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ABSTRACT: Ulcerative colitis (UC) is a chronic inflammatory
bowel disease characterized by the disruption of the intestinal
epithelial barrier. This study described the synthesis and character-
ization of CCM-Co-ZIF-8, a novel composite material with enzyme-
like activities similar to catalase, peroxidase, and superoxide
dismutase. CCM-Co-ZIF-8 demonstrated the ability to scavenge
reactive oxygen species that play a critical role in UC pathogenesis.
In vitro studies using lipopolysaccharide-induced RAW264.7 cells
showed that CCM-Co-ZIF-8 exhibited anti-inflammatory activity by
promoting the transition of macrophages from an M1 to an M2
phenotype. In vivo experiments using a mouse model of UC
demonstrated that CCM-Co-ZIF-8 suppressed the expression of
proinflammatory cytokines. These findings suggested that CCM-Co-
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ZIF-8 might hold promise as a therapeutic strategy for the treatment of UC.

1. INTRODUCTION

Inflammatory bowel disease (IBD) is a chronic and relapsing
pathema characterized by intestinal ulcers and damage to the
epithelial barrier." Ulcerative colitis (UC) is a common form of
IBD that specifically affects the colon, primarily involving the
mucosal and submucosal layers, and often manifests in
adolescence.”® The therapeutic modalities for UC include
pharmacological interventions and emerging biologic thera-
pies.* Pharmacological treatment mainly involves the use of
corticosteroids, aminosalicylates, and immunosuppressants.”®
However, excessive medication may entail possible adverse
reactions and the possibility of an unsuccessful efficacy.
Therefore, there is an urgent need for suitable therapeutic
strategies for UC. The development of UC encompasses
various processes, including inflammation, compromised
epithelial barrier integrity, and oxidative harm.” In the early
stages of UC, macrophages, dendritic cells, and other antigenic
presenting cells initiate a series of proinflammatory and anti-
inflammatory signals that cause immune cells to migrate to the
site of inflammation, and these immune cells penetrate the
mucosa.’ Deficiencies in the mucin barrier provoke possible
immune dysregulation and consequent inflammation within
the intestines.” Aberrant demise of intestinal epithelial cells
(IECs) can escalate the inflammatory reaction and trigger
injury to the intestinal mucosa.'”'" Reactive oxygen species
(ROS) constitute a significant class of highly reactive oxygen-
containing chemicals that can originate from either exogenous
or endogenous sources.'” Impaired antioxidant capacity
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leading to excess ROS is a critical factor in oxidative damage.
In inflammatory bowel disease, infiltrating neutrophils generate
a substantial amount of ROS. Excessive ROS acting on
endothelial cells lead to oxidative damage, exacerbating the
inflammatory process."

Eliminating excess ROS is crucial for addressing oxidative
injury. Wang et al. synthesized hyaluronic acid-guided cerium
dioxide nanoenzymes that are compatible and stable, showing
an increased superoxide dismutase-like activity with increasing
Ce(IlI)/Ce(IV) ratio that could effectively eliminate ROS.
These nanoenzymes also have potential therapeutic effects on
atherosclerosis.'* Additionally, the modulation of macrophages
during the inflammatory stage assumes a vital significance in
the management of UC.'> Macrophages exhibit two
phenotypic forms in vivo: M1 for proinflammatory and M2
for anti-inflammatory. Macrophages of the M1 subtype release
copious quantities of proinflammatory cytokines, notably
including interleukin 18 (IL-15).'*"” Correspondingly, M2
macrophages can impede the advancement of inflammation by
releasing substances that have anti-inflammatory effects, such
as interleukin-4 (IL-4)."®'® Imbalance in polarization between
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Figure 1. Proposed mechanism for the treatment of ulcerative colitis by CCM-Co-ZIF-8.

the M1 and M2 macrophages can exacerbate the inflammatory
process. Studies have reported that Prussian blue analogs
loaded with curcumin (CCM) possess the ability to convert
M1 macrophages into the M2 phenotype, demonstrating the
significant potential of curcumin in macrophage polarization.”’

Metal—organic frameworks (MOFs) offer well-defined pores
and channels, thus providing hydrophobic coordination
environments similar to natural enzymes.21 In addition,
MOFs demonstrate inherent enzyme-mimicking properties,
making them suitable candidates for synthetic enzymes.
Transition metals such as iron, cobalt, and copper serve as
typical metal centers for the preparation of catalytically active
MOFs. Sang et al. discovered that cobalt-based MOFs (ZIF-
67), constructed by Co®>" and dimethylimidazole, exhibit
outstanding nanozyme activity.”” Yang et al. reported the
synthesis of Co-MOF under hydrothermal conditions, which
demonstrated inherent peroxidase-like activity.”> Among the
reported MOFs, ZIF-8 is a zeolitic imidazolate framework
synthesized through coordination between zinc nitrate and 2-
methylimidazole molecules. Its geometric structure bears a
resemblance to the active site of human carbonic anhydrase II
and exhibits excellent catalytic performance. When these zinc
cations interact with water molecules, the pK, value of water
significantly decreases from 14 to 8.4, favoring the deproto-
nation process of water. This phenomenon generates zinc-
bound hydroxide nucleophilic reagents, which might enable
catalysis of multiple biochemistry reactions.”*

Conditioned culture medium (CCM) can modulate M1/M2
macrophage polarization, activate Toll-like receptor (TLR)
signaling pathways, and elicit pharmacological effects including
antioxidative, anticancer, and anti-inflammatory activities.”>”°
We engineered a novel composite material, termed CCM-Co-
ZIF-8, by modifying the anti-inflammatory drug CCM and
encapsulating it within Co-ZIF-8. Our goal for this study was
to achieve a synergistic nanozyme effect and anti-inflammatory
outcome. After convincing of the biocompatibility of CCM-
Co-ZIF-8, we further tested the in vitro and in vivo anti-
inflammatory effects together with the mechanisms (Figure 1).
The results showed that CCM-Co-ZIF-8 displayed reactive
oxygen species (ROS)-related nanozyme activities and could
achieve macrophage subtype transformation (M1 to M2).

