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Nanocatalytic Therapy for Pneumonia by a
Hetero-Element-Doped Carbon Nanozyme

Min Zhou, Minxuan Zhang, Jiayuan Feng, Fuying Zhu, Tong Li, Qi Mei, Gen Wei,

and Hui Wei*

Pneumonia continues to be complicated by its progression to acute lung
injury (ALI). The onset of ALl is linked to an overproduction of reactive oxygen
species (ROS) and a severe inflammatory response. Therefore, the rapid
mitigation of ROS and inflammation is crucial in addressing ALI.
Concurrently, prompt bacterial elimination is necessary for bacteria-induced
ALI. Here, a Co-based carbon nanozyme (CN) with enhanced enzyme-like
activities is developed by co-doping with a small amount of Mn (CoMn CN).
Compared to cobalt CN without Mn co-doping (Co CN), the active sites of Co
and its coordination with N in CoMn CN are slightly altered, resulting in
enhanced oxidase (OXD)-, peroxidase (POD)-, superoxide dismutase (SOD)-,
and catalase (CAT)-like activities. Given the enhanced enzyme-like activities,
its applications for lipopolysaccharide (LPS)- and methicillin-resistant
Staphylococcus aureus (MRSA)-induced ALI treatments are explored. CoMn
CN demonstrates superior efficacy in both LPS- and MRSA-induced ALI
models, effectively combining rapid scavenging of ROS and inflammation
with subsequently bacterial elimination. Consequently, a novel type of
Co-based CN by Mn co-doping is developed to augment enzyme-like
activities, offering significant protective effects against ALI. This study not
only broadens the application of Co-based CNs but also shows a promising
strategy for ALI therapy.

1. Introduction

leading to pulmonary edema, hypoxemia,
respiratory failure, and even mortality.!!"?]
Pathogenesis investigations have iden-
tified that virus and bacteria as the pre-
dominant causative agents in definitive
ALI. Notably, bacterial infections often
arise as secondary complications of vi-
ral infections, further intensifying the
severity of ALLP~! Regardless of the
specific type of ALI, rapid and effective
therapeutic interventions are urgently
needed to prevent respiratory failure. Clin-
ical manifestations of ALI are typically
linked to an overproduction of reactive
oxygen species (ROS) and a pronounced
inflammatory response. Consequently,
current therapeutics for ALI predominantly
focus on anti-oxidants (e.g., curcumin,
naringenin, and nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase
inhibitors) to scavenge ROS, glucocorti-
coids (e.g., dexamethasone) to mitigate
inflammatory cytokines, and antibiotics to
address bacterial infections.[*1] Neverthe-
less, these strategies frequently encounter
limitations due to their inability to simul-
taneously scavenge ROS, mitigate inflam-
mation, and combat bacterial infections,

resulting in higher dosage, prolonged treatment durations,

and even drug resistance.'!l Therefore, the development of

Pneumonia, particularly infectious pneumonia, continues
to pose a significant challenge due to its potential to in-
duce acute lung injury (ALI) and acute respiratory distress,

therapeutic strategies that integrating ROS scavenging, inflam-
mation alleviation, and antibacterial capabilities together is
essential for more effective treatment of ALI. Despite significant
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advancements in nanomedicine, combinatory therapies for
ALl remains challenging. To address this gap, we develop a
multifunctional nanozyme-enabled therapy for ALIL.

Nanozymes, the functional nanomaterials possessing enzyme-
like activities, have been applied to treat diseases such as in-
flammatory bowel disease, acute kidney injury, and bacterial
infections.l>1%1 Recently, many nanozymes have been developed
for ALI therapy, effectively protecting the lungs by utilizing su-
peroxide dismutase (SOD)- or catalase (CAT)-like activities.[20%*]
However, these treatments often neglect the anti-microbial as-
pect, which is crucial for comprehensive ALI therapy. Thus,
developing multifunctional nanozymes with anti-oxidant, anti-
inflammatory, and anti-microbial properties is a promising ap-
proach for ALI therapy.

