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A B S T R A C T   

Sepsis, a life-threatening syndrome of organ damage resulting from dysregulated inflammatory response, is 
distinguished by overexpression of inflammatory cytokines, excessive generation of reactive oxygen/nitrogen 
species (RONS), heightened activation of pyroptosis, and suppression of autophagy. However, current clinical 
symptomatic supportive treatment has failed to reduce the high mortality. Herein, we developed self-assembled 
multifunctional carbon monoxide nanogenerators (Nano CO), as sepsis drug candidates, which can release CO in 
response to ROS, resulting in clearing bacteria and activating the heme oxygenase-1/CO system. This activation 
strengthened endogenous protection and scavenged multiple inflammatory mediators to alleviate the cytokine 
storm, including scavenging RONS and cfDNA, inhibiting macrophage activation, blocking pyroptosis and 
activating autophagy. Animal experiments show that Nano CO has a good therapeutic effect on mice with LPS- 
induced sepsis, which is manifested in hypothermia recovery, organ damage repair, and a 50% decrease in 
mortality rates. Taken together, these results illustrated the efficacy of multifunctional Nano CO to target 
clearance of multiple mediators in sepsis treatment and act against other refractory inflammation-related 
diseases.   

1. Introduction 

The third edition of the International Consensus Definition of Sepsis 
(Sepsis 3.0) characterizes sepsis as a clinical syndrome marked by dys
regulated inflammatory response caused by various pathogens, 
including bacteria, viruses, fungi and other pathogens, ultimately 
resulting in physiological and organ dysfunction [1,2]. Sepsis affects 
millions of patients globally each year, with a mortality rate exceeding 
25%, making it a leading causes of death in intensive care units (ICUs) 
[3]. Current clinical treatment primarily focus on symptomatic sup
portive measures, predominantly involving antibiotics, antagonists, and 
supportive nursing [4]. However, such goal-oriented approach has not 

significantly improved the cure and survival rate of critically ill patients 
[5]. It is noteworthy that approximately 40% of sepsis patients experi
ence re-hospitalization within three months post-discharge. This phe
nomenon is primarily attributed to residual inflammatory mediators in 
the body, provoking a second cytokine storm [3,6]. Consequently, the 
unpredictable, dynamic and uncontrollable inflammatory response in 
patients presents a huge challenge to sepsis treatment. 

In a septic state, the dysregulation of inflammatory is often triggered 
by overactivation of toll-like receptors (TLRs), which can recognize 
multiple inflammatory mediators such as lipopolysaccharide (LPS) [7], 
reactive oxygen/nitrogen species (RONS) [8] and cell-free DNA (cfDNA) 
[9], thereby inducing the release of inflammatory cytokines and nitric 
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oxide (NO) [10]. These circulating inflammatory mediators perpetuated 
systemic inflammation, resulting in cell damage, organ failure and po
tential mortality. Therefore, we speculated that reducing ROS levels and 
removing various inflammatory mediators were crucial aspects of sepsis 
treatment. In the progression of sepsis, pyroptosis, a pro-inflammatory 
programmed cell death mechanism, is triggered by factors including 
infection and injury-related signals. This process leads to the release of a 
significant quantity of cytokines through plasma membrane rupture, 
contributing to cell death and accelerating the advancement of sepsis 
[11,12]. Simultaneously, autophagy, the second programmed cell death 
mode, is inhibited, resulting in dysregulated inflammatory responses 
and hindered clearance of damaged cells, ultimately affecting the 
function of vital organs [10,13]. Consequently, blocking pyroptosis and 
activating autophagy has emerged as an additional therapeutic target for 
sepsis, which was conducive to cell repair and survival, even protected 
tissue and organ from damage. Hence, addressing the complex physio
logical and pathological state of sepsis necessitated the development of 
pharmacological intervention that can act simultaneously on multiple 
targets, thereby efficiently controlling sepsis. 

Carbon monoxide (CO) serves as a pivotal molecule in cellular pro
tection and homeostasis, exhibiting crucial signaling capabilities under 
both physiological and pathophysiological conditions. It plays a vital 

role in regulating stress responses and cellular adaptation to injury 
[14–16]. Heme Oxygenase-1 (HO-1) and its catalytic product, CO, 
significantly contribute to endogenous protective mechanisms aganist 
cellular stress, participating in the regulation of oxidative stress, 
inflammation, autophagy, pyroptosis and other pathophysiological 
processes [17–19]. Consequently, the exogenous delivery of CO can 
trigger a cascade of cellular protection mechanisms during stress and 
inflammation, activating essential endogenous defense functions 
[20–22]. Additionally, it is worth noting that CO is a non-radical group 
and poses no toxic side effects at low doses, making it an ideal gas 
molecule for sepsis treatment [23]. However, the existing CO precursor 
drugs frequently face challenges related to poor water solubility, un
controllable dosage, and potential toxicity [24–26]. Addressing these 
obstacles is a crucial aspect of our research endeavor. 

Herein, we applied nano-self-assembly technology to construct 
injectable CO nanodrugs for treating sepsis, capable of releasing CO in 
response to ROS within the body. We proposed an instructive schematic 
diagram outlining the design of polysulfhydrylated polyesters and diiron 
nonacarbonyl as the key nanocomponents of CO nanogenerators (Nano 
CO) (Scheme 1). Moreover, we delved into the anti-sepsis activity of 
Nano CO through investigations in cell models and animal models, 
focusing on six beneficial therapeutic mechanisms: (1) antibacterial 

Scheme 1. Schematic diagram of the design of self-assembled Nano CO and its ability to clear multiple inflammatory mediators in sepsis. (1) antibacterial 
and inhibiting LPS-induced NO production; (2) scavenging of RONS (•OH, •O2

− and •NO) and inhibiting oxidative stress-induced DNA damage and cell death; (3) 
binding and clearance of cfDNA; (4) blocking activated macrophage recruitment; (5) inhibiting pyroptosis; (6) inducing autophagy. 
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effects and inhibition of LPS-induced NO production; (2) scavenging of 
RONS (•OH, •O2

− and •NO) and inhibiting oxidative stress-induced DNA 
damage and cell death; (3) binding and clearance of cfDNA; (4) blocking 
activated macrophage recruitment. Surprisingly, Nano CO could effec
tively (5) inhibit pyroptosis, and (6) induce autophagy. We proposed 
that this multifunctional nanomaterial could serve as an ideal thera
peutic options in combating sepsis, given its diverse and potent mech
anisms of action. 

