTHL1) in pancreas. These results demonstrate
that the Ca/Fe-based nanozymes not only alleviate SAP but also mitigate subsequent multi-organ damage, thus providing an

effective strategy of Ca/Fe nanozymes for treating SAP-related disorders in clinical research.
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1. INTRODUCTION

Acute pancreatitis (AP) is a frequent acute abdomen in
gastroenterology, which has the characteristics of acute onset,
severe illness, and rapid change.'”” Around 20—30% of AP
patients will develop serious diseases to severe acute
pancreatitis (SAP) and have a higher mortality rate with a
short period of time.”” In SAP, the activation of pancreatic
enzymes is often accompanied by pancreatic digestion,
swelling, bleeding, and necrosis.’ Unfortunately, SAP could
eventually cause damage to multiple organ functions in the
body, especially influencing the lungs, kidneys, and liver.”® At
present, the treatment of SAP is mainly through targeted
management of generalized complications.”” Although treat-
ment options for SAP have been extensively studied, there has
been no significant improvement in clinical outcomes for SAP-
related patients. Given that there are no clinically approved
definitive medicines to treat SAP, the development of a novel
and efficient intervention strategy for SAP treatment is an
urgent demand."’

Oxidative stress (OS) plays a major role in SAP, causin%
several macrophages to penetrate the inflammatory area.'"'
Both NADPH oxidase and mitochondrial dysfunction are the
major causes of OS in SAP, and hydrogen peroxide (H,0,), as
the second messenger of NADPH oxidase, is the major source
of reactive oxygen species (ROS) in inflammation.'>"*
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Subsequently, OS can further spread the local and systemic
inflammation resulting from the activation of neutrophils’
inflammatory response to acinar cell injury.'” As a form of
regulation of programmed cell death, ferroptosis is involved in
the damage process of acinar cells in SAP, which can disrupt
the balance between ROS production induced by iron
accumulation and the antioxidant system within lipid
peroxidation."®"” As a lipid repair enzyme, GPX4 is a key
factor of ferroptosis, and the dysfunction or abnormal level of
FTH1 will cause an increase in intracellular iron amount,
allowing us to promote the occurrence of ferroptosis.'”"®
However, research of SAP treatment is still at a preliminary
stage of exploration, and the development of novel nanozyme-
based drugs for inhibition of ferroptosis to protect organs in
SAP remains to be challenging.

Nanozymes are functional nanomaterials with enzyme-like
activity. These nanomaterials have a catalytic mechanism
similar to natural enzymes and can catalyze the oxidation of the
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Figure 1. Schematic diagram of the mechanism of Ca/Fe-based nanozymes treating SAP.

natural enzyme substrate.'”~>' Many important achievements
have been made in the research of nanoenzymes, which have
shown considerable application value in the biomedical field in
recent years.”” >* Nanozymes with endogenous enzyme-
mimicking catalytic activity have been considered innovative
drugs for the treatment of ROS-related diseases.”>* Among
them, Prussian blue (PB) nanoparticles present excellent
biocompatibility, photoacoustic/photothermal conversion, and
multi-enzyme mimetic activity, which are considered to be
effective scavengers of ROS.””** PB nanozymes with super-
oxide dismutase (SOD)- and peroxidase (POD)-simulated
activity can convert excess harmful oxygen radicals into
harmless products.”” The biological applications of PB
nanozymes are studied in many diseases, including osteopo-
rosis,”” radiation-induced hematopoietic injury,”" experimental
lung adenocarcinoma, and anthracycline-induced liver injury.*”
However, the mechanisms of nanozymes in the treatment of
ROS-related SAP remain unclear; it is of significance to
develop novel nanozymes and deeply understand the
therapeutic mechanism for the achievement of therapeutic
applications.

Herein, we report a Prussian blue analogue nanocatalyst of
Ca/Fe nanozymes via a facile environmental strategy (Figure
1). The as-prepared Ca/Fe nanozymes present a uniform well-
dispersed spherical morphology with an ultrasmall average size
of ~7.5 nm, which was beneficial to cross through the cell
membranes. Importantly, the Ca/Fe-based nanozymes pos-
sessed not only excellent antioxidant capability but also anti-
inflammatory activity that can induce the regulation of the
expression of inflammatory factors without obvious toxicity.
We also studied the antioxidant multi-enzyme nanocatalytic
performance of Ca/Fe nanozymes in vitro and in vivo. The
synthesized Ca/Fe nanozymes can show good therapeutic
potential for SAP, thus revealing its further biomedical
application potential in the treatment of diseases related to
inflammation and OS.