Among the developed therapeutic nanozymes, Co-based
nanozymes have gained prominence in recent years due to their
regulatable oxidation state, including Co (II) and Co (III). These
oxidation states confer remarkable enzymatic activities to Co-
based nanozymes.!?*] The enzymatic performance is primarily
influenced by the Co-based active species, such as Co-N, Co-
O, and Co-Co, which can be precisely modulated to achieve de-
sired enzyme-like activities for applications in biosensing and
biomedicine.?*?° Notably, hetero-elements incorporation for
Co-based CNs has been shown to significantly enhance their
enzyme-like activities. For instance, iron (Fe) co-doping has
been applied to develop specific peroxidase (POD)-like Co-based
nanozymes for sensing applications, and copper (Cu) co-doping
has been employed to produce CuCo nanozymes exhibiting
high POD- and oxidase (OXD)-like activities for anti-microbial
purposes.30-32l

Although Co-based nanozymes have achieved notable
progress in diverse fields, their application in ALI therapy re-
mains constrained. Notably, manganese (Mn)-based nanozymes
have been investigated for the treatment of inflammatory dis-
eases, attributing to their anti-inflammatory properties.3>-]
However, there has been limited research on modulating the
active species of cobalt through Mn co-doping for ALI treatment.
In this study, we propose a Mn co-doping Co-based nanozyme
for ALI therapy. Zeolitic imidazolate framework-8 (ZIF-8) was
chosen as a pyrolysis template for the synthesis of doped carbon
nanozymes (CNs), specifically Co CN, CoMn CN, and Mn CN.
Among these, CoMn CN exhibited the highest enzyme-like
activities, including SOD, CAT, POD, and OXD. This enhance-
ment is primarily attributed to alterations in Co’s oxidation
state and coordination environment. Given the enhanced
enzyme-like activities of CoMn CN, we investigated its efficacy
both in lipopolysaccharide (LPS)- and methicillin-resistant
Staphylococcus aureus (MRSA)-induced ALI models. The results
demonstrated effective ALI protection through simultaneous
ROS scavenging, inflammation alleviation, and antibacterial

ability.

2. Results and Discussion

2.1. Synthesis and Characterization of Co-Based CNs

CoMn CN was prepared by using ZIF-8 as a pyrolysis tem-

plate (Figure 1a). First, CoMn@ZIF-8 precursors were synthe-
sized according to a one-pot hydrothermal method with some
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modification.*®! Single metal-doped Co/Mn CNs (i.e., Co CN and
Mn CN) were synthesized for comparison. Typically, Co’* and/or
Mn?* were mixed with Zn?* and 2-methylimidazole for precur-
sors’ synthesis (e.g., Co@ZIF-8, CoMn@ZIF-8, and Mn@ZIF-
8). The detailed precursor compositions were listed in Table S1
(Supporting Information). These precursors were imaged using
scanning electron microscope (SEM), and all demonstrated a
similar dodecahedral morphology (Figure S1, Supporting Infor-
mation). Then, the precursors were pyrolyzed at 950 °C under
N, condition to obtain Co/Mn CNs. The obtained CNs demon-
strated a similar morphology with the precursors, as observed
by transmission electron microscopy (TEM) imaging (Figure S2,
Supporting Information). Dynamic light scattering (DLS) anal-
ysis demonstrated the differences in the average hydrodynamic
diameter (Figure S3, Supporting Information) and zeta potential
(Figure S4, Supporting Information) for these CNs, with Mn CN
exhibiting the largest hydrodynamic diameter and highest posi-
tive charge, likely due to the Mn doping.