2. Materials and methods 

2.1. Synthesis and preparation of the Nano CO 

In brief, ethylene glycol (6.6 mmol), mercaptosuccinic acid (6.6 
mmol) and mPEG-OH (0.4 mmol, Mn = 4000) were added into a reac
tion flask with p-toluenesulfonic acid (0.84 mmol) and EDTA (0.54 
mmol) as the catalyst. The reaction was carried out under the nitrogen 
atmosphere for 8 h at 120 ◦C. Then, the product was dissolved in acetone 
and precipitated in diethyl ether three times to obtain poly
sulfhydrylated polyesters (PSP). 

Then, diiron nonacarbonyl (50 mg) and PSP (200 mg) were dissolved 
in 50 mL THF and stirred in nitrogen at 50 ◦C for 2 h. The solution turned 
brown and cooled to − 20 ◦C at the end of the reaction. n-Hexane was 
added to the cold solution to obtain brown precipitation. The precipitate 
was further washed with diethyl ether and dried to obtain brown solid 
polycarbonyl polyester. Finally, the obtained polycarbonyl polyester 
was stored at − 4 ◦C for further use. The resulting polymer was self- 
assembled into Nano CO in deionized water after ultrasound at 0 ◦C 
for 10 min. 

2.2. CO release assay 

The released CO in PBS was detected spectrophotometrically by 
measuring the conversion of hemoglobin (Hb) to carboxyhemoglobin 
(HbCO). First, bovine hemoglobin (5.5 μM) was completely dissolved in 
PBS, and then reduced by adding SDT (1.5 mg) under N2 atmosphere. 
Nano CO (50 μL, 5 mg/mL) was added into the above 4 mL solution and 
the absorption spectrum of the solution (375–475 nm) was detected at 
interval 10 min. In order to eliminate influencing factors and enhance 
the accuracy, two strong adsorption bands at 410 nm and 430 nm 
(attributed to HbCO and Hb, respectively) were used to quantify the 
conversion of Hb to HbCO. The Beer-Lambert law was used to calculate 
the Hb-to-HbCO conversion percentage (x) and the concentration of 
released CO which was coordinated with Hb, as indicated by following 
Equation (1). 

CCO =CHb × x =
528.6 × A410nm − 304 × A430nm

216.5 × A410nm + 442.4 × A430nm
CHb 1  

2.3. DPPH free radical scavenging activity 

Different concentration of Nano CO or PSP solution were added to 
200 mM DPPH• ethanol solution and vortexed mixing. The UV absor
bance spectrum of the mixed solution (from 300 to 700 nm) was 
measured at 5 min interval. A standard curve was prepared to quantify 
DPPH• at 517 nm, from which the DPPH• scavenging percentage in the 
presence of various concentrations of Nano CO or PSP was calculated. 

2.4. ABTS free radical scavenging activity 

ABTS+• working solution was prepared by mixing ABTS (0.74 mM) 
with (NH4)2S2O8 (0.26 mM) (1:1, v/v) and storing at 4 ◦C overnight in 
the dark. Then, the different concentration of Nano CO or PSP solution 
were added to the above solution and vortexed mixing. The UV spectra 
from 400 to 850 nm of the mixed solution was recorded at 5 min in
terval. Similarly, the ABTS+• scavenging percentage was calculated 

based on ABTS+• standard curve. 

2.5. ROS scavenging activity 

The ROS scavenging activity of Nano CO was measured by Hydroxyl 
free radical assay kit (Jiancheng, Nanjing, China) and Micro Superoxide 
Anion Assay Kit (Abbkine, Wuhan, China). Briefly, FeSO4 solution (10 
mM) reacted with 1% H2O2 (5 μL) to generate •OH, while xanthine (5 
μL, 560 mM) and xanthine oxidase (5 μL, 1:10 dilution) were mixed to 
produce •O2

− . Different concentrations of Nano CO or PSP were rapidly 
added to above solution, respectively. Then, the •OH and •O2

− working 
solution were added to the above mixed solution and the absorption 
spectrum of 400–700 nm was recorded. 

2.6. RNS scavenging activity 

The RNS scavenging activity was measured by Nitric oxide detection 
kit (Beyotine, Shanghai, China). Briefly, SNP (100 μL, 20 mM), as •NO 
donor, were mixed with different concentration of Nano CO or PSP (100 
μL) in of PBS solution (200 μL, 0.2 M, pH 7.4), and then shaken at 37 ◦C. 
After the reaction, Griess reagent were added for detect the UV spectra 
of 400–700 nm. 

2.7. Intracellular RONS scavenging activity 

RAW264.7 cells were seeded on coverslips in 12-well plates and 
cultured overnight (37 ◦C, 5% CO2). The cells were then treated with 10 
μg/mL LPS for 24 h, with blank medium as a control. Next, LPS-treated 
cells were incubated with Nano CO or PSP (200 μg/mL) for an additional 
24 h. Subsequently, different types of oxidative stress probes (DCFH-DA 
for ROS, dihydroethidium for •O2

− and DAF-FM DA for •NO) were added 
for staining for 30 min and blocked with DAPI. Intracellular RONS levels 
were finally observed by fluorescence microscopy (Zeiss, Germany). To 
quantify the RONS level, the same treatments cells were harvested, and 
the fluorescence intensity was measured by BD FACSAria Fusion cell 
analyzer (BD, USA). 