2. MATERIALS AND METHODS

2.1. Reagents and Instrumentation. All reagents were acquired
from formal commercial suppliers. Potassium hexacyanoferrate (III)
(K5[Fe(CN)g4]), 3,3',5,5'- tetramethylbenzidine (TMB), and pyro-
gallol were bought from Shanghai Aladdin Bio-Chem Technology
Co., Ltd. Mal-PEG,(4,-COOH was bought from Xi’an ruixi Biological
Technology Co. Ltd. Calcium chloride (CaCly), iron(II) sulfate
heptahydrate (FeSO,7H,0), sodium nitrite (NaNO,), tris-
(hydroxymethyl) aminomethane (Tris), glutathione (GSH), hydro-
gen peroxide (H,0,), and hydrochloric acid (HCl) were bought from
Sinopharm Chemical Reagent Co., Ltd. Polyvinylpyrrolidone (PVP)
was purchased from Chengdu Alcorta Chemical Reagent Co., Ltd.
2,2-Diphenyl-1-picrylhydrazyl (DPPH), glutathione reductase (GR),
and tetracyclohexanamine (NADPH) were bought from Macklin
Biochemical Technology Co., Ltd. Caerulein was purchased from
APEXBIO. All operations on mice in this study were approved by the
Institutional Animal Committee of Hunan Provincial People’s
Hospital (The First Affiliated Hospital of Hunan Normal University).

We used a UV—vis spectrophotometer (1900i, Shimadzu, Japan) to
record the UV—vis absorption spectra. We used a Nicolet iS20
spectrometer (Thermo Fisher Scientific, USA) to measure Fourier
transform infrared (FTIR) spectroscopy. We used a JEM-F200
(JEOL, Japan) to obtain the transmission electron microscopy
(TEM) images and EDS spectra. The zeta potential data was recoded
on a nanoparticle analyzer (90 Plus Zeta, Brookhaven Instruments,
USA). The elemental valence states of nanozymes were measured by
X-ray photoelectron spectroscopy (XPS) (Thermo Scientific K-Alpha,
USA).

2.2. Preparation of Ca/Fe Nanozymes. The solution of 20 mL
of 10 mM calcium chloride (CaCl,) was added to 20 mL of 10 mM
K;[Fe(CN)g] to obtain a homogeneous solution. The solution was
then placed in a round-bottom flask. 500 mg of polyvinyl pyrrolidone
(PVP) was dropped to produce a yellow solution under stirring for 25
min at room temperature. The resulting solution was transferred to a
dialysis bag (M = 12,000) for the treatment of 2 h. The deionized
water for dialysis was replaced after 30 min every time, and the
solution was frozen overnight at —20 °C to collect products. After
thawing the product, Mal-mPEG,0-COOH (10 mg) was added
under stirring in the dark for 4 h. The Ca/Fe nanozyme was collected
after keeping it overnight at 60 °C in an oven.
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2.3. Assay of SOD-like Activity. The determination of SOD-like
activity was evaluated by inhibition of the pyrogallol autoxidation
method. Typically, 0.5 mL of S0 mM Tris-HCl ( pH = 8.6) and 10 L
of pyrogallol were added into the test tube for 3 min in a water bath at
25 °C, which produces the autoxidation rate of pyrogallol to O,°".
The inhibition of the pyrogallol autoxidation was examined by the
addition of Ca/Fe nanozymes at different concentrations (400, 600,
800, and 1000 pg/mL) into the test tube for 3 min in a water bath at
25 °C. The absorption inhibition rate and the autoxidation rate of
pyrogallol were determined at 325 nm every 30 s for S min at 25 °C.
We combined the UV—vis absorption spectrum and eq 1 to calculate
the SOD sample of Ca/Fe-based nanozymes

Inhibition rate = AA, — AAgqp/AA, X 100% (1)

where AA, is the difference in absorbance per 30 s in the control
group (buffer + pyrogallol) and AAgqp, is the difference in absorbance
per 30 s in the experimental group (buffer + Ca/Fe nanozyme +
pyrogallol).

2.4. POD-like Activity. The POD-like ability of Ca/Fe nano-
zymes was determined by adding the TMB solution and a
nanoenzyme substrate into H,O, solution. Briefly, 800 uL of PBS
solution, 100 gL of 50 mM H,O, solution, 100 uL of Ca/Fe
nanozymes, and 40 mM TMB were mixed and transferred into a
cuvette, and then the absorption of the assay solution was recorded at
652 nm.

2.5. GPx-like Ability. The glutathione peroxidase (GPx)-like
ability of Ca/Fe nanozymes was analyzed through oxidizing
glutathione (GSH) to glutathione (GSSG) in the detection system
of H,0,. The phosphate buffer (50 mM; pH = 7.4) containing GSH
(2 mM), NADPH (0.4 mM), GR (100 units/mg), and H,0, (0.4
mM) was added into tube of the reaction system. The reaction was
initiated by the addition of Ca/Fe nanozymes at different
concentrations. Finally, we recorded the absorbance of the reaction
solution at 340 nm.