To identify the CNs’ crystalline structure, X-ray diffraction
(XRD) was performed (Figure 1b). All nanozymes showed a
broad peak from 20 to 30 degree, which was attributed to the (002)
plane of the graphitic carbon. Two sharp peaks presented at 44.2
degree and 51.5 degree, matching well with the planes (100) and
(101) of the metallic cobalt (PDF#15-0806).1”] Since there was no
obvious changes in XRD patterns after Mn co-doping in CoMn
CN, high-resolution TEM (HRTEM) imaging was performed to
study the detailed structure of CoMn CN. As shown in Figure 1c,
an interplanar distance of 0.205 nm was observed, representing
the (111) plane of metallic Co,?83) which confirmed the pres-
ence of metallic Co in CoMn CN. Since CoMn CN and Co CN ex-
hibited the similar morphology and crystalline structure, the Co
and Mn content in each nanozyme were measured using induc-
tively coupled plasma-optical emission spectrometry (ICP-OES)
(Figure S5, Supporting Information). We found that Mn doping
ratio was 0.18 wt% (weight percentage) for Mn CN and 0.16 wt%
for CoMn CN, respectively. Previous reports demonstrated that
Mn ions could not easily coordinate with ZIF-8 precursors, lead-
ing to low Mn content in one-step doping methods,*! so the low
Mn doping in our strategy was reasonable. Meanwhile, we per-
formed element analysis for these CNs. The results showed that
Mn consituted only a small portion in both Mn CN and CoMn CN
(Table S2, Supporting Information). This low Mn doping could
finely regulate the Co’s active sites without significantly altering
the overall composition. Meanwhile, no detectable Zn content re-
mained in these CNs due to its relatively low boiling point (Zn
boiling point: 906 °C).[*!]

Next, the enzyme-like activities of these nanozymes were eval-
uated. First, the OXD-like activity was tested using 3,3',5,5'-
tetramethylbenzidine (TMB) as a reducing substrate in a pH 4.5
acetate buffer. CoMn CN exhibited the highest OXD-like activ-
ity, with a 1.25-fold enhancement than Co CN, while no obvious
OXD-like activity of Mn CN was shown (Figure 1d). The OXD-
like activity was in a concentration- and pH-dependent manner,
with the best performance observed at pH 4.5 (Figure 1e; Figure
S6, Supporting Information). The POD-like activity was investi-
gated using the oxygen-insensitive terephthalic acid (TA) as the
substrate, minimizing the interference from the OXD-like ac-
tivity. Similarly, CoMn CN showed the highest POD-like activ-
ity in a pH- and concentration-dependent manner (Figure 1f,g;
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Figure 1. Characterization of Co-based CNs. a) Scheme of Co-based CNs’ synthesis. b) XRD patterns of synthesized CNs. ¢) HRTEM images of CoMn
CN. Interplanar distance represents the (111) plane of metallic Co. d) Measurement of OXD-like activities using absorption spectra. TMB (3,3',5,5'-
tetramethylbenzidine) as the substrate, incubating 10 ug mL™" each CN in a pH 4.5 buffer. e) Measurement of OXD-like activities in different pH buffers
with a microplate reader. f) Measurement of POD-like activities with a fluorescence spectrometer. TA (terephthalic acid) as the substrate, incubating
10 ug mL~" each CN in a pH 4.5 buffer. g) Measurement of POD-like activities in different pH buffers with a microplate reader. h) Measurement of SOD-
like activities by measuring O,°~ scavenging. i) Measurement of CAT-like activities by measuring oxygen generation. Data (in e, g, h, and i) represent
mean + standard deviation (n = 4).

Figure S7, Supporting Information). Furthermore, the SOD-and  following the same trend as the OXD- and POD-like activities.
CAT-like activities were evaluated by measuring superoxide an-  Compared with Co CN, CoMn CN exhibited better performance
ions (0,°7) scavenging and oxygen generation in a pH 7.4 phos-  on four types of enzyme-like activities. However, no significant
phate buffer (Figure 1h,i), respectively. CoMn CN also exhibited  differences were observed in their XRD patterns, indicating the
the highest O,°~ scavenging and oxygen generation efficiency,  need for further mechanistic exploration.
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Figure 2. a) High-resolution XPS spectra of Co 2p in Co CN and CoMn CN. Sat. represents satellite. b) High-resolution XPS spectra of N 1s. c) XANES
and d) EXAFS spectra of CoMn CN, references as Co foil, CoPc, CoO, and Co;0,. €) EXAFS spectrum (points) and fit curve (line) for CoMn CN, shown
in R-edge (FT magnitude and imaginary component). f) EXAFS spectrum (points) and fit curve (line) for CoMn CN, shown in K-edge.