2.8. Inhibition of LPS-induced nitric oxide generation 

RAW264.7 cells were seeded on coverslips in 96-well plates and were 
allowed to adhere overnight in growth medium (37 ◦C, 5% CO2). The 
cells were then treated with LPS (1 μg/mL), LPS (1 μg/mL) + PSP (200 
μg/mL) and LPS (1 μg/mL) + Nano CO (200 μg/mL) for 24 h, respec
tively. The untreated cells served as a control group, and cells only 
treated with LPS as a positive group. Then the supernatants were 
collected and mixed with nitric oxide (NO) assay kit, and NO concen
tration was measured with a multiwell plate reader (Thermo Fisher, 
USA). 

2.9. In vitro anti-macrophage migration activity 

RAW264.7 cells were seeded on coverslips in 24-well plates and were 
allowed to adhere overnight in growth medium. The cells were treated 
with LPS (1 μg/mL) for 4 h. LPS-treated RAW264.7 cells were digested 
with pancreatic enzyme and centrifuged at 1500 rpm for 5min, then 
suspended in medium without FBS. 2 × 105 cells were transferred to 
transwell chambers, and incubated with Nano CO or PSP (200 μg/mL). 
Untreated cells were used as the control group, and cells treated only 
with LPS were used as the positive group. After migration for 24 h, cells 
on the upper side of each insert were gently removed with a cotton swab. 
Subsequently, the migrating cells on the lower side of each insert were 
fixed and stained with 0.5% crystal violet. Finally, the stained cells were 
imaged by microscope (Zeiss, Germany). 
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2.10. Antibacterial effect of Nano CO 

Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) were 
inoculated into a 96-well plate at 106 CFU/mL, and the bacteria were 
treated with following protocols for 2 h, such as PBS, H2O2 (100 μM), 
PSP (200 μg/mL), Nano CO (200 μg/mL), Nano CO (200 μg/mL) + H2O2 
(100 μM). Then, the optical density at 600 nm (OD600) of the bacteria 
was measured at 1 h interval. Next, we used the dilution plate method to 
evaluate the inhibitory effect of different concentrations of Nano CO (50, 
100, 200 μg/mL) on bacteria with the assistance of H2O2. Briefly, 
S. aureus and E. coli were incubated with Nano CO with the assistance of 
H2O2 (100 μM) for 2 h. The number of bacteria was then counted by the 
plate method, and the antibacterial efficiency was calculated. 

2.11. Inhibition of pyroptosis induced by canonical and noncanonical 
inflammasomes 

First, prepare and culture primary mouse bone marrow-derived 
macrophages, and seed them into a 12-well plate (see Supporting In
formation for details) [27]. For canonical inflammasome activation 
(NLRP3), RAW264.7 were stimulated with LPS (100 ng/mL) for 4 h, 
then Nano CO with different concentrations (200, 100, 50 μg/mL) and 
ATP (3 mM) was added and incubated for 1 h. For noncanonical 
inflammasome activation, RAW 264.7 were treated with Pam3CSK4 (1 
μg/mL) for 3 h to induce caspase-11 expression. Then Nano CO with 
different concentrations (200, 100, 50 μg/mL) and LPS (1 μg/mL) was 
added and incubated for 24 h. Next, the cell culture supernatant was 
collected to detect the release of LDH. Cells were stained with PI and 
imaged using fluorescence microscopy (Zeiss, Germany). After the same 
treatment as above, cells were collected to Weston-Blot analysis. 

2.12. Inhibition of autophagy 

Prepare and culture primary mouse bone marrow-derived macro
phages, and seed them into a 12-well plate [27]. The cells are then 
treated for 24 h according to the established schedule, such as PBS, LPS 
(1 μg/mL), LPS (1 μg/mL) + Nano CO (200 μg/mL), LPS (1 μg/mL) +
PSP (200 μg/mL). Then it was fixed with electron microscope fixative 
and TEM imaging was performed. On the other hand, after the same 
treatment, cells were collected and Weston-Blot was used to analyze the 
LC3 protein contents in the cells. 

2.13. LPS-induced sepsis model 

Male C57BL/6 mice were intravenously injected with LPS in 
different doses (30, 25, 20 and 15 mg/kg). Clinical scores, mortality and 
body weight were recorded for 7 consecutive days to further evaluate 
the half-lethal dose (LD50) of LPS. The criteria of clinical score were 
listed as follows: 0, no symptoms; 1, piloerection and huddling; 2, 
piloerection, diarrhea, and huddling; 3, lack of interest in surroundings 
and severe diarrhea; 4, decreased movement and listless appearance; 5, 
loss of self-righting reflex. Mice were euthanized when they exhibited a 
score of 5. 

2.14. Treatment of LPS-induced sepsis mice 

Male C57BL/6 mice were randomly divided into control group (PBS), 
positive group (LPS), LPS + PSP group and LPS + Nano CO group (n =
20). C57BL/6 mice were intravenously injected with PBS, PSP (30 mg/ 
kg) or Nano CO (30 mg/kg) at 6 and 3 h before injected with a LD50 of 
LPS. The serum levels of HO-1, MDA, cfDNA, NO, TNF-α and IL-6 were 
measured 12 h after LPS challenge. The mice clinical scores, mortality, 
body temperature and body weight were recorded for 7 consecutive 
days. 

2.15. Fraction of M1 polarized macrophages in peritoneal cavity 

The fraction of M1 polarized macrophages in the peritoneal cavity 
was evaluated by flow cytometry. Briefly, a peritoneal lavage was per
formed with 5 mL of PBS containing 10% FBS, and the cells were 
collected and stained with APC anti-mouse CD86 antibodies, PerCP/ 
Cy5.5 anti-mouse CD11b antibodies and FITC-anti-F4/80 antibodies at 
4 ◦C for 1 h. After repeated washes with PBS, the cells were analyzed 
with a BD FACSAria Fusion cell analyzer (BD, USA). The CD11b, F4/80 
and CD86 triple-positive cells represent the M1-polarized macrophages. 