2.6. Scavenging of RO/NSs. The scavenging of eOH was
performed by the Fenton reagent method. Briefly, 85 uL of the Ca/Fe
nanozyme solution at different concentrations, 7.5 mM salicylic acid,
and 7.5 mmol/L ferrous sulfate solution were added into different test
tubes, and finally 85 uL of the 0.01 mM H,0, solution was added to
start the reaction. Deionized water was added to ensure that the
system volume is 1000 pL. Reaction was carried out at a constant
temperature of 37 °C for 30 min, and the absorbance was obtained at
530 nm with UV—vis spectroscopy. Finally, the clearance capacity of
®OH (SA) was calculated according to formula 2

SA (%) =[1 — (A, — Ay)/A,] X 100% (2)

where A, represents the absorbance of the control group (ferrous
sulfate + salicylic acid + H,0,), A, is the absorbance after adding the
test sample (ferrous sulfate + salicylic acid + Ca/Fe nanozyme +
H,0,), and A, is the absorbance of the sample itself (ferrous sulfate +
salicylic acid + Ca/Fe nanozyme).

Assessment of free radical scavenging using paramagnetic
resonance spectroscopy further confirms the eOH scavenging
performance of Ca/Fe nanozymes. In detail, 100 mM DMPO was
added into 90 mM H, 0, for the capture of free hydroxyl radicals, and
then the Fenton reagent was dissolved in the solution to produce
eOH. The scavenging ability of ®OH was evaluated by electron spin
resonance (ESR) amplitude intensity with or without Ca/Fe
nanozymes. For the production of ONOO~, 10 mL of 50 mM
NaNO, solution and 10 mL of 25 mM H,0O, were mixed and stirred
for 3 min. A yellow solution was obtained by adding a mixture
solution containing HCI (S mL, 1 M) and NaOH (5 mL, 1.5 M)
within 1 s under stirring. The whole reaction system was maintained
in an ice-water bath. The ONOO~ scavenging capacity of Ca/Fe
nanozymes was examined by the absorbance at 302 nm on UV—vis
spectroscopy. For the scavenging performance of DPPH, different
concentrations of Ca/Fe nanozyme solutions were added to DPPH
solution (the solvent was absolute ethanol) and left in the dark for 30

min at 25 °C. Then, the absorbance values of the mixed solution were
obtained at 517 nm.

2.7. Cell Cultures. Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco, China) containing 10% FBS (Gibco, China) and
1% penicillin G sodium/streptomycin sulfate was used to culture
RAW264.7 cells. Ham’s F-12K containing 20% FBS and 1% P/S was
used to culture AR42] cells (pancreatic exocrine cells). All cell lines
were placed in T-25 flasks, and cells were cultured in an incubator
under 5% CO, at 37 °C.

2.8. Cellular Toxicity Evaluation. For Ca/Fe nanozymes, AR42J
cells were preinoculated into a 96-well cell culture cluster containing
fresh Ham’s F-12K (190 pL) and Ca/Fe nanozymes (10 uL; 25, 50,
100, 200, 400, 800, and 1600 mg/mL). These cells were incubated for
24 h, and then the cell viability of the total culture was detected by the
CCK-8 method.

2.9. Blood Compatibility Evaluation. Blood samples (2 mL)
were collected from healthy people and centrifuged of S min at 2000
rpm. After the dispose of the upper serum, the red blood cells were
washed with PBS three times for collection of red blood cell
suspension (1 mL). Then. 0.1 mL of 10°/mL red blood cells was
cultured in H,O, NaCl, DMEM, RPMI-1640, PBS, and Ca/Fe
nanozyme solutions. After co-culturing for 4 h, hemolysis of the red
blood cells in each group was carried out.

2.10. Ca/Fe Nanozymes Protect Cells from Oxidative
Damages. RAW264.7 cells preinoculated into a 96-well cell culture
cluster were incubated with 200 L of fresh DMEM for 24 h, and then
the fresh medium containing different concentrations of Ca/Fe
nanozymes (25, 50, 100, 200, and 400 mg/mL) was used to treat the
cells under different conditions consisting of LPS (10 pg/mL) and
H,0, (20 uM), separately. After the co-culturing for about 24 h, the
CCK-8 method was applied to detect the cell viability of the total
culture.

2.11. Live/Dead Assay of Cells. Before the preparation of the
dye, the 10X assay buffer was diluted to a 10X assay buffer by ddH,O.
Then, 5 uL of calcein-AM/PI solution and 15 yL of propidium iodide
solution were added to the S mL 1X assay buffer for the preparation
of fluorescent dyes. After pretreatment under different conditions, the
cells were washed with PBS three times to remove the culture
medium. The fluorescent dyes were co-cultured with the cells for 15
min and then washed with PBS three times. Finally, the fluorescence
images were taken using a Leica DMi8.