2.2. Exploration of CoMn CNs’ Active Sites

To understand the mechanism of the enhanced enzyme-like ac-
tivities for CoMn CN after Mn co-doping, we first explored the
effect of Mn co-doping on the oxidation state of Co. X-ray pho-
toelectron spectroscopy (XPS) was performed to identify the ox-
idation state of Co. The XPS survey spectra exhibited character-
istic binding energies near 280 eV for C 1s, 400 eV for N 1s, and
800 eV for Co 2p (Figure S8, Supporting Information). There was
no obvious peak for Mn, mainly due to its low content, which
was consistent with the ICP-OES measurement (Figure S5, Sup-
porting Information). Then, the high-resolution XPS spectra of
Co 2p in Co CN and CoMn CN were analyzed (Figure 2a). The
binding energy of Co 2p in CoMn CN was lower than that in Co
CN, and the ratio of Co**/Co?* decreased from 1.149 (in Co CN)
to 1.118 (in CoMn CN). These changes were responsible for the
enhancement in OXD- and POD-like activities of CoMn CN. Fur-
thermore, X-ray absorption fine structure (XAFS) measurement
was performed for CoMn CN characterization. The K-edge X-ray
absorption near-edge structure (XANES) spectrum of CoMn CN
was located between that of Co foil, CoO, Co,;0,, and cobalt ph-
thalocyanine (CoPc) (Figure 2c), suggesting the valence states of
Co species as Co (0), Co (II), and Co (III). While the Co (0) can be
contributed to the metallic cobalt, the coordination of Co (II) and
Co (III) remained unclear.

To explore the coordination of Co (II) and Co (III), we exam-
ined the high-resolution XPS spectra of N 1s, which exhibited
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four distinct peaks belonging to oxide graphitic N, pyridinic N,
pyrrolic N, and metallic N, respectively. Based on the Mn co-
doping, N coordinating environment in CoMn CN was obviously
changed (Figure 2b). Based on the changing of N coordination
in CoMn CN, the extended X-ray absorption fine structure (EX-
AFS) spectrum was performed for further CoMn CN analysis
(Figure 2d). CoMn CN demonstrated a prominent peak of Co
foil, which was consistent with XRD pattern (Figure 1b). Further-
more, a weak peak emerged at 1.5 A, which was close to CoPc
peak. Coincidently, EXAFS curve fitting both at the Co R-edge
and K-edge (Figure 2e,f) demonstrated the Co—N and Co—Co co-
ordination. The Co-N coordination number and Co-Co coordina-
tion number in CoMn CN were 2.3+0.3 and 4.8+0.4, respectively
(Table S3, Supporting Information). From these results, we re-
garded that Co has the coordination with N in our CoMn CN,
and this was also consistent with the existing of Co (II) and Co
(III). Consequently, we speculated that the metallic Co and Co-
N, were the main compositions for CoMn CN. Based on Mn co-
doping, valence state of Co and N coordinating environment were
changed, thus exhibiting the enhancement for enzyme-like activ-
ities in CoMn CN.

2.3. Anti-Microbial Capacity of Co-Based CNs
Based on above analysis of CNs’ OXD- and POD-like activi-

ties, we investigated their anti-microbial potential. First, MRSA
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Figure 3. Anti-microbial capacity of Co-based CNs. a) Digital photos of MRSA clone formation by indicated treatments. Concentration of nanozymes
sets as 10 ug mL™". b) Concentration dependent growth inhibition by nanozymes mediated. Fluorescent images of c) live and d) dead MRSA. Green
fluorescence represents SYTO 9 and red fluorescence represents Pl (Propidium lodide). (SYTO 9: Green Fluorescent Nucleic Acid Stain, represents for
live bacteria; PI: Propidium lodide, represents for dead bacteria) Scale bar: 200 um. e) Bacterial DNA and f) protein in culture supernatant by indicated
treatments. Data (in b, e, and i) represent mean =+ standard deviation (n = 4).