2.16. Fraction of cells with high ROS level in peritoneal cavity 

Cells were collected by peritoneal lavage and were stained with 
DCFH-DA at 4 ◦C for 1 h. After repeated washes with PBS, the cells were 
analyzed with a BD FACSAria Fusion cell analyzer (BD, USA). 

2.17. Histological analysis 

The mouse tissues were fixed in 4% paraformaldehyde for 24 h and 
then sliced after paraffin embedding. The sections were prepared with 
standard procedures and then H&E staining, immunohistochemistry and 
immunofluorescence were performed. 

2.18. Statistical analysis 

All the results were presented as the mean value plus a standard 
deviation (±SD) from at least three independent experiments. Statistical 
analyses were performed using the t-test. Values of *p < 0.05, **p <
0.01, and ***p < 0.001 were considered statistically significant. All 
statistical analyses were performed with Origin software. 

3. Results and discussion 

3.1. Preparation and characterization of Nano CO 

Nano CO were synthesized through polycondensation reaction 
involving mercaptosuccinic acid and ethylene glycol to obtain poly
sulfhydrylated polyesters (PSP) [28,29]. Then, diiron nonacarbonyl 
(Fe2(CO)9) was grafted onto the side chain of the PSP polymer to create 
polycarbonylated polyester, which underwent self-assembly at low 
temperature to obtain Nano CO (Fig. 1a) [30,31]. Gel Permeation 
Chromatography (GPC) testing revealed that PSP behaved as a single 
peak, showing an average molecular weight (Mw) of 11.70 kDa 
(Fig. 1b). Notably, the 1H NMR spectrum displayed a distinct signal for 
thiol hydrogen at the 2.28 ppm, signifying the ideal stability of sulfhy
dryl group in the polycondensation process (Fig. S1). The successful 
grafting of Fe-CO groups onto polycarbonylated polyester was 
confirmed through Fourier Transform Infrared Spectrometer (FTIR). As 
illustrated in Fig. 1c, the polycarbonylated polyester exhibited charac
teristic infrared absorption peaks of carbonyl at 2077 cm− 1 and 1085 
cm− 1. Furthermore, the absorption peak observed in the range of 
2800–3000 cm− 1 represented the saturated C-H stretching vibration 
absorption peak associated with both polycarbonylated polyester and 
PSP. The ultraviolet (UV) absorption spectrum further confirmed that 
the characteristic absorption peak of polycarbonylated polyester at 
330–340 nm belonged to the carbonyl group (Fig. 1d). Thermogravi
metric analysis (TGA) demonstrated a carbon oxide loading capacity up 
to 15% (Fig. 1e). Subsequently, the prepared polymer underwent 
self-assembly into Nano CO via ultrasound at low temperature. Trans
mission electron microscopy (TEM) characterization revealed that Nano 
CO exhibited a uniform spherical morphology with excellent dispersion 
(Fig. 1f). Its size distribution was approximately 150 nm, consistent with 
the hydrated particle size (Fig. 1g). Moreover, regardless of the medium 
used PBS, DMEM, or a 10% FBS solution, the particle size of Nano CO 
remained stable over a prolonged period, highlighting its excellent 
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Fig. 1. Construction and characterization of Nano CO. (a) Schematic diagram of Nano CO synthesis. (b) GPC of polysulfhydrylated polyesters. (c) FT-IR spectra, (d) 
UV–vis absorption spectra and (e)TGA analysis of polysulfhydrylated polyesters, polycarbonylated polyester and diiron nonacarbonyl. (f) TEM image and (g) size 
distribution of Nano CO. (h) Particle size of Nano CO in different media, including PBS, DMEM, and 10% FBS solution. (i) Elemental mapping of Nano CO including C, 
O, S, and Fe elements. 
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stability (Fig. 1h). Furthermore, the element distribution diagram 
illustrated that the Fe, C, O and S elements were evenly distributed in the 
Nano CO, with Fe constituting 20.14% (Fig. 1i and Fig. S2). These 
characterization results underscored the successful synthesis of Nano CO 
and its commendable stability, thereby highlighting its potential ther
apeutic efficacy for sepsis. 

Subsequently, as illustrated in schematic Fig. 2a, we evaluated the 
release kinetic behavior of Nano CO prodrug release dynamics in 
response to H2O2, simulating the microenvironment of ROS-rich cells or 
tissues in sepsis. Using hemoglobin (Hb) as the probe, the released CO 
concentration was measured by the UV method based on the absorption 
peaks of reduced Hb (λ = 430 nm) and HbCO (λ = 410 nm) [32,33]. As 
presented in Fig. 2b, Nano CO released CO in a concentration-dependent 
manner in the presence of H2O2. However, there was negligible release 
of Nano CO in an H2O2-free environment. Similarly, there was no release 
behavior of Nano CO in solutions with different pH values (pH = 5.0, 7.0 
and 9.0) (Fig. S3a). The release of CO was also negligible in different 
media, including to 10% FBS, DMEM, and PBS (Fig. S3b). These findings 
highlighted the excellent stability of Nano CO across diverse environ
ments. Overall, the facile polycondensation reaction, optimized CO 
storage and inflamed tissue-specific release made Nano CO ideal for 
treating septic reactions. 