Furthermore, the application of CCM-Co-ZIF-8 resulted in
reduced symptoms in the UC mice model. We wish that the
current material could be potentially used as a material for the
treatment of UC. For patients with UC, it plays a dual
regulatory role in clearing reactive oxygen species and
alleviating inflammation.

2. MATERIALS AND INSTRUMENTS

2.1. Materials and Instruments. Chemicals for Co-ZIF-8
synthesis, acetic acid, hydrochloric acid, and 30% hydrogen
peroxide were provided by Sinopharm Chemical Reagent Co.,
Ltd. LPS and anhydrous ethanol were supplied by Aladdin
(Shanghai, China). TMB (3,3,5-tetramethylbenzidine) was
purchased from Shanghai Jinsui Biological Technology Co.,
Ltd. Riboflavin, L-tryptophan, nitroblue tetrazolium chloride,
and curcumin were procured from Sangon Biotech (Shanghai,
China). DMEM medium, fetal bovine serum, 0.25% trypsin,
penicillin—streptomycin (PS), and sodium pyruvate were
obtained from Gibco. IL-4 and interleukin-13 (IL-13) were
provided by Peprotech. Cell lysis reagent (Trizol) was
purchased from Sigma-Aldrich. The PCR reverse transcription
kit was obtained from Novozymes (Nanjing, Jiangsu). Freezing
embedding medium was supplied by Leica.

2.2. Synthesis of Co-ZIF-8 and CCM-Co-ZIF-8. A 1.161
g amount of 2-methylimidazole was dissolved in a mixture of
10 mL of DMF (N,N-dimethylformamide) and methanol
(DMF/methanol = 4:1). Simultaneously, 0.535 g of Zn-
(NO;),-6H,0 and 0.535 g of Co(NO;),-6H,0 were dissolved
in another mixture of 15 mL of DMF and methanol (DMF/
methanol = 4:1). Once fully dissolved, the solution containing
2-methylimidazole was added gradually drop by drop into the
Zn(NOs;),-6H,0 and Co(NO;),-6H,0 solutions while stirring
at a speed of 700 rpm for a duration of 12 h. After
centrifugation to remove the supernatant, the residue was
washed repeatedly with methanol and the supernatant was
discarded, each performed three times. After the excess liquid
was removed, the obtained Co-ZIF-8 sample was air-dried at
room temperature.

2.3. Material Characterization of Nanoparticles. Four-
ier transform infrared spectroscopy (FTIR) was performed
using a Cary 610/670 instrument (Varian, USA) to determine
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infrared spectra, analyze functional groups, and investigate
potential intermolecular forces. Scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) were
conducted using a Zeiss_SupraSS (Carl Zeiss, Germany) and
JEM-2100 (JEOL, Japan), respectively. Nano Measurer
software was employed for nanoparticle size analysis. X-ray
diffraction (XRD) analysis was carried out by using a D8
Advance X-ray diffractometer (Bruker, Germany).

2.4. Assessment of SOD-like Enzyme Activity. The
SOD-like activity of Co-ZIF-8 was evaluated by measuring the
inhibition of NBT (nitroblue tetrazolium) photoreduction.
Riboflavin (1.2 mM), methionine (0.13 M), NBT (1 mg/mL),
EDTANa, (0.1 M), and different concentrations of Co-ZIF-8
(10, 18, 20, 40, 80, and 100 pg/mL) were sequentially added
to PBS (pH = 7.40). The mixture was then exposed to an LED
light for 15 min. After light exposure, the absorbance at 560
nm was immediately measured.

2.5. Assessment of CAT-like Enzyme Activity. The
CAT-like activity of Co-ZIF-8 was assessed by measuring the
dissolved oxygen concentration using a dissolved oxygen meter
with a specialized oxygen electrode at room temperature.
Kinetic analysis was conducted at room temperature using a 2
mL reaction buffer solution and a 2 mL Co-ZIF-8 solution. 2
mL of various concentrations of hydrogen peroxide (ranging
from (4 to 2) X 107> M) were added to the reaction system
containing Co-ZIF-8 (2 mL, 80 ug/mL). The dissolved oxygen
concentration was monitored using the dissolved oxygen meter
within 10 min. Different concentrations of Co-ZIF-8 solution
(ranging from (0.12 to 2) X 107* mg/mL) were added to the
reaction system containing hydrogen peroxide (2 mL, 4 M).
The dissolved oxygen concentration was monitored using the
dissolved oxygen meter within 400 s. All Michaelis—Menten
constants were calculated based on the Michaelis—Menten
saturation curves using Origin software.

2.6. Assessment of POD-like Enzyme Activity. A 2.80
mL reaction buffer solution (0.1 M NaAc, pH = 4.0) and 20
uL Co-ZIF-8 solution (final concentration of SO yg/mL) were
prepared at room temperature. S0 4L of 0.12 M TMB and 100
uL of different concentrations of hydrogen peroxide (ranging
from 0.3 to 60 mM) were added to the reaction system
containing Co-ZIF-8. The absorbance at 625 nm was recorded
over time.