(ODgpo m = 0.1) was incubated with various CNs (10 pg mL™!),
and bacterial growth was monitored every 3 h. It is clear that
our synthesized CNs inhibited the proliferation of MRSA, espe-
cially for CoMn CNs, which reduced bacterial density by ~50%
compared to the control group after 24 h incubation (Figure
S9, Supporting Information). Clone formation assays also con-
firmed a concentration-dependent decrease in MRSA colonies
(Figure 3a,b). Subsequently, live/dead staining also showed that
CoMn CNs caused the most bacterial death, indicated by strong
red fluorescence, followed by Co CNs and Mn CNs (Figure 3c,d).

In response to bacterial death, it is expected that bacterial DNA
and proteins would be released into the culture supernatant. To
quantify the release, the DNA and protein content were mea-
sured using a One-drop spectrophotometer (Figure 3e,f). The ob-
served patterns of DNA and protein leakage corresponded with
bacterial mortality, with CoMn CN exhibiting the highest levels of
leakage, followed by Co CN and Mn CN. Consistent trends were
observed across various assays, including bacterial growth inhi-
bition, colony formation, live/dead bacterial staining, and DNA
and protein leakage, all of which followed the order CoMn CN >
Co CN > Mn CN. Notably, these trends aligned with the OXD-like
activities of the compounds (Figure 1d). Furthermore, we inves-
tigated the potential influence of these CN’s POD-like activities
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on anti-microbial efficacy in the presence of hydrogen peroxide
(H,0,, 50 um). The results indicated differential inhibition of bac-
terial growth (Figure S10, Supporting Information) and MRSA
colony formation (Figure S11, Supporting Information) across
treatments, with inhibition trends mirroring the POD-like ac-
tivity of the CNs, again following the order of CoMn CN > Co
CN > Mn CN (Figure 1f). Based on these findings, we proposed
that the synthesized Co-based CN hold a promise for further anti-
microbial applications.

2.4. Anti-Inflammation Ability of Co-Based CNs

In relation to the SOD-like activity of CoMn CN, we subsequently
investigated their applications in anti-inflammatory ability. Ini-
tially, mouse lung alveolar epithelial cells (MLE-12) and mouse
leukemia monocyte macrophage cells (RAW 264.7) were incu-
bated with various CNs. These CNs demonstrated favorable cell
viability at low concentrations (Figures S12 and S13, Support-
ing Information) and exhibited only minor cytotoxicity at higher
concentrations.

Given these CNs’ positive impact on cell viability, their anti-
inflammatory potential was further explored, as illustrated in
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Figure 4. Anti-inflammation evaluation of Co-based CNs. a) Schematic of anti-inflammation analysis. Analysis of LPS-induced cytotoxicity for b) MLE-
12 cell and c) RAW 264.7 cell with nanozyme pre-treatments. Imaging cellular ROS by using d) DCFH-DA for MLE-12 cell and e) RAW 264.7 cell by
indicated treatments. f) Schematic for cytokines’ detection. g) IL 18 content in culture supernatant after different treatments. f) TNF a content in culture
supernatant after different treatments. i) Mechanistic description of anti-inflammation ability of Co-based CNs. Data (in b, ¢, g, and h) represent mean
+ standard deviation (n = 4). Ordinary one-way ANOVA was used for discrepancy analysis ("p < 0.05, “p < 0.01, **p < 0.001, “**p < 0.0001, ns

represents not significant). Scale bar: 200 um.