2.12. Intracellular ROS Detection. A DCFH-DA detector was
used to determine the generation of intracellular ROS. Cells under
different conditions of oxidative damage were pretreated with H,0,
and LPS. Subsequently, the cells were treated with DCFH-DA (10
4#M) for 15 min in an incubator then washed three times with DMEM
(non-FBS) to get rid of excess dye. Finally, the as-treated cells were
photographed by a Leica DMi8.

After the treatment, the cells were digested by pancreatin for the
preparation of single-cell suspension. An FACS Canto II was used to
analyze the concentration of ROS of cells.

2.13. EdU Analysis for Cell Proliferation. The cells were
cultivated in six-well plates, and the cells in different subgroups were
dealt with H,0, (20 uM), Ca/Fe nanozymes (200 pug/mL) with
H,0,, LPS (10 pg/mL), Ca/Fe nanozymes (200 ug/mL) with LPS,
and a negative control (PBS) for 24 h. The pretreated cells were
incubated with EdU (10 uM) for 2 h under different conditions in an
incubator, washed with PBS three times, co-cultivated with
AlexaFluor-488 in the dark, and counterstained by DAPI. A Leica
DMi8 was used to visualize the EdU-labeled DNA.

2.14. Measurements of Cytokines and Blood Indicators. For
the measurements of cytokines, the ELISA experiments were
conducted by using commercial kits. The RAW cells were pretreated
with H,O, and LPS for 24 h, and the cell supernatant was collected
for further study.

Blood samples (1 mL) were collected from mice, centrifuged of S
min at 2000 rpm, and saved the serum. For the measurements of
blood indicators, the ELISA experiments were conducted by using
commercial kits.
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Figure 2. Synthesis and characterization of the Ca/Fe nanozymes. (a) Preparation diagram of Ca/Fe nanozymes. (b) Absorption spectrum of
nanozymes dispersed in water. The inset photo is the Tyndall effect of Ca/Fe nanozymes in H,O, PBS, RPMI-1640, and DMEM. (c) FT-IR
spectrum. (d,e) TEM image of Ca/Fe nanozymes at two different scales. (f) TEM particle size statistical curve of Ca/Fe nanoparticles. (g) XPS
survey spectrum of Ca/Fe nanozymes. High-resolution XPS spectrum of (h) Ca 2p and (i) Fe 2p.

2.15. Biosafety Assessment. Two groups (control and Ca/Fe
group) of mice (ICR, 6-8w, female) received the treatment with NaCl
or Ca/Fe nanozymes (200 pug/mL). The weights of mice were
recorded for 30 days after intravenous (i.v.) injections. The serum
sample was collected and stored at —80 °C. The major organs were
harvested from each group. Tissues were fixed in formalin (4%) for
hematoxylin and eosin (H&E) staining.

2.16. Induction of SAP Models. All the mice (ICR, 6-8w,
female) were divided into three groups randomly and allowed to fast
for 12 h before the experiment. The mice were treated with cerulein
using intraperitoneal injections (CER, S0 ug/kg/h, seven times). After
4 h, the mice were treated with lipopolysaccharides (LPS, 10 mg/kg, 1
time) by intraperitoneal injection for the prevention and treatment of
SAP mice. The control group mice were treated with sterile water (n
=6).

The SAP mice of the prevention group were intravenously
administrated with Ca/Fe nanozymes at a concentration of 40 mg/
kg at 19 and 23 h. The organs (pancreas, kidneys, lungs, heart, and
liver) from the control and prevention group mice (n = 3) were
harvested at 47 h. The SAP mice of the treatment group (n = 3) were
intravenously administrated with Ca/Fe nanozymes at a concen-
tration of 40 mg/kg in 23 and 47 h. The major organs from the
control and prevention group mice were harvested at 71 h. The serum
sample from the mice of the three groups was collected and stored at
—80 °C.

2.17. Western Blotting. For the detection of GPX4 and FTH1
expression changes, the cell lysis buffer was used to extract the whole-
cell protein of pancreas. The protein concentrations were obtained by
a Micro BCA protein assay kit. The following antibodies were
purchased form Cell Signaling Technology (Danvers, MA, USA):

12971

anti-GPX4 (1:1000), anti-FTH1 (1:1000), and anti-GAPDH
(1:2000).

2.18. Hematoxylin and Eosin (H&E) and Immunohistochem-
ical Staining for SAP Injury. To examine morphological and
histological features, the organ tissues were fixed by paraformaldehyde
(4%), paraffin-embedded, and then dehydrated and sectioned.
Sections were stained with hematoxylin solution and eosin dye and
then dehydrated and sealed. For inhibition of endogenous peroxidase,
the sections were treated with goat serum (5%) for 30 min and
incubated of 25 min with H,0, (3%), followed by incubation with
primary antibodies including anti-GPX4 antibody and anti-FTHI1
antibody overnight at 4 °C. The next day, the horseradish peroxidase-
labeled secondary antibody (1:300) was incubated for 2 h with slides
at an ambient temperature. Finally, the Leica DM6 B was used for
imaging analysis.