2.7. Drug Loading Performance of Co-ZIF-8. 3 mg
portion of dried CCM-Co-ZIF-8 was dissolved in 50 uL of
hydrochloric acid, followed by dilution with anhydrous ethanol
to a final volume of 2 mL. UV—visible spectroscopy analysis
was conducted at a wavelength of 425 nm; the drug loading
efficiency and encapsulation efficiency were determined by
utilizing a standard curve and calculating them using the
formulas provided below

drug loading efficiency (%)

drug content on particles

= X 100%
total weight of particles
encapsulation efficiency (%)
loaded drug amount
= X 100%

total feeded drug amount

A 2 mg portion of CCM-Co-ZIF-8 was dissolved in a
mixture of 20 mL of PBS and Tween-20 solution (pH = 5.0),
followed by continuous shaking at 37 °C and 120 rpm. At

selected time intervals (0, 1, 2, 3, S, 18, 36, 48, 60 h), 1 mL of
the solution was centrifuged and redispersed with 1 mL of PBS
solution. The release of curcumin was measured at a
wavelength of 425 nm by using UV—visible spectroscopy,
and the obtained values were correlated with a calibration
curve. The cumulative release percentage was calculated within
the selected time intervals.

2.8. Cytotoxicity of Co-ZIF-8 and CCM-Co-ZIF-8.
RAW264.7 and human epithelial cells (L929, ATCC) were
cultured in GIBCO media supplemented with 10% fetal bovine
serum for 24 h. The effects of different concentrations (3, 5,
and 8 pmol/L) of pure curcumin, 1, 5, and 10 mg/L of Co-
ZIF-8, and 1, 3, and 5 mg/L of CCM-Co-ZIF-8 on the growth
of RAW264.7 and L929 cells were tested using the CCK-8 cell
viability assay kit. The cells were incubated with the materials
for a duration of 72 h in a coculture setup, and the CCK-8
assay was performed every 24 h. Following a 2 h incubation
with the CCK-8 substance, the optical density at 450 nm was
measured using a plate reader to determine cell viability. At the
end of a 72 h period, cell viability was further assessed utilizing
the Calcein AM/PI cell health and toxicity detection kit. The
cells were exposed to Calcein AM/PI buffer for 30 min, and
subsequently, the staining results of live and dead cells were
observed under a fluorescence microscope.

2.9. Adsorption Energy Calculation Method. The
magnitude of the adsorption energy determines whether a
reaction can occur spontaneously. In cases where the
adsorption energy exceeds 0, the reaction is impeded. If the
adsorption energy is below 0, then the reaction could occur
spontaneously. The formula for calculating adsorption energy
is as follows

E
A Eads — slab

- Eslab - E
adsorbate

adsorbate

where AE,q, is the adsorption energy in kcal/mol; the total
energy of the system, including the crystal surface and
activated adsorbate, is referred to as the Eg,/adsorbate, in
kcal/mol; Eg,, is the total energy of the crystal surface before
the reaction, in kcal/mol; and E, gpee iS the energy of
adsorbate on the surface before the reaction, in kcal/mol.

2.10. Cellular Antioxidative Capacity. Raw264.7 cells
were seeded in a 6-well plate with 2 mL of culture medium at a
density of 1 X 10° cells/mL per well and incubated for 24 h.
LPS (200 ng/mL) and interferon-y (30 ng/mL) were added to
the RAW264.7 cells, followed by 24 h of incubation.
Subsequently, CCM (6 umol/L), Co-ZIF-8 (10 mg/L), and
CCM-Co-ZIF-8 (4.5 mg/L) were added to the cells and
cocultured for 24 h before conducting PCR amplification. The
relative expression of the synthesized mRNA (iNOS and Mrcl,
with f-actin as reference) was compared to that of the control
group.

2.11. Mice Experiments. The animal experiments were
performed at Yangzhou University in accordance with the
“Guidelines for Care and Use of Experimental Animals at
Yangzhou University” and were approved by the Animal
Welfare and Ethics Committee of the university (DWLL-
202202-029). The supervision and inspection of animal
experiments are under the responsibility of the Animal Welfare
and Ethics Committee of Yangzhou University. For this study,
we used 8 week old Balb/c mice with an average weight of 20
g. The mice were maintained at a temperature of 22 °C, a
relative humidity of approximately 55%, and a 12 h light—dark
cycle. The mice were categorized into four groups: normal
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Figure 2. (a) Diagram for the CCM-Co-ZIF-8 synthesis. (b) X-ray diffraction (XRD) pattern of the samples. (c) Fourier transform infrared
(FTIR) spectrum of the samples. (d, e) SEM images of Co-ZIF-8 and CCM-Co-ZIF-8. (f, g) The TEM images of Co-ZIF-8 and CCM-Co-ZIF-8.

(i) EDX element mapping image of CCM-Co-ZIF-8.

control group, CCM-Co-ZIF-8 pure drug group, DSS-induced
colitis group, and DSS-induced CCM-Co-ZIF-8 treatment
group. Each group consisted of 10 mice. In the DSS-induced
colitis group and DSS-induced CCM-Co-ZIF-8 treatment
group, the drinking water was replaced with DSS dispersion in
ddH,O to induce colitis in the mice for 7 days. The normal
control group and CCM-Co-ZIF-8 pure drug group received
normal sterile drinking water. Starting from day 8, the CCM-
Co-ZIF-8 pure drug group and DSS-induced CCM-Co-ZIF-8
treatment group were orally administered CCM-Co-ZIF-8 (10
mg/kg) daily, while the other two groups were administered an
equivalent volume of saline solution by oral gavage. On day 15,
all mice were humanely euthanized while under anesthesia
induced by isoflurane, and their entire colons were extracted.
The colonic length was measured, and then, it was carefully
rinsed with physiological saline. A section of the colon was

30574

prepared for histological examination. The heart, liver, spleen,
lung, and kidney were obtained for subsequent pathological
analysis. During the 8 day period, visible fecal consistency,
weight changes, and fecal bleeding were assessed daily. Disease
activity index (DAI) was measured, which included fecal
consistency index (0—3), weight loss index (0—4), and fecal
bleeding index (0—3).