Figure 4a. Cells were pre-treated with 10 pg mL~! CNs, followed ~ CoMn CN exhibited the most effective ROS scavenging abil-
by the addition of 20 ug mL~" LPS. Both cell viability and ROS ity in both MLE-12 (Figure 4d) and RAW 264.7 (Figure 4e) cell
levels were evaluated. Our findings indicated that the designed  lines. Additionally, cytokines as the indicators of inflammatory
CNs could mitigate LPS-induced cytotoxicity in both MLE-12  response, were examined using a Transwell co-culture system.
(Figure 4b) and RAW 264.7 cells (Figure 4c). The CoMn CN pre-  In this system, MLE-12 cells were cultured in the upper cham-
treatment group exhibited the highest cell viability, followed by  ber, while RAW 264.7 cells were cultured in the lower cham-
the Co CN and Mn CN pre-treatment groups. This variation in  ber (Figure 4f). The cells were pre-treated with or without vari-
protective efficacy among the different treatments corresponded  ous CNs, and LPS was introduced as an inflammatory stimulus.
with the differences in their SOD-like activities (Figure 1h). The = Subsequently, cytokines such as interleukin 14 (IL 1f) and tu-
protective capacity among CNs was further corroborated through ~ mor necrosis factor @ (INF «) in the culture medium were quan-
cellular ROS imaging by using 2',7’-dichlorodihydrofluorescein tified (Figure 4gh). The expression levels of IL 14 and TNF «
diacetate (DCFH-DA, as a fluorescent probe for ROS detection).  were significantly reduced in CNs-treated groups, and CoMn CN
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Figure 5. Co-based CNs-mediated ALI treatments. a) Schematic description of both LPS- and MRSA-induced ALI construction and treatments. b)
Histopathological staining of dissected lungs by different treatments in LPS-induced ALI models. c) Histopathological staining of dissected lungs by
different treatments in MRSA-induced ALI models. Histologic score of dissected lungs by different treatments in (d) LPS-induced ALI and e) MRSA-
induced ALI. Quantification of ROS intensity in lung tissues by indicated treatments for f) LPS-induced ALl and g) MRSA-induced ALL. (h) Digital photos
of MRSA colony formation in lung washes. Data (in d,e) are shown by violin plot (n = 4). Data (in f and g) represent mean + standard deviation (n = 4).
Ordinary one-way ANOVA was used for discrepancy analysis (“p < 0.05, “*p < 0.01, “p < 0.001, “**p < 0.0001, ns represents not significant). Scale

bar (in b,c) is 100 um.

Adv. Healthcare Mater. 2025, 2500725 2500725 (7 of 11) © 2025 Wiley-VCH GmbH

85U8017 SUOLILLOD 3ATeR.0 3[edldde ays Aq peusenob aJe e YO ‘SN JO s3I 10} ARiqiT8uljuO A8|IA\ UO (SUONIPUOD-PUR-SLLIBY/LICD" A3 1M Ae1q) Ul UO//SANY) SUORIPUOD pUe SWiB | 8L 88S *[6202/90/52] Uo Ariqiauliuo AB|1m ‘Aisieniun BuilueN Aq Sz/005202 WUPe/Z00T OT/I0p/W0d A8 |imAlelq e |uo’peouUeADe//Sdny WOy papeojumod ‘0 ‘65922612


http://www.advancedsciencenews.com
http://www.advhealthmat.de

ADVANCED ADVANCED
SCIENCE NEWS MATERIALS

www.advancedsciencenews.com www.advhealthmat.de

LPS-induced model LPS-induced model MRSA-induced model MRSA-induced model

Q
o
(3]
Q

HkKK K kK 100 bk * ok K
= 360 - 3600 XExx 5 B 3 LTS
g o 3 600 T 800 2 1600
3 E) S E)

8 270+ £ 450+ 2 eo0- 2 1200
g % 300 e L
?',,150- E i 400= E 800
o o
5 904 5 150~ 5 200+ 5 400
a s | a
0= 0= 0=

& S & & S o (,e 0% (,‘\
%‘@ [y oo 0 ‘\0 c)o 9 (‘0

e e h

: X -
¢

&
& (& o(' (‘0 (\0
L) [é) " N

Sham Ctrl ) )
Viral/bacterial entering

Inflammatory response

LPS

Pulmonary edema and injury
Nanozyme entering
Inflammatory alleviation
Bacterial killing

N o % h N2

MRSA

Respiratory restoration

ROS scavenging
£

-

LPS-induced model MRSA-induced model
| Oy ]
- %4 & A
15+ S S, LT T— ‘? g}*e N\
o ) S QL = P & Vog
o =) ) ] —
3 S 154 %@. sf
2 10+ = ‘ Bacten‘g killing
> >
£ = 104 .
7} 3] . s - )
o 5- ° @ Nanozyme :§§ Bacteria %.3- Dead bacteria
o o 5+ 2
z = %) M1 macrophage & M2 macrophag
0= 0-