3.2. Antibacterial effect of Nano CO in vitro 

Bacteria stand out as pivotal contributors to sepsis, with Staphylo
coccus aureus (S. aureus) and Escherichia coli (E. coli) being prominent 
pathogens. Rapid eradication of bacteria imperative for effective sepsis 

treatment. As depicted in Fig. 2c–d, Nano CO, assisted by H2O2, 
demonstrated the complete prevention of bacterial growth. However, 
both free Nano CO and PSP only resulted in a delay in bacterial growth 
without achieving complete inhibition. Next, we quantitatively evalu
ated the antimicrobial efficacy of Nano CO against S. aureus and E. coli 
when combined with H2O2. Nano CO exhibited concentration- 
dependent bacterial inhibition in the support of H2O2 (20 μM). At con
centration of 200 μg/mL, the antibacterial efficiency of Nano CO against 
S. aureus and E. coli reached 97.93% and 97.81%, respectively 
(Fig. 2e–f). The schematic representation in Fig. 2g succinctly encap
sulated these findings, emphasizing that Nano CO exhibited robust 
antibacterial effects under conditions favorable for CO release. 

3.3. RONS scavenging activity of Nano CO 

To evaluate the antioxidant capacity of Nano CO, we utilized two 
widely used commercial probes, namely DPPH• and ABTS+•, to assess its 
free radical scavenging activity. After incubated with Nano CO solutions 
of different concentrations for 60 min, the color of the DPPH• solution 
transitioned from purple to yellow, with the degree of change displaying 
a concentration-dependent increase (Fig. 3a). Importantly, even at a 
high concentration (200 μg/mL), PSP failed to induce any color change 
in the DPPH• solution (Fig. S4). Catalytic kinetics calculations revealed 
that Nano CO (200 μg/mL) could eliminate 53.54% of the DPPH• within 
60 min (Fig. 3b). Similar observations were made with the ABTS+• so
lution, which gradually turned colorless in a concentration-dependent 
manner after incubation with different concentrations of Nano CO 
(Fig. 3c). Notably, the color change in the ABTS+• solution was 

Fig. 2. Evaluation of releasing capacity and antibacterial effect of Nano CO. (a) Schematic diagram of CO release and detection. (b) CO release behavior of Nano CO 
under different concentrations of H2O2 (20, 5, 0 μM). (c–d) Growth curves of S. aureus and E. coli after different modes of action (PBS, 20 μM H2O2, 200 μg/mL PSP, 
200 μg/mL Nano CO, 200 μg/mL Nano CO + 20 μM H2O2). (e–f) The antibacterial effect of Nano CO at different concentrations in the presence of H2O2 (20 μM). (g) 
Schematic diagram of Nano CO antibacterial. 
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inconspicuous when it interacted with PSP (Fig. S5). Catalytic kinetics 
analysis demonstrated that Nano CO (200 μg/mL) removed 99.95% of 
the ABTS+• within 60 min (Fig. 3d). These findings underscore the 
exceptional free radical scavenging ability and antioxidant capacity of 
Nano CO. Furthermore, we comprehensively studied its resistance to 
different physiologically related free radicals in vitro, including hydroxyl 
radicals (•OH), superoxide radicals (•O2

− ), and nitric oxide (•NO). The 
ability of Nano CO to clear RONS was evaluated using the TMB probe for 

•OH, the superoxide anion kit for •O2
− and the nitric oxide detection kit 

for •NO, respectively. As shown in Fig. 3e–g, the UV characteristic ab
sorption peaks of these probes decreased in a concentration-dependent 
manner after incubation with Nano CO, confirming its broad-spectrum 
RONS elimination activity. 

Fig. 3. RONS scavenging activity of Nano CO. (a) UV–vis absorbance spectra and (b) kinetic curves of DPPH• exposure to different concentrations of Nano CO. (c) 
UV–vis absorbance spectra and (d) kinetic curves of ABTS+• exposure to different concentrations of Nano CO. (e–g) UV–vis absorbance spectra showing the radical 
eliminating activities of Nano CO for •OH (e), •O2

− (f) and •NO (g), respectively. The concentrations of Nano CO are 200, 100, 50, 25, 12 μg/mL, respectively. (h–j) 
Fluorescence imaging (1), flow cytometry (2), and intensity quantification (3) showing the activities of PSP and Nano CO (200 μg/mL) to •OH (h), •O2

− (i) and •NO (j) 
in RAW264.7 with LPS pretreatment. Scale bar = 40 μm. *p < 0.05, **p < 0.01, ***p < 0.001. 
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3.4. Intracellular RONS clearance and inhibition of RONS induced cell 
damage 

RONS have emerged as pivotal factors in the pathophysiology of 
sepsis, where ROS such as •OH and •O2

− can cause DNA and mito
chondrial damage, potentially leading to apoptosis. Concurrently, •NO 
plays a crucial role as an RNS in the septic cascade [34]. Therefore, 
managing intracellular RONS levels becomes crucial for controlling the 
onset and progression of sepsis. Inspired by its excellent antioxidant 
capacity in vitro, we proceeded to assess its antioxidant prowess at the 
cellular level. Initially, we evaluated the cytotoxicity of Nano CO and 
PSP in various cell types, including macrophages (RAW264.7), human 
microvascular endothelial cells (HMEC), human vascular smooth muscle 
cells (HVSMC) and human skin fibroblasts (HSF). As indicated in Fig. S6, 
even at concentrations as high as 200 μg/mL, both Nano CO and PSP 
exhibited no adverse effects on cell viability. These concentrations were 
subsequently chosen for further cellular experiments. 