2.19. Statistical Methods. In this study, we used GRAPHPAD
software to analyze the experimental data, and all data were presented
by the mean + standard deviation (SD). p < 0.0S implies the
statistical significance. The standard symbols are deduced to be as *P
< 0.05, ¥*¥P < 0.01, ¥**P < 0.001, and ns = not significant.

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of Ca/Fe
Nanozymes. The Ca/Fe nanozyme was prepared through
dissolution and reduction of the precursors of calcium chloride
(CaCl,) and potassium ferricyanide (K;[Fe(CN)g]) with Mal-
mPEG,(y,-COOH in the presence of polyvinyl pyrrolidone
(PVP), as shown in Figure 2a. The as-synthesized Ca/Fe
nanozyme exhibits yellow-green color in an aqueous solution

https://doi.org/10.1021/acsanm.3c01697
ACS Appl. Nano Mater. 2023, 6, 12968—12979


https://pubs.acs.org/doi/10.1021/acsanm.3c01697?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c01697?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c01697?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c01697?fig=fig2&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.3c01697?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

a. t)-LS (:'&8
- — TMB+H202+Cal/Fe 100 pM
3 g ——200 pM
Ca/Fe Nanozyme 3 TMB+Ca/Fe 3 H
ROS 4 S4.0{— TMB+H202 So06 300 uM
1,0, 0.} 8 8
;= | ro S e .
= soD Lo5 // \\u 2 'g 0.4, 3
~— 8 // 8 / T
% H2O [ — o N
< <
s 0‘0 — — — 2t T—— 0.2
500 600 700 800 0 200 400 600
d . e. Wavelength (nm) f Time (s)
90 - 3 18
= 80 i/ ‘T?, | | —OH ;;164 .
) S0l — . V_JL_‘ —— < VA
8 / =] “ ‘,“ i S 14/ / e
= 60 i 5, | | - 7 \
£ 50 e |- 29 £ 121 \L
~ g \
5 40 e £ —awcmsl Sl /
L [TT] | \
6 30 : 7 _(1,. w2 [SS0, S| Pl - 9« 8] ¢ \.
il I :
y . i y . 3460 3480 3500 3520 3540 3560 T T
0.2 0.4 0:5 0.8 1.0 Magnetic field (G) 400 600 . 800 1000
g Concentration (mg/mL) h | Concentration (ng/mL)
15 " 27
- ——4 mg/mL ~06 0 mg/mL = —— Control
E] P 2 mg/mL == 1 —— 4mgimL E] —— CalFe
L) £y ——0 mg/mL < d L)
—1.0 \ - 6 mg/mL -
g /) : s | S WA
= / N £044 ]
_g «© \ «©
205 - 2 1\ £
e 0 o, 2021 — 241
= i s . L Y& e AN Q g
— = — N MW b |
< 5 — < s N < PRy e v PN
. v v 0.0 v . = 18 . ; ,
400 500 600 700 800 250 300 350 400 0 150 300 450
Wavelength (nm) Wavelength (nm) Time (s)

Figure 3. Antioxidant activity of Ca/Fe nanozymes. (a) The diagram represents the antioxidative activities of Ca/Fe nanozymes. (b) POD-like
activity of Ca/Fe nanozymes. (c) Absorption values of TMB solution in Ca/Fe nanozymes with different amounts of H,0,. (d) ®OH elimination
using Ca/Fe nanozymes by the Fenton reagent method. (e) EPR results for €OH elimination using the Ca-Fe@PEG nanozyme. (f) SOD-like
activity of Ca/Fe nanozymes. (g) RNS-scavenging capability of nanozymes for DPPH. (h) ONOO™ elimination. (i) GPx-like activity of Ca/Fe

nanozymes.