2.12. PCR. Total RNA was extracted from colonic tissues of
experimental animals (100 mg) using the Trizol reagent
(Takara). The tissue was cut into small pieces using scissors
and then homogenized by repeatedly injecting it with a 10 mL
syringe. Subsequently, 600 uL of Trizol reagent was added, and
the mixture was vigorously shaken for 15 s followed by a S min
incubation. Finally, 120 uL of chloroform was added, and the
solution was shaken again before being allowed to stand,
vigorously shaking, followed by centrifugation (12 000 rpm, 4

https://doi.org/10.1021/acsomega.4c02446
ACS Omega 2024, 9, 30571-30582


https://pubs.acs.org/doi/10.1021/acsomega.4c02446?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02446?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02446?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02446?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02446?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

°C, 10 min) to collect the RNA-containing supernatant. An
equal volume of isopropyl alcohol was added, followed by
shaking and centrifugation (12 000 rpm, 4 °C, 10 min). The
RNA pellet was washed with 500 uL of 75% ethanol prepared
with DEPC water, followed by centrifugation (7500 rpm, 4 °C,
S min), discarding the ethanol, air-drying the pellet, and
resuspended in 20 uL of DEPC water for measurement of
RNA concentration and purity. cDNA synthesis was performed
using the PrimeScript II first Strand ¢cDNA Synthesis Kit
(Takara), and the primers were synthesized by a Sangon
Biotech as shown in Table S1. f-Actin was used as the
reference gene. The conditions of PCR were as follows:
maintenance time, 2 min at 95 °C, PCR stage 95 °C for 15 s,
60 °C for 15 s, 72 °C for 30 s, a total of 45 cycles. Melting
curve stage, 95 °C 155, 60 °C 15 s, 95 °C 15 s. Synthetic
mRNA was expressed normalized to controls by pf-actin
mRNA. The expression levels of iNOS, MrCl, and f-actin
were detected, and the expression levels of target genes were
calculated by 2744,

2.13. Immunofluorescence. The tissue specimens from
the normal control group, DSS-induced colitis group, and
DSS-induced CCM-Co-ZIF-8 treatment group were fixed in a
10% formalin solution. The thickness of the sections was 6 ym.
The sections were incubated in 0.25% Triton PBS solution at
room temperature for 25 min, followed by three washes with
PBS (5 min each). Subsequently, the tissue sections were
blocked with 10% bovine serum albumin (BSA) solution in
PBS for 30 min at room temperature and then washed three
times with PBS for S min each wash. The diluted primary
antibodies against CD68 (rabbit, 1:2000) and CD163 (rabbit,
1:2000) in 10% goat serum were applied to the sections, with
10% goat serum serving as a negative control. After three
washes with PBS for 5 min each, the sections were incubated
with Alexa 488-conjugated secondary antibodies and Alexa
568-conjugated secondary antibodies diluted in PBS at a ratio
of 1:500, along with a mixture of secondary antibodies as a
negative control. After incubation at 37 °C for 2 h, the sections
were washed three times with PBS for 10 min each, followed
by DAPI counterstaining of cell nuclei for 30 min. Then, the
sections were washed three times with PBS for S min each.
Finally, the sections were mounted with a fluorescence
mounting medium and observed under an inverted fluo-
rescence microscope.

2.14. In Vivo Biosafety Testing. Colons from the normal
control group, CCM-Co-ZIF-8 pure drug group, DSS-induced
colitis group, and DSS-induced CCM-Co-ZIF-8 treatment
group underwent fixation in 10% formalin and embedding in
OCT embedding medium. Subsequently, hematoxylin and
eosin (H&E) staining was performed, and the morphological
changes were observed under an optical microscope. For the
Balb/C mice subjected to weight measurement and
histopathological examination, blood samples were collected
from the orbital cavity. Hematological and serum biochemical
parameters of the mice in the normal control group, CCM-Co-
ZIF-8 pure drug group, and DSS-induced CCM-Co-ZIF-8
treatment group were determined. The hematological param-
eters encompassed measurements of erythrocytes, leukocytes,
hemoglobin levels, and platelet counts. The evaluations of
alanine transaminase (ALT), aspartate transaminase (AST),
and blood urea nitrogen (BUN) levels were included in the
serum biochemical parameters. The existing literature was
consulted to conduct a comprehensive analysis of the recorded
parameters. Additionally, samples of heart, liver, spleen, lung,