To investigate antioxidant activity, we pretreated RAW264.7 cells 
with LPS, a disease-associated molecular pattern known to activate the 
immune system, thereby creating a cellular model of sepsis that induces 
ROS overproduction and inflammation. After stimulating RAW264.7 
cells with LPS for 24 h and co-incubated with Nano CO or PSP for 
another 24 h, the intracellular ROS level was then stained utilizing 
DCFH-DA for •OH, DHE for •O2

− and DAF-FM DA for NO, respectively, 
and further measured by fluorescence microscopy and flow cytometry 
(Fig. S7). As shown in Fig. 3h1-j1, intense green or red fluorescence was 
observed in LPS-stimulated cells, confirming the successful induction of 
cellular oxidative stress. After the addition of Nano CO or PSP (200 μg/ 
mL), the fluorescence intensity in the cells significantly decreased, with 
the Nano CO group exhibiting more pronounced effects. Quantitative 
analysis using flow cytometry further substantiated that Nano CO 
significantly reduced intracellular RONS levels (Fig. 3h–j). To evaluate 
the broad antioxidant effects of Nano CO, we assessed its antioxidant 
capacity against four cell types, including RAW264.7, HMEC, HVSMC 
and HSF. As shown in Fig. S8, LPS-induced cells were marked green by 
the DCFH-DA probe, indicating oxidative stress within the cells. How
ever, after Nano CO intervention, the intracellular green fluorescence 
disappeared, signifying the elimination of intracellular oxidative stress. 
Conversely, the removal efficacy of PSP was negligible. The above re
sults indicated that Nano CO possesses broad-spectrum antioxidant 
activity. 

Subsequently, we comprehensively evaluated the inhibitory effect of 
Nano CO on DNA damage, mitochondrial damage, and cell death caused 
by oxidative stress. As illustrated in the schematic diagram of Fig. 4a, 
ROS can induce the phosphorylation of the Ser139 site of histone variant 
H2AX (γ-H2AX), resulting in DNA double-strand breaks (DSBs). The 
protective effect of Nano CO on cellular DNA was assessed by detecting 
γ-H2AX with DNA damage kit. As shown in Fig. 4b, both RAW264.7 and 
THP-1 (Human Acute Monocytic Leukemia Cells) stimulated by LPS 
exhibited intense green fluorescence, indicating severe DNA damage. In 
contrast, cells treated with Nano CO displayed weaker fluorescence 
signals compared to damaged cells, suggesting an inhibitory effect on 
DNA damage. Cells in the PSP group maintained strong fluorescence 
signals, indicating a limited repair ability. Additionally, we assessed 
mitochondrial damage by examining changes in mitochondrial mem
brane potential at sites of mitochondrial production in both cell types. 
The JC-1 fluorescent probe was used for mitochondrial membrane po
tential, emitting red fluorescence in active mitochondria with intact 
membrane potential and green fluorescence in mitochondria with 
reduced membrane potential. As depicted in Fig. 4c, LPS-stimulated cells 
displayed green fluorescence signals, revealing mitochondrial damage. 
The mitochondria showed limited recovery of red fluorescence 
following PSP treatment. Notably, Nano CO restored the quenched red 
fluorescence, demonstrating its effectiveness in combating oxidative 
stress and inhibiting mitochondrial damage. Furthermore, we employed 
the MitoSox ROS probe to specifically study the ability of Nano CO to 

clear mitochondrial fluorescence. As shown in Fig. S9, LPS-induced cells 
exhibited red fluorescence, indicating mitochondrial oxidative stress. 
Although the intervention with PSP did reduce the red fluorescence in 
damaged cell mitochondria, indicating a partial mitigation of oxidative 
stress, it was not completely eliminated. Nano CO intervention 
quenched the red fluorescence of mitochondria, indicating the reversal 
of mitochondrial oxidative stress. Therefore, the mechanism of action of 
Nano CO is universal in cells derived from different species. The next 
phase of our investigation delved into examining the protective capa
bilities of Nano CO against cell death induced by oxidative stress, uti
lizing H2O2 as ROS inducers. As presented in Fig. 4d, Nano CO exhibited 
a dose-dependent reduction in H2O2-induced cell death. These findings 
collectively indicate that Nano CO possesses the ability to scavenge 
intracellular ROS, preventing ROS-induced DNA and mitochondrial 
damage, along with preventing cell death. This approach holds potential 
significance by impeding ROS-related inflammatory cell signaling. 

3.5. Anti-inflammatory effect of Nano CO in vitro 

Given the robust anti-oxidative stress and organelle protection ca
pabilities qualitied by CO, we sought to understand the underlying 
mechanisms. Acknowledging the heme oxygenase-1 (HO-1)/CO system 
as a cellular protection mechanism, we employed quantitative poly
merase chain reaction (qPCR) and an HO-1 kit to assess the expression of 
HO-1 following various treatments. As depicted in Fig. 5a-b, both the 
mRNA and protein levels of HO-1 increased in LPS-stimulated macro
phages, mainly due to compensatory increase. Notably, the presence of 
CO doubled the mRNA expression of HO-1, leading to a substantial in
crease in the corresponding protein levels. Similarly, THP-1 exhibited 
the same phenomenon after continuous intervention (Fig. S10). We 
further investigated the mechanism by which Nano CO triggers HO-1 
expression. As depicted in Fig. 5c, Western blot (WB) experiments 
revealed that supplementing with exogenous Nano CO increased Nrf2 
expression in a concentration-dependent manner, subsequently leading 
to the secretion of HO-1. These findings are consistent with previous 
research [35], highlighting the ability of exogenous CO to activate the 
intracellular HO-1/CO system. This activation enhances cellular resis
tance to oxidative stress-induced damage, thereby reducing the overall 
oxidative stress response. 

Scientific investigations have established the inhibitory role of the 
HO-1/CO system in the NF⁃κB signaling pathway, thereby mitigating the 
inflammatory damage to tissue cells and suppressing the expression of 
inflammatory factors [18,36,37]. However, when infectious or 
non-infectious injury factors act on the body, damage-related molecular 
pattern activate toll-like receptor 4 (TLR-4) on the cell membrane. This 
activation initiates the nuclear NF⁃κB signaling pathway, mediating the 
release of inflammatory factors (NO, TNF-α, IL-6), further triggering an 
inflammatory cascade and leading to tissue and cell damage [38,39]. We 
proceeded to examine the expression of downstream inflammatory sig
nals in activated macrophages following the activation of the HO-1 
system. As exhibited in Fig. 5d–e, LPS-stimulated RAW264.7 showed 
increased mRNA levels of inducible nitric oxide synthase (iNOS) and 
released a significant amount of NO, leading to pronounced inflamma
tion in the septic cell model. The intervention by PSP, which has weaker 
antioxidant activity, only partially reduced iNOS expression. Interest
ingly, there was no notable difference in mRNA levels of iNOS between 
actived cells treated with Nano CO and normal cells. Furthermore, the 
production of NO was effectively mitigated. Likewise, the levels of 
TNF-α and IL-6 released by inflammatory cells returned to normal levels 
after Nano CO intervention (Fig. 5f–g). 