with strong ultraviolet absorption and excellent stability
(Figure 2b). The characteristic peaks of the FT-IR pattern of
the Ca/Fe nanozyme observed at 1652 and 1385 cm™' were
assigned to the C=N stretching vibration and bending
vibration, C=N bending vibration, and C—N out-plane
bending vibration corresponding to PVP. Extensive absorption
from 3200 to 3400 cm™' indicates that hydroxyl groups
(—OH) and amino groups (—NH,) exist on the sample
(Figure 2c). The TEM images in Figure 2d—f confirm a unique
well-dispersed spherical morphology for such as-prepared Ca/
Fe nanozymes, and a uniform size of 5.62—10.39 nm was
observed, which allows passage through the cell membranes.
Additionally, the EDS spectrogram further confirms the
composition of Fe and Ca in Ca/Fe nanozymes (Figure S1).
The electronic structure and elemental composition of Ca/Fe
nanozymes was further investigated using XPS technology
(Figure 2g). The typical peaks assignable to the binding
energies of Fe 2p, Ca 2p, O 1s, N 1s, and C 1s are identified.
Figure 2h displays the high-resolution Ca 2p XPS spectra with
its two divided peaks corresponding to the binding energy of
356.88 and 345.08 eV, indicating the chemical states of Ca(II)
for Ca. For Fe 2p (Figure 2i), the trivalent states of Fe 2p;,,
and Fe 2p,, of Fe®" are specified to the peaks at 731.88 and
708.68 eV, and the atomic ratio of Ca/Fe in the as-synthesized
nanomaterials was deduced to be 1:1, and the anion is CI~
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ions. At the same time, the surface charges of Ca/Fe
nanozymes were —6.26, —7.01, and —3.49 mV in H,0,
methanol, and ethanol, respectively (Figure S2).

3.2. Antioxidant Activity of the Ca/Fe Nanozyme. The
enzyme-mimicking activities of Ca/Fe nanozymes were
observed via catalytic reactions of natural enzyme substrates
(Figure 3a). As one of the downstream products of superoxide
dismutation, H,0O, is a relatively long-lived non-radical ROS.*
The accumulation of H,0, in cells has different biological
effects, which is dependent on their concentrations. Low levels
of H,0, can induce and promote cell proliferation, while high
levels of H,O, damage cells. As shown in Figure 3b, the Ca/Fe
nanozymes show a tiny absorption peak at 652 nm of Ox-TMB
by using H,O, as an electron acceptor to catalyze the oxidation
of TMB substrates.”> The weak peroxidase (POD) activity may
be attributed to the inactivity in alkaline environments, which
is consistent with previously reported results.’”* In addition,
with the increase of H,O, concentration, the catalytic capacity
of Ca/Fe nanozymes also increased (Figure 3c). Hydroxyl
radicals can be effectively captured by salicylic acid to generate
colored substances, and its mixture has strong absorption near
530 nm. However, once a substance with scavenging effect on
hydroxyl radicals is added, it resulted in a decrease in
absorbance at 530 nm, which was mainly attributed to the
reduction in the amount of coloring products due to the
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Figure S. Histocompatibility evaluation of Ca/Fe nanozymes in vivo. (a) Operation diagram of Ca/Fe nanozymes. (b) Weight change of the mice
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competition with salicylic acid. There is a quantitative
relationship between absorbance and radical scavenging rate.
Using the Fenton reagent method according to [1—(4, —
Ay)/Ag] X 100%, the hydroxyl radical scavenging rate is
calculated to be 85.0% at a Ca/Fe concentration of 1000 ug/
mL (Figure 3d). The hydroxyl radical scavenging rate of Ca/Fe
nanozymes was further monitored by ESR through amplitude
reduction (Figure 3e). The superoxide anion radical is one of
the shortest free radicals in human being, which can cause
serious damage to cells. The superoxide dismutase in cells can
scavenge the superoxide anion radical and decompose it into
H,0, and O, with low toxicity. In order to study the
elimination of superoxide anion free radicals, the superoxide
anion scavenging ability of nanozymes was determined by the
pyrogallol autoxidation method, and the result was not
significant. The superoxide anion scavenging rate was 16.24%
at 600 pg/mL Ca/Fe nanozymes (Figure 3f).