and kidney tissues were obtained, washed with deionized
water, and fixed in a 10% neutral buffered formalin. After
routine processing, the samples were embedded in an OCT
embedding medium. Subsequently, the tissues were sectioned
to a thickness of 6 um, stained with H&E, and the
morphological changes were observed under an optical
microscope. This was carried out to evaluate the potential in
vivo toxicity of CCM-Co-ZIF-8 on major organs.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Structure Characterization of Co-
ZIF-8 and CCM-Co-ZIF-8. As shown in Figure 2a, 1.161 g of
2-methylimidazole was dissolved in 10 mL of DMF—methanol
mixture. Simultaneously, 0.535 g of Zn(NO;),-6H,0 and
0.535 g of Co(NO;),-6H,0 were dissolved in 15 mL of
DMF—methanol mixture. The solution of 10 mL of 2-
methylimidazole was then dropped into 15 mL of Zn-
(NO,),-6H,0 and Co(NO,),-6H,0 solution to obtain Co-
ZIF-8. After dispersing Co-ZIF-8 uniformly, CCM was added
to obtain CCM-Co-ZIF-8. Figure 2b shows the XRD spectra of
CCM, Co-ZIF-8, and CCM-Co-ZIF-8. The peaks at 26 values
of 7.29, 10.44, 12.83, and 18.10° could be assigned to the
(110), (200), (211), and (222) crystal planes of Co-ZIF-8,
respectively. These peak positions align precisely with the
standard card of ZIF-8, providing strong evidence of the
successful synthesis of Co-ZIF-8. The peak at approximately 26
of 15.5° in the CCM-Co-ZIF-8 spectrum is attributed to
CCM, confirming the effective binding of CCM with the Co-
ZIF-8 matrix. In the FTIR spectrum of CCM-Co-ZIF-8
(Figure 2c), the peaks at 3426 and 305S cm ™' correspond to
the stretching vibrations of aromatic C—H and aliphatic C—H
bonds, respectively. Meanwhile, vibrations of aliphatic C—C,
C—-N, C—0, and C—O—-C bonds are observed at 2359, 1605,
1184, and 894 cm™, respectively. This provides valuable
insights into the spectral characterization of the compounds
under investigation. The relocation of the curcumin phenolic
group stretching peak from 3489 to 3428 cm™' observed in
CCM-Co-ZIF-8 might suggest the encapsulation of curcumin
within the Co-ZIF-8 framework.””*® As shown in Figure S1,
the characteristic Raman signals of Co-ZIF-8 (=685, 1147,
1180, and 1456 cm™') disappear on CCM-CO-ZIF-8,
indicating that CCM is successfully coated on Co-ZIF-8.

The average size of the surface-synthesized Co-ZIF-8
particles determined by the nanometer estimation of SEM
measurements is approximately 150 nm, with some particles
reaching sizes of 170 nm with the primary morphology of
thombic dodecahedron (Figure 2d,e). After loading curcumin,
irregularities together with a slight increase in particle size are
observed at the periphery of the material compared to
uncoated Co-ZIF-8. In agreement with SEM results, TEM
photos indicate that Co-ZIF-8 is a rhombic dodecahedral
particle with a size of approximately 150 nm (Figure 2f,g). The
results obtained from particle size measurements are
approximately 160 nm, which is consistent with the SEM
and TEM results (Figure S2). The surface of the Co-ZIF-8
material is smooth with a well-defined crystallinity. After
loading CCM, the morphology of the material becomes slightly
rounder and the size has slightly increased, approximately 1.3
times larger than before. The distribution of C, N, O, Co, and
Zn on the surface of CCM-Co-ZIF-8 can be observed from the
EDX mapping diagram (Figure 2i). As shown in Table S2, the
{-potential results of Co-ZIF-8 and CCM-Co-ZIF-8 indicate
that the coating of CCM has little influence on the particle
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Figure 3. (a) Effect of different concentrations of Co-ZIF-8 on H,0, removal; (b) the effect of different concentrations of hydrogen peroxide on
H,0, removal; (c) steady-state kinetics measurement of catalase-like activity of Co-ZIF-8 at different H,O, concentrations; (d) the effect of
different concentrations of Co-ZIF-8 on H,0, removal; (e) steady-state kinetics measurement of peroxidase-like activity of Co-ZIF-8 at different
H,0, concentrations (0.3—60 mM); (f) steady-state kinetic determination of peroxidase-like activity of Co-ZIF-8 at different TMB concentrations
(6—120 mM); (g) the effect of different concentrations of Co-ZIF-8 on *0O,” removal; and (h) time-dependent absorbance at 550 nm of NBT in

the presence of different concentrations of Co-ZIF-8.

charge results, with similar potential results observed in both
inflammatory and neutral environments.

3.2. In Vivo ROS Scavenging Capability of Co-ZIF-8.
3.2.1. CAT-like Enzyme-like Activity of Co-ZIF-8. H,0, is a
powerful oxidizing agent and a downstream product of *O,".
In biological systems, enzyme catalase (CAT) facilitates the
decomposition of H,0, into H,O and O,. This study aimed to
evaluate the activity of nanozymes with CAT-like properties of
Co-ZIF-8 by measuring the production of oxygen during H,0,
decomposition. As shown in Figure 3a, a positive correlation
between the concentration of Co-ZIF-8 and its CAT-like
activity is observed on the basis of the initial rate of oxygen
evolution within 400 s. Figure 3b presents the rate of O,
generation at different concentrations of H,O, in the presence
and absence of Co-ZIF-8. Notably, gas bubbles were observed
in the reaction solution, and an increased Co-ZIF-8
concentration led to a gradual increase in the dissolved oxygen
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levels. The CAT enzyme activity of Co-ZIF-8 followed the
Michaelis—Menten kinetics (Figure 3c), allowing the determi-
nation of crucial enzymatic parameters such as the Michaelis—
Menten constant (K, = 1.7 mM) and maximum initial velocity
(Vimax = 8849 mg/L). These values underscore the robust
CAT-like activity of Co-ZIF-8. To explore oxygen generation
in a weakly acidic environment resembling an inflammatory
microenvironment, additional investigations were conducted.
It is evident that a higher amount of O, was produced under
acidic conditions compared to typical physiological conditions
(Figure S3). Specifically, between S0 and 400 s of the reaction,
the amount of oxygen generated under acidic conditions was
approximately 1.8 times higher than that generated under
neutral conditions. This observation provides additional
confirmation of the material’'s pH-responsive characteristics.
3.2.2. POD-like Enzyme-like Activity of Co-ZIF-8. Perox-
idase (POD) enzyme could catalyze H,0, or *OH into H,O.
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Figure 4. (a) Drug release profiles of CCM. (b) Drug release curves of CCM-Co-ZIF-8 at different pH values. (c) mRNA expression levels of M1
macrophage marker (iNOS) and M2 macrophage marker (Mrcl) in RAW264.7 cells under different conditions (n = 3). (d) Structure chart of
CCM. (e) Structure chart of Co-ZIF-8. (f) The structure of CCM-Co-ZIF-8 with pH equal to 7.4. (g) The structure of CCM-Co-ZIF-8 with pH
equal to 5.5. For all of the analyses, multiple comparison one-way analysis of variance followed by Dunnett’s test was conducted. The following
statistical symbols were used to indicate the level of significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. The abbreviation “ns” was

used to indicate nonsignificance.