In another aspect, cell-free DNA (cfDNA), primarily originating from 
mitochondrial DNA and nuclear DNA released by damaged cells, is 
considered an crucial biomarker for sepsis prognosis and prediction 
[40]. cfDNA can be recognized by TLRs and induce intracellular 
signaling cascades, leading to the overexpression of inflammatory cy
tokines [40,41]. Therefore, scavenging cfDNA or blocking abnormal 
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Fig. 4. Evaluation of Nano CO against cellular oxidative damage. (a) Schematic diagram of Nano CO against DNA and mitochondrial damage. (b) Phosphorylated 
histone variant γ-H2AX imaging and (c) Mitochondrial membrane potential imaging of RAW264.7 and THP-1 following the treatments of PSP and Nano CO (200 μg/ 
mL). Scale bar: 40 μm. (d) Protective effect of Nano CO on ROS-induced cell death. *p < 0.05, **p < 0.01, ***p < 0.001. 

Y. Wu et al.                                                                                                                                                                                                                                      



Bioactive Materials 39 (2024) 595–611

604

Fig. 5. Induction of HO-1 secretion and clearing inflammatory mediators. (a) HO-1 mRNA expression and (b) HO-1 concentration generated in RAW264.7 following 
the treatments of PSP and Nano CO (200 μg/mL), respectively. (c) WB analysis of Nrf2 and HO-1 expression in macrophages. WB shown are representative of three 
independent experiments. (d) iNOS mRNA expression, (e) NO concentration, (f) TNF-a and (g) IL-6 cytokine generated in macrophages following the treatments of 
PSP and Nano CO (200 μg/mL), respectively. (h) Binding affinity of PSP and Nano CO to cfDNA at different concentrations. (i) Representative images and quan
titative analysis of macrophage migration induced by inhibition of activated macrophages. Scale bars: 100 μm. (j) Schematic diagram of anti-inflammatory effect of 
Nano CO. *p < 0.05, **p < 0.01, ***p < 0.001. 
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cfDNA pathways is anticipated to alleviate systemic inflammation in 
sepsis, consequently improving sepsis-induced organ damage. We 
further evaluated the binding affinity of Nano CO to cfDNA using the 
dsDNA HS Assay Kit. As illustrated in Fig. 5h, Nano CO exhibited a 
strong affinity for cfDNA in a dose-dependent manner. However, PSP 
also showed only weak binding to cfDNA. The above results may be 
attributed to the hydrogen bond between PEG and the phosphate 
backbone of DNA [34]. Subquently, we assessed the inflammatory po
tential of cfDNA after its adsorption by different materials. As depicted 
in Fig. S11, cfDNA was found to stimulate cells to release elevated levels 
of NO and TNF-α, thereby inducing cellular inflammation. However, the 
capacity of cfDNA to stimulate macrophages and trigger the secretion of 
inflammatory factors was markedly diminished after being adsorbed by 
PSP and Nano CO. Notably, Nano CO exhibited a more substantial 
reduction in the ability of cfDNA to induce inflammation. This confirms 
the effectiveness of Nano CO in adsorbing cfDNA and reducing the in
flammatory response of host cells. Additionally, the accumulation of 
activated macrophages is known to exacerbate tissue inflammation 
[42]. We assessed the potential of Nano CO to decrease the recruitment 
of activated macrophages and alleviate tissue inflammation (Fig. S12). 
Surprisingly, LPS-stimulated macrophages induced chemotaxis by 
releasing attractants, leading to the recruitment of a large numbers of 
macrophages from the upper side to the lower side. However, Nano CO 
significantly reduced the migration ability of activated macrophages, 
indicating its capacity to inhibit macrophage recruitment and reduce 
inflammation (Fig. 5i). In summary, as shown in schematic Fig. 5j, Nano 
CO not only demonstrates anti-inflammatory properties by scavenging 
ROS, clearing cfDNA and alleviating cytokine release, but also by pre
venting macrophage migration induced by activated macrophages. 

3.6. Inhibition of inflammation-induced pyroptosis 

The excessive activation of pyroptosis significantly contribues to 
immune dysregulation in sepsis [12]. Pyroptosis, induced by canonical 
inflammasome such as NLRP3 or noncanonical inflammasome, plays a 
pivotal role in LPS-induced sepsis. This process involves the release of 
numerous cytokines through plasma membrane rupture, ultimately 
causing multiple organ damage and contributing to sepsis-related mor
tality [43]. The pyroptotic effector molecule Gasdermin D (GSDMD) is 
cleaved by inflammasome-activated caspase-1/-11 to generate an 
N-terminal fragment (GSDMD-NT). Subsequently, GSDMD-NT binds to 
the plasma membrane, oligomerizes, and forms membrane pores, lead
ing to lytic cell death and the release of pro-inflammatory cytokines. At 
the same time, Caspase-1 can also process pro-IL-1β to form active IL-1β, 
Which is released extracellularly to amplify the inflammatory response 
[44–46]. Therefore, inhibiting or blocking pyroptosis represents a 
promising strategy to significantly improve survival and alleviate organ 
damage in LPS-induced sepsis. 