. ROS and cytokines

& oé\ & &

éolb

o S
g ‘ﬁ@ &

Figure 6. Evaluation of Co-based CNs-mediated inflammatory alleviation. a) IL 18 content in lung of LPS-induced ALl model. b) TNF « content in
lung of LPS-induced ALI model. ¢) IL 18 content in lung of MRSA-induced ALl model. d) TNF a content in lung of MRSA-induced ALI model. e)
Immunofluorescent images of co-staining macrophages’ markers CD11c (green fluorescence, represents M1 type macrophage, indicating inflammatory
response) and CD206 (red fluorescence, represents M2 type macrophage, indicating inflammatory inhibition) both for LPS and MRSA-induced ALI
models. MPO content of homogenized lung in (f) LPS-induce ALI model and g) MRSA-induced ALI model. h) Scheme of Co-based CNs for ALI therapy
both in inflammatory alleviation and bacteria killing. Data (in a—d and f,g) represent mean + standard deviation (n = 4). Ordinary one-way ANOVA was
used for discrepancy analysis (“p < 0.05, “p < 0.01, “*p < 0.001, ***p < 0.0001, ns represents not significant). Scale bar (in ) is 100 um.

demonstrated the most effective protection by the largest down-  no significant damage, indicating a favorable safety profile for
regulating cytokine expression. Based on these findings related  further ALI treatments. Subsequently, ALI models induced by
to ROS and inflammatory scavenging, we concluded thatour syn- ~ LPS and MRSA were established. For the LPS-induced model,
thesized Co-based CNs hold potential for facilitating inflamma-  LPS was administered intranasally at a dose of 8 mg kg!, fol-
tion scavenging (Figure 4i). lowed by the administration of CNs at a dose of 5 mg kg™, 4 h
post-LPS treatment. All experimental mice were sacrificed for
subsequent analyses at 24 h postinjection. For MRSA-induced
2.5. Co-Based CNs-Mediated ALl Treatment ALI model, MRSA was instilled intratracheally at a concentration
of 50 uL MRSA (1x10° CFU/mL). The CNs’ treatments were ad-
AL is characterized by an excessive ROS and inflammatory re-  ministered in a manner similar to that used in the LPS-induced
sponse. Targeting ROS and inflammatory alleviation presents  model.
a potential therapeutic strategy for ALI, as noted in previous Histopathological analysis of lung tissue, as depicted in
studies.[?122] Moreover, in models of ALI containing bacterial in-  Figure 5b,c, revealed that the CoMn CN-treated group exhib-
fection, anti-microbial capabilities are also crucial. In view of our  ited a significant protection in pulmonary edema and lung in-
synthesized Co-based nanozymes’ performances on both anti-  jury compared to the control group. This amelioration was fur-
microbial and inflammatory scavenging, we explored these Co-  ther corroborated by the wet/dry lung weight ratio (Figure S17,
based CNs for both LPS and MRSA-induced ALI treatments  Supporting Information) and histologic scoring (Figure 5d.e),
(Figure 5a). Initially, the biosafety of these CNs was assessed ~ with CoMn CN demonstrating superior protective effects against
through intravenous administration. Histopathological analy-  ALI, followed sequentially by Co CN and Mn CN treatments.
sis of major organs (Figure S14, Supporting Information) and  Given that excessive ROS as a hallmark of ALI, ROS levels in
biomarker assessments of liver and kidney function in blood lung tissues were assessed using dihydroethidium (DHE) stain-
serum (Figures S15 and S16, Supporting Information) revealed  ing (Figures S18 and S19, Supporting Information). The CoMn
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CN-treated group showed a marked decrease in ROS inten-
sity (Figure 5f,g), aligning with its observed SOD-like activity
(Figure 1h). Furthermore, for MRSA-induced ALI, the bacterial
load in the lungs was evaluated by colony formation, revealing
that the CoMn CN-treated group had the lowest bacterial colony
formation (Figure 5h) and colony forming units (Figure S20,
Supporting Information), which were consistent with its anti-
microbial ability (Figure 3a—d). From above, we regarded that our
synthesized CoMn CN significantly alleviated ALI in vivo.