Such enzyme activity of Co-ZIF-8 was characterized via a
colorimetric assay by recording the nanomaterial concen-
tration-dependent absorbance values (652 nm) of standard
sensor TMB in weak acidic conditions.”” The results indeed
indicate the POD activity of Co-ZIF-8 (Figure S4).
Furthermore, the results demonstrated that an increase in
the POD activity of Co-ZIF-8 is in positive correlation with the
concentration (Figure 3d). The corresponding Michaelis—
Menten curves are shown in Figure 3e,f, utilizing H,O, and
TMB as substrates, respectively. The K, values for Co-ZIF-8
were determined to be 2.262 and 2.092 mM, while the
corresponding V., values were 1.517 and 0.887 uM s/,
respectively. These experimental findings strongly support the
outstanding ROS scavenging capability of Co-ZIF-8, showcas-
ing its potential for anti-inflammation treatment.

3.2.3. SOD-like Enzyme-like Activity of Co-ZIF-8. NBT is a
sensitive indicator for superoxide anion (*O,”) and could show
absorption at 550 nm upon reaction with *0,*’. Figure 3g
demonstrates that Co-ZIF-8 has significant *O,~ scavenging
activity. The removal rate of *O,~ progressively increases with
an increasing Co-ZIF-8 concentration within a specific range.
The highest *O,~ removal ability is observed at a Co-ZIF-8
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concentration of 100 yg/mL. Through the measurement of the
absorbance variation at 550 nm (Figure 3h), the superoxide
dismutase SOD-like activity positively correlates with the Co-
ZIF-8 concentration. Hence, Co-ZIF-8 exhibits a favorable
SOD-like activity by catalyzing the generation of H,0, and O,
from °O,".

3.3. Drug Loading and Release Properties of Co-ZIF-
8. Figure 4a illustrates the standard linear curve for curcumin
release, with formulas of Y = 0.071X — 0.012 obtained through
the dialysis-based measurement of various curcumin concen-
trations using a UV spectrophotometer. To achieve complete
dissolution of loaded curcumin, CCM-Co-ZIF-8 was treated
with a little amount of hydrochloric acid, resulting in a
characteristic absorbance value of 2.12. Utilizing the standard
curve, the drug loading capacity was determined as 30.03 mg/
mL, corresponding to an encapsulation efficiency of 60.06%.
Due to the mildly acidic properties of inflamed tissues, the
study primarily centered on the pH-responsive drug delivery
characteristics of CCM-Co-ZIF-8, specifically under in vitro
conditions with acidic pH levels (pH 5.0 and pH 7.4). Over
time, absorbance at 425 nm gradually increased. Within 20 h,
CCM demonstrated an enhanced release under acidic
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conditions, while little discrepancy in the cumulative release
after 72 h was observed between the two environments (Figure
4b). This phenomenon can be attributed to the instability of
Co-ZIF-8 in the PBS aqueous solution, where strong inorganic
substances competitively attack the coordination bonds
between zinc and 2-methylimidazole, leading to the degrada-
tion of Co-ZIF-8. Consequently, rapid drug release occurs,
indicating that Co-ZIF-8 would not effectively enhance the
sustained-release effect of CCM treatment.

3.4. Cytotoxicity Assay. We employed the CCK-8
method to assess the cell toxicity of CCM, Co-ZIF-8, and
CCM-Co-ZIF-8 using the L929 and RAW264.7 cell lines as
model systems. The cells were cultured for a duration of 72 h,
with CCK-8 assay conducted every 24 h to evaluate cell
viability (Figure SS). Pure curcumin showed no significant
cellular toxicity at concentrations below 8 ymol/L even when
the incubation period was extended to 72 h. The cell viability
remained near 100% during this period. Co-ZIF-8 exhibited a
slight decrease in cell viability in L929 cells with noticeable
cytotoxicity observed at a concentration of 5 mg/L. However,
it did not exert significant cytotoxic effects on RAW264.7 cells.
CCM-Co-ZIF-8 displayed no significant cytotoxicity with
concentrations below 5 mg/L. In the presence of L1929 cells,
materials displayed acceptable cell cytotoxicity after 72 h of
incubation. These findings indicate that CCM, Co-ZIF-8, and
CCM-Co-ZIF-8 are feathered with favorable biocompatibility,
meeting the requisite criteria for further applications in
biomedical materials.

3.5. Gene Phenotype Analysis of the Anti-Inflamma-
tory Effect of CCM-Co-ZIF-8 on RAW264.7 Cells.
Macrophages are the primary inflaimmatory and immune
cells, and the pathogenesis of colitis is associated with the
infiltration of inflammatory cells, particularly M1 macro-
phages.”’ These macrophages are formed in response to
various biological cues, including excessive ROS. Figure 4c
demonstrates the in vitro anti-inflammatory effects of CCM-
Co-ZIF-8 on RAW264.7 mouse monocytic macrophages,
which is crucial for evaluating the anti-inflammatory activity
of CCM-Co-ZIF-8 on activated macrophages. To examine the
impact of CCM-Co-ZIF-8 on macrophage phenotypes, we first
induced MO macrophages to become M1 macrophages using
LPS and IFN-y. After 24 h of coincubation with M1
macrophages, the cells were treated with pure curcumin, Co-
ZIF-8, and CCM-Co-ZIF-8. Quantitative PCR analysis
demonstrated a notable increase in the expression of the
proinflammatory cytokine Inducible nitric oxide synthase
(iNOS) was exposed to LPS and IFN-y. However, Ml
macrophages treated with CCM-Co-ZIF-8 exhibited a
significant decrease in iNOS expression levels compared to
the control group, albeit less effective than Co-ZIF-8 alone.
Interestingly, curcumin itself was found to downregulate M1-
associated genes, and its effect was superior to that of CCM-
Co-ZIF-8. This suggests that the decoration of curcumin with
Co-ZIF-8 might inhibit the functionality of CCM. However,
there was no significant anti-inflammatory effect, indicating
that CCM-Co-ZIF-8 can only suppress the expression of
proinflammatory cytokines.