As the excessive production of reactive nitrogen (RNS) is
closely related to the formation of inflammation, the ability of
Ca/Fe nanozymes to scavenge RNS was further studied. The
1,1-diphenyl-trihydrazide radical (DPPHe) probe in which a
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nitrogen radical contains many unpaired electrons was used to
estimate the RNS scavenging ability of the Ca/Fe-based
nanozyme (Figure 3g). In addition, to explore the ability of
nanozymes to remove ONOO~,*® in order to produce
ONOQ7, the NaNO, solution was mixed with H,O,, then
HCI and NaOH were added, and the whole reaction system
was kept in an ice-water bath. The absorbance at 302 nm for
the exploration of the ability of nanozymes to remove ONOO™
was measured by UV—vis spectroscopy. The experimental
results show that Ca/Fe nanozymes cannot remove ONOO™
(Figure 3h). Furthermore, glutathione peroxidase (GPx) has
the ability to convert toxic peroxides into nontoxic hydroxyl
compounds, and the GPx simulation capability of Ca/Fe
nanozymes was explored (Figure 3i). Unexpectedly, no GPx
simulation capability was observed in Ca/Fe nanozymes, which
may be related to the reaction medium and environment of
GPx activity. When the temperature is too low, the chemical
activation of the material is very small. Much high temperature
will cause the GPx activity escape from the composite interface
before the reaction, leading to smaller response.
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Figure 6. Treatment efficacy of Ca/Fe nanozymes for SAP mice in vivo. (a) Experimental operation diagram of treatment of Ca/Fe nanozymes in
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3.3. Safety and Cytoprotective Effects of the Ca/Fe
Nanozyme. Possessing enzyme-like activities and ROS-
scavenging abilities, Ca/Fe nanozymes can reduce oxidative
damage in vitro and protect cells. In this study, AR42]J cell lines
and RAW264.7 cell lines were used to study the cytotoxicity
and cytoprotective effects of Ca/Fe nanozymes. To evaluate
the safety of Ca/Fe nanozymes in vitro, AR42] cells were
incubated at different concentrations of Ca/Fe nanozymes for
24 h. The results of the cell counting kit-8 (CCK-8) proved
that high concentrations of Ca/Fe nanozymes were not
significantly toxic to cells (Figure 4a). Figure 4b shows that
the red blood cells of healthy humans were incubated with
different solutions (H,O, PBS, RPMI-1640, DMED, NaCl, and
Ca/Fe) for 4 h, and hemolysis was not observed in the Ca/Fe
nanozyme group, indicating that it had good blood
compatibility. Next, we evaluated the cellular protection of
Ca/Fe nanozymes against OS produced in different ways.***’
Through the pretreatment of Ca/Fe nanozymes at a
concentration of 200 pg/mL, the cell viability of the original
cells increased from 66 to 90 and 71 to 91% (Figure 4c,d).

Moreover, the fluorescence images were captured by a
fluorescence microscope and further demonstrated that
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through the protective effect of Ca/Fe nanozymes, cells
could be protected from the toxic effects of OS produced by
H,0, and LPS (Figure 4e). The same result was obtained by
flow cytometry (Figure 4i). Meanwhile, EdU staining is an
imaging agent for cell proliferation, which can express cell
value added by incorporating into newly synthesized DNA
strands during cell replication. The result proved that Ca/Fe
nanozymes could augment the cell-proliferating ratio after
H,0, and LPS treatment (Figure 4f). The cytoprotective
effects of Ca/Fe nanozymes were further explored by studying
the expression of cytokines in vitro. A variety of pro-
inflammatory cytokines play a key role in the activation and
progress of inflammation, including interleukin-15 (IL-1p),
interleukin-6 (IL-6), and tumor necrosis factor-a (TNF-a).
The level of cytokines was successfully reduced by treatment of
Ca/Fe nanozymes (Figure 4gh). The results showed that the
Ca/Fe nanozyme mainly plays a good cytoprotective role by
clearing ROS and regulating cytokines.