2.6. Inflammatory Alleviation for ALI by Co-Based CNs

Building upon the above-discussed CoMn CN-mediated ROS
scavenging and anti-microbial properties, we conducted a sys-
tematic investigation into their anti-inflammatory potential. The
expression levels of cytokines, which serve as indicators of in-
flammatory response,[“? were assessed by measuring the con-
tent of IL 18 and TNF « in the lung tissue of mice with ALI
(Figure 6a—d). The group treated with CoMn CN exhibited a sig-
nificant reduction in these cytokine levels. Similarly, in both LPS
and MRSA-induced ALI models, the CoMn CN-treated group
showed the lowest serum content of IL 18 and TNF « (Figures
S21 and S22, Supporting Information), confirming the efficacy
of CoMn CN in mitigating the inflammatory response. Fur-
thermore, the infiltration of inflammatory cells was examined
by co-staining for macrophage markers CD11c (green fluores-
cence, represents M1 type macrophage, indicating inflamma-
tory response) and CD206 (red fluorescence, represents M2 type
macrophage, indicating inflammatory inhibition). As illustrated
in Figure 6e, a substantial presence of M1 macrophages was
observed in both LPS and MRSA-induced ALI models. How-
ever, treatment with CoMn CN resulted in a significant increase
in M2 type macrophages and a noticeable decrease in M1 type
macrophages, indicating effective inhibition of inflammation in
ALL Myeloperoxidase (MPO) serves as a biomarker for oxidative
stress.[*>*4] In this study, MPO levels were quantified in homoge-
nized lung tissue. Treatment with CoMn CN resulted in a signif-
icant reduction of MPO levels in both LPS and MRSA-induced
models (Figure 6f,g), a finding corroborated by MPO immuno-
histochemical analysis (Figures S23 and S24, Supporting Infor-
mation). Additionally, malondialdehyde (MDA), a crucial ROS
neutralizer,**** was markedly decreased following CoMn CN
treatment in both models (Figure S25, Supporting Information),
suggesting a reduction in inflammation. These findings, along-
side cytokine detection, macrophage type analysis, and the as-
sessment of MPO and MDA, consistently indicated an enhanced
lung protection (Figure 5). In summary, our CoMn CN formula-
tion effectively facilitates both inflammation alleviation and bac-
terial clearance through its diverse enzyme-like activities, as de-
tailed in the CoMn CN-mediated acute lung injury (ALI) therapy
steps illustrated in Figure 6h.

3. Conclusion

In conclusion, we developed a hetero-elemental (Mn) doping Co-
based CN, CoMn CN. The co-doping Mn resulted in enhanced
enzyme-like activities for the CoMn CNs comparing to the Co
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CNs. We attributed this enhancement to the regulation of Co’s
active sites, including changes of its oxidation state and the num-
ber of Co—N coordination. Given their enzymatic performance,
we investigated the potential of these Co-based CNs for treating
both LPS- and MRSA-induced ALIs. The CoMn CNs exhibited
significant ROS and inflammatory scavenging abilities due to
Mn doping, with their ROS and inflammation scavenging abil-
ities being 1.43-fold and 1.57-fold higher than those of Co CN.
The anti-microbial ability of CoMn CN was attributed to its OXD-
and POD-like activities in a pH dependent manner. CoMn CN
also demonstrated some bacterial killing capacity. In principle,
quickly reducing inflammation and ROS is more important in
the ALI animal model. We hypothesized that SOD- and CAT-like
activities would first work to defend against overwhelming in-
flammation and ROS in ALI, while OXD- and POD-like activi-
ties could act as a second defense for bacteria scavenging. Com-
bining these two steps, a comprehensive ALI therapeutic system
was developed. This hypothesis was consistent with our results
for inflammation scavenging (Figure 6) and anti-bacterial ability
(Figure 5h). This study not only broadens the application of Co-
based CNs but also presents a promising strategy for ALI therapy.
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Supporting Information is available from the Wiley Online Library or from
the author.
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