3.6. Density Functional Theory Calculation. To explore
the interaction between the CCM and Co-ZIF-8, density
functional theory calculations were performed. The essential
calculations for this research were performed with the Vienna
AD initio Simulation Package (VASP). VASPsol was utilized to
simulate the behavior of these materials in solution, enabling

the consideration of solvent molecules’ influence on their
electronic structure and energy characteristics. The electronic
exchange—correlation energy calculation utilized the general-
ized gradient approximation (GGA) method. The study
carefully considered potential adsorption sites and the posture
configurations of adsorbed molecules, ensuring that all
structures maintained symmetry while undergoing adequate
relaxation. The binding sites were predicted based on the
lowest energy, as demonstrated in the provided diagram. Given
the acidic nature often present in inflammatory environments,
binding energies were meticulously calculated under both
physiological (pH = 7.4) and acidic conditions (pH = 5.5) to
evaluate the interaction strength between CCM and Co-ZIF-8.
Results indicated that at physiological pH, the observed
binding energy was —2.599 eV, whereas under the acidic
conditions mimicking an inflammatory environment, it
decreased to —2.148 eV. This notable difference strongly
suggests that the lower pH in inflammatory conditions impacts
the protonation state of CCM molecules, altering their charge
distribution and electron cloud density. In such acidic
conditions, certain initially neutral functional groups may
become protonated, acquiring a positive charge. This
protonation shift could weaken the electrostatic interactions
between CCM molecules and Co-ZIF-8, leading to a reduced
overall binding energy. Consequently, the interaction between
CCM and Co-ZIF-8 is diminished, resulting in a lower binding
energy. This discovery offers significant molecular-level
insights into the interactions of CCM with Co-ZIF-8 under
different pH conditions and provides a theoretical foundation
for the potential use of CCM as a therapeutic agent in
inflammatory environments.

3.7. In Vivo Toxicity. After 1 week of monitoring body
weight, Balb/C mice were orally administered with 10 mg/kg
of CCM-Co-ZIF-8 on a daily basis, and their hematological
parameters were evaluated. The findings indicated that the
administration of oral CCM-Co-ZIF-8 did not result in any
notable variances in the white blood cell count, red blood cell
count, or platelet count among the treated mice (Figure S6).
These parameters remained within the normal range,
indicating the absence of systemic infections, anemia, or
abnormalities in the hemostasis function as a result of the
CCM-Co-ZIF-8 administration. It can be inferred that the oral
administration of CCM-Co-ZIF-8 does not cause any notable
alterations in routine blood tests. Furthermore, H&E staining
and tissue weight analysis were conducted on various organs
including the heart, liver, spleen, lungs, and kidneys of the
mice. The observations demonstrated that CCM-Co-ZIF-8 did
not induce any apparent damage to these organs. Morpholog-
ically, H&E staining of organs from mice receiving oral CCM-
Co-ZIF-8 showed no evidence of inflammatory cells or tissue
damage (Figure S7). These pathological findings confirm the
excellent biocompatibility and low systemic toxicity of
synthesized CCM-Co-ZIF-8, underscoring its potential for
biomedical applications.

3.8. In Vivo Anti-Inflammatory Performance. The
DSS-induced model is widely used in inducing UC due to its
simplicity and high success rate.’”” Characteristics of DSS-
induced mouse UC include significant weight loss, diarrhea,
and severe bloody stools. In this experiment, random
assignment was used to allocate animals into four groups;
the groups consisted of the CCM-Co-ZIF-8 group, DSS group,
and DSS + CCM-Co-ZIF-8 group. The administration of
ddH,0 DSS dispersion starts from —7 day. Diminished
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appetite and loose stool appeared on day —4 of the modeling
process, followed by a noticeable weight loss on —2 day.
Different levels of diarrhea and significant rectal bleeding were
detected, confirming the successful creation of a mouse model
of ulcerative colitis induced by DSS. The mice in the initial two
groups were given normal saline. In the DSS + CCM-Co-ZIF-8
group, from the second day onward, a daily oral dose of 10
mg/kg of CCM-Co-ZIF-8 was administered to one group,
while the remaining groups received the same volume of
normal saline to maintain consistent external stimulation in all
mice (Figure Sa). Several metrics were monitored to evaluate
the efficacy of the therapy, encompassing parameters such as
animal mass, size of the colon, incidence of hemorrhages, DAI,
histopathological features indicating inflammation, and the
extent of expression of cytokines affiliated with inflammatory
reactions.