3.4. Histocompatibility Evaluation of Ca/Fe Nano-
zyme In Vivo. We verified the biocompatibility of Ca/Fe
nanozymes in vivo before assessing the efficacy of Ca/Fe on
SAP. After treatment with Ca/Fe nanozymes, the histocompat-
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ibility of Ca/Fe nanozymes in vivo was evaluated by the effects
on the blood biochemistry and histopathology of major organs.
As shown in Figure Sa, the mice were randomly divided into
two groups, and NaCl and Ca/Fe nanozymes were injected
into the mice of control and Ca/Fe groups, respectively. No
significant weight loss occurs after the treatment compared to
the control group (Figure Sb). All hematology parameters are
in the normal range after the Ca/Fe nanozyme treatment,
including aspartate aminotransferase (AST), alanine amino-
transferase (ALT), blood urea nitrogen (BUN), creatinine
(CRE), amylase, lipase, TNF-a, IL-1f3, and IL-6 (Figure Sc—1).
These results indicate that Ca/Fe nanozymes cause no obvious
damage to hematopoietic cells in vivo. In addition, the H&E
staining images of major organs including kidneys, liver,
pancreas, heart, and lungs were obtained to demonstrate the
biological toxicity of Ca/Fe nanozymes. After Ca/Fe nano-
zyme treatment, histological evaluation showed that there were
no significant morphological changes in each group, especially
in the pancreas, liver, and kidneys (Figure Sm). Therefore, all
the results disclose that Ca/Fe nanozymes have no obvious
cytotoxicity to mice at the dose.
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3.5. Treatment Efficacy of Ca/Fe Nanozymes for SAP
Mice In Vivo. Besides excellent antioxidant properties and
biosafety, we studied the effect of Ca/Fe nanozymes on the
treatment of mice SAP. The mouse model of SAP was induced
using Caerulein/LPS, and Ca/Fe nanozymes were injected
according to the experimental design (Figure 6a). Three
experimental groups were created, control (NaCl) group, SAP
(caerulein/LPS) group, and Ca/Fe (SAP + Ca/Fe) group. To
simulate the early progress of SAP, Ca/Fe nanozymes were
injected during the model construction process. After Ca/Fe
nanoenzyme treatment, the weight of mice showed a
significant upward trend (Figure 6b). The serum sample of
SAP mice was collected, and the concentration of inflamma-
tory indicators was measured, including TNF-a, IL-18, IL-6,
serum amylase, and lipase.”® The results showed that the
expression of various inflammatory indicators in the serum of
the SAP group mice increased and that of the Ca/Fe group
mice decreased significantly (Figure 6c—g). Additionally, the
result of western blot proved that the occurrence of SAP would
trigger the generation of ferroptosis and the negative regulation
of GPX4 and FTHI1. As one of the types of nonapoptotic cell
death, ferroptosis is accompanied by downregulation of the
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expression of GPX4 and FTHI, which transforms lipid
hydroperoxides into lipid alcohols.”” It was found that GPX4
and FTHI1 levels returned to the control group after Ca/Fe
nanozyme treatment, and the Ca/Fe group effectively
attenuated ferroptosis in the pancreas of SAP mice (Figure
6h). Last, the histopathological changes were analyzed
according to the H&E staining of each group of major organs
(Figure 6i). Diffuse and local edema and bleeding of the
pancreatic tissue in the SAP group were observed with the
naked eye. After treatment with Ca/Fe nanozymes, H&E
staining of the pancreatic tissue was performed, and we
detected a decrease in the degree of some pathological
conditions (such as interstitial pancreatic edema, neutrophil
and lymphocyte infiltration, bleeding, and necrosis) than the
SAP group. Meanwhile, the degree of cell damage and
inflammatory cell infiltration in the liver of Ca/Fe group was
reduced. The result of dT-mediated dUTP Nick-End Labeling
(TUNEL) staining proved that cell apoptosis is closely linked
to SAP. The obvious green-indicated cellular apoptosis was
observed in the pancreas of SAP mice (Figure 6j). After Ca/Fe
nanozyme treatment, the apoptosis of mouse pancreatic cells
was significantly suppressed, indicating that Ca/Fe nanozymes
had a good anti-apoptosis effect. Meanwhile, Ki67 staining
suggested that there was more cell proliferation in the pancreas
after the Ca/Fe nanozyme treatment, proving the restoration
of the pancreas (Figure 6j). In addition, it is found that the
levels of GPx4 and FTH1 were increased after Ca/Fe
nanozyme treatment, which were similar to the control
group (Figure 6j). All experimental evidence has confirmed
the excellent protective properties of Ca/Fe nanozymes by
regulating inflammation and inhibiting ferroptosis in SAP.

3.6. Prevention Efficacy of Ca/Fe Nanozymes for SAP
Mice In Vivo. We simulated the process of prevention of SAP
and constructed a novel SAP mice model. The Ca/Fe
nanozyme was injected twice to observe its therapeutic effect
during the construction of caerulein/LPS-induced SAP mice
model (Figure 7a). The body weight of the Ca/Fe group was
significantly recovered compared to the SAP group (Figure
7b). The results of all hematology parameters proved that the
severity of SAP mice was reduced by the Ca/Fe nanozyme
injected (Figure 7c—g). These results are a good proof that
Ca/Fe nanozymes had a good preventive effect for SAP.
Meanwhile, the expressions level of ferroptosis-related proteins
GPX4 and FTHI increased in the Ca/Fe group (Figure 7h).
The histopathological changes of the major organs were
analyzed in each group (Figure 7i). The apoptosis and
proliferation of cells in pancreatic tissue were analyzed, and the
expression of ferroptosis-related proteins GPX4 and FTH1 was
confirmed by immunohistochemical staining results (Figure
7j). Based on the above evidence and results, the basic
prevention mechanism of Ca/Fe nanozymes for SAP includes
regulating inflammation and inhibiting ferroptosis.

4. CONCLUSIONS

In our study, we design a steady Ca/Fe nanozyme and simulate
the effects of POD, SOD, and GPx to construct an antioxidant
system that effectively removes ROS. A series of systematic
studies have found that the Ca/Fe nanozyme has a
comprehensive cytoprotective effect on OS in vitro, especially
the ability to inhibit iron metabolism and regulate inflamma-
tion. Importantly, the excellent Ca/Fe nanozymes not only
have a good ability to treat SAP and reduces damage to the
pancreas and other organs but also that Ca/Fe nanozymes
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realize the early prevention of SAP. Further results show that
inhibiting inflammation and ferroptosis are mechanisms by
which caerulein-induced SAP models obtain good therapeutic
effects, especially the ability to regulate cytokines, inhibit
macrophage migration, and enhance the expression of GPX4.
Therefore, the synthetic uniform Ca/Fe nanozyme has a strong
ROS scavenging ability, advanced ferroptosis inhibition
properties, and good biocompatibility. It can be used as a
unique antioxidant and has an effective therapeutic effect on
SAP or other diseases about OS in clinical.
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