3.8.1. Physiological Parameters of Colitis Mice. DAI serves
as a crucial metric in the assessment of the intensity of colitis
induced by DSS in mice.”> DAI scoring system outlined in
Table S3 was employed to evaluate the severity of the lesions
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in the colitis model. Figure Sb demonstrates the impact of
CCM-Co-ZIF-8 on colitis modeling in mice. In the control
group, mice exhibited normal physiological conditions with
consistent weight gain, normal stool color and shape, and no
diarrhea or blood stools. The DSS group showed signs of loose
and bloody stool starting from the third day of modeling along
with a significant increase in the DAI index, indicating
successful colitis modeling. The DSS + CCM-Co-ZIF-8
group exhibited symptoms similar to those of the DSS group
during the modeling period. However, in the later stages of
treatment, CCM-Co-ZIF-8 demonstrated therapeutic effects,
leading to a notable improvement in disease symptoms and a
significant reduction in the DAI index. These results suggest
that CCM-Co-ZIF-8 has a certain therapeutic efficacy in
treating colitis in mice. As shown in Figure 5S¢, compared with
the control group, DSS-induced mice exhibited a significant
reduction in colon length (4.98 + 0.33 cm vs 6.54 + 0.31 cm, p
< 0.001). However, in the DSS + CCM-Co-ZIF-8 group, the
phenomenon of colon shortening became less pronounced.
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Compared to the DSS group, the colon length in the CCM-
Co-ZIF-8 group increased by 9.94% (p < 0.0S, Figure S8).

The systemic malnutrition caused by UC leads to a rapid
weight loss. It can be seen that in the experiment evaluating the
effect of CCM-Co-ZIF-8 on mice with colitis, the mice in the
control group showed a slow weight gain in the first 3 days and
a significant upward trend starting from the fourth day. By the
end of the experiment, the weight of the mice in the control
group increased by 7.16%, indicating their healthy growth. As
shown in Figure Sd, the DSS group exhibited a slow upward
trend in weight for the first 3 days, followed by a continuous
decline from the fourth day. The DSS+CCM-Co-ZIF-8 group
showed a slow upward trend in weight for the first 4 days and
then gradually decreased but at a slower rate compared to the
DSS group. Statistical analysis revealed a remarkably significant
distinction (p < 0.01) between the DSS group and the control
group. Throughout the duration of the experiment, the mice in
the DSS + CCM-Co-ZIF-8 group consistently exhibited
significantly higher body weights compared to those in the
DSS group, indicating the effective mitigation of weight loss
induced by colitis in mice by CCM-Co-ZIF-8.

3.8.2. Inflammatory Tissue Histological Changes. To
further investigate the therapeutic eflicacy of CCM-Co-ZIF-8
in mouse colitis, we collected colon tissues and performed
H&E staining to observe the histopathological changes. The
results revealed that the colon tissues of the control group mice
appeared intact, with intact mucosal structures; the deep
narrowing of the intestinal crypts indicated by the green arrow
in Figure Se remains intact, while the abundant goblet cells
indicated by the purple arrow, and no signs of edema or
inflammatory cell infiltration. The colon tissues of the DSS
group mice exhibited severe damage, characterized by the
disrupted mucosal cell arrangement, necrosis, and epithelial
loss; after damage, there is a reduction in the branching of the
crypts indicated by the green arrow, a significant decrease in
goblet cells indicated by the purple arrow, and a prominent
infiltration of inflammatory cells. Comparatively, the colon

sections of the DSS+CCM-Co-ZIF-8 group mice showed
improved structural integrity compared with the DSS group.
Only mild inflammation was observed, with the colon tissue’s
mucosal structure remaining intact and a significant reduction
in inflammatory cell infiltration. These findings imply that
CCM-Co-ZIF-8 demonstrates promise as a potential ther-
apeutic intervention for the management of colitis in mice.

3.8.3. Therapeutic Effects of Inflammation at the Genetic
Level. CD68 and iNOS are proinflammatory cytokines, while
CD163 and CD206 are anti-inflammatory cytokines that play
important roles in controlling inflammation and immune
response.” > In order to explore the potential protective effect
of CCM-Co-ZIF-8 against DSS-induced colitis in mice, the
expression levels of CD68, iNOS, CD163, and CD206 were
assessed. As shown in Figure 6a, in the CCM-Co-ZIF-8
treatment experiment, the expression levels of the CD68 and
iNOS genes in the DSS group were increased by 0.52- and 1.4-
folds, respectively, compared to the control group. In contrast,
after treatment with CCM-Co-ZIF-8, the expression levels of
the CD68 and iNOS genes decreased by 70 and 57.1%,
respectively, compared to the DSS group. When compared to
the control group, the DSS group displayed notable reductions
of 40 and 57% in the expression levels of the CD163 and
CD206 genes, respectively. However, there was no substantial
increase in CD163 and CD206 gene expressions observed in
the CCM-Co-ZIF-8 treatment group in comparison to the
DSS group. These results indicate that the therapeutic
potential of CCM-Co-ZIF-8 in addressing inflammation at
the gene level primarily involves the suppression of
proinflammatory factor expression.

After oral administration of CCM-Co-ZIF-8, as depicted in
Figure 6b, a significant decrease in the expression level of
CD68 was observed in the colon tissues, indicating that CCM-
Co-ZIF-8 can inhibit the expression of proinflammatory
factors.
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4. CONCLUSIONS

In summary, Co-doped ZIF-8 was successfully synthesized by
using a solution stirring method. The resulting material
exhibited ROS-related enzyme (POD, CAT, and SOD)
activities, enabling the elimination of reactive ROS. Fur-
thermore, curcumin, an anti-inflammatory drug, was success-
fully loaded onto Co-ZIF-8 using room temperature by facile
operation. The encapsulated drug CCM could be released in
an acidic environment (pH = 5.5, inflammatory tissue). In
vitro cell experiments demonstrated excellent cellular compat-
ibility of CCM, Co-ZIF-8, and CCM-Co-ZIF-8. The
investigation of anti-inflammatory properties revealed that
CCM-Co-ZIF-8 primarily regulated macrophage polarization
by reducing the expression of proinflammatory cytokines.
Therefore, the experimental results demonstrate the potential
application of CCM-Co-ZIF-8 for the treatment of colitis-
associated inflammation.
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