Considering that Nano CO could activate the HO-1/CO system to 
alleviate the inflammatory cascade, we hypothesized that it might also 
block pyroptosis. To induce canonical inflammasomes or noncanonical 
inflammasomes, primary peritoneal macrophages were extracted from 
C57 mice and activated using ATP for caspase-1 induction, or LPS and 
Pam3CSK4 for caspase-11 induction, respectively. The successfully 
induced inflammatory macrophages were then co-cultured with PSP or 
Nano CO to evaluate the anti-pyroptosis ability. As shown in Fig. S13, 
pyroptosis was assessed by measuring lactate dehydrogenase (LDH) in 
the supernatant and propidium iodide (PI) uptake. LDH is a stable 
cytoplasmic enzyme that is released upon cell lysis, while PI is a small 
fluorescent molecule that binds to DNA through the damaged plasma 
membrane upon cell death. As expected, macrophages induced by ATP 
and LPS released substantial amounts of LDH, indicating successful 
pyroptosis induction (Fig. 6a–b). However, regardless of the two 
different cell pyroptosis modes, Nano CO effectively reduced LDH 
release in a concentration-dependent manner, whereas PSP exhibited a 
weaker inhibitory effect compared to Nano CO. Fluorescence imaging 

demonstrated that Nano CO could also reduce PI uptake, indicating its 
efficacy in preventing two different modes of pyroptosis (Fig. 6c–d). 

Subsequently, we delved into the potential mechanism by which 
Nano CO inhibited pyroptosis through WB. As illustrated in Fig. 6e–f, 
macrophages neither underwent pyroptosis on their own nor under 
Nano CO stimulation (Lane 1 and 2). Both ATP and LPS caused the 
cleavage of GSDMD, yielding the GSDMD-NT band (Lane 3). Surpris
ingly, GSDMD-NT oligomers were weakened in both canonical and 
noncanonical inflammasome activation when treated with Nano CO 
(Lane 4). We then assessed intracellular IL-1β production and extracel
lular IL-1β release. The WB results revealed that inflammasome can 
induce IL-1β production (lane 3, Fig. S14a–b). However, after Nano CO 
intervention, intracellular IL-1β production markedly decreased (lane 4, 
Fig. S14a–b). Similarly, ELISA analysis demonstrated that pyroptosis 
increased IL-1β release, leading to an elevated supernatant concentra
tion. Nonetheless, Nano CO intervention notably mitigated the IL-1β 
concentration in the cell supernatant (Figs. S14c–d). Hence, Nano CO 
can inhibit cell pyroptosis and prevent the expansion of inflammatory 
responses (Fig. 6g). 

3.7. Induction of autophagy in macrophages 

Autophagy, a natural protective mechanism of the body, plays a 
crucial role in maintaining internal environment stability. It not only 
inhibits excessive inflammation but also serves as an essential pathway 
for the body to combat pathogenic microorganisms [47,48]. In the 
advanced stages of sepsis, immunosuppression severely impairs auto
phagy, causing immune cell apoptosis and immune paralysis, which can 
have fatal effects on septic animals [49]. Therefore, we speculated that 
CO-induced HO-1 overexpression might promote autophagy to effec
tively alleviate tissue and organ damage. The autophagy status of pri
mary macrophages following different treatments was observed through 
biological TEM images. As shown in Fig. 6h, whether under normal 
conditions or following Nano CO stimulation, the mitochondrial struc
ture remained intact, demonstrating a normal autophagy state. How
ever, there was evidence of mitochondrial swelling and reducted of 
autophagic vesicles in LPS-induced macrophages, indicating inhibited 
autophagy. Conversely, more autophagy vesicles and a relatively com
plete mitochondrial structure were observed in LPS-induced macro
phages with the assistance of Nano CO. To further verify the promotion 
of autophagy, we used fluorescent staining to observe the autophagy 
status. Nano CO did not induce enhanced autophagy in healthy cells. 
However, in damaged cells where autophagy was inhibited, Nano CO 
reversed the inhibited state and enhance autophagy (Fig. S15). To 
further elucidate the role of autophagy activation, WB experiments were 
conducted to assess the levels of LC3 in primary macrophages treated 
with different conditions. The results indicated that Nano CO alone 
facilitated the conversion of LC3I to LC3II, demonstrating its capability 
to promote autophagy. Conversely, LPS hindered this transformation, 
signifying autophagy inhibition. Moreover, under inhibitory conditions, 
Nano CO fostered the conversion of LC3I to LC3II, reaffirming its role in 
promoting autophagy (Fig. 6i). 

3.8. Biosafety evaluation of Nano CO in vivo 

Firstly, we assessed the biosafety of Nano CO in vivo. Hemolysis ex
periments demonstrated that neither Nano CO nor PSP induced hemo
lysis of red blood cells (RBC), indicating their suitability for intravenous 
injection in mice (Fig. S16). Subsequently, we conducted a detailed 
analysis of blood CO concentration using a carbon monoxide hemoglo
bin detection kit to indirectly assess the release kinetics of Nano CO in 
both healthy and disease models. As depicted in Fig. S17, Nano CO 
gradually exhibited a release pattern in healthy mouse model, peaking 
in concentration within 24 h and returning to baseline levels by 96 h. 
Conversely, in the sepsis model characterized by oxidative stress, rapid 
release of Nano CO was observed, reaching its peak concentration within 
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Fig. 6. Inhibition of pyroptosis and induction of autophagy. (a–b) LDH in supernatant of macrophages treated by increasing concentration of Nano CO and PSP (50, 
100, 200 μg/mL) with stimulation of (a) canonical inflammasome or (b) noncanonical inflammasome, respectively. (c–d) Representative images of PI uptake in 
macrophages treated by Nano CO and PSP with stimulation of (c) canonical inflammasome or (d) noncanonical inflammasome, respectively. Scale bars: 40 μm. (e–f) 
WB and quantitative analysis of GSDMD markers of canonical and noncanonical inflammasome. (g) Schematic diagram of Nano CO inhibiting inflammation-induced 
pyroptosis. (h) Bio-TEM images of RAW264.7 cells after different treatments. Scale bars: 2 μm, 500 nm. (i) The expressions LC3-II/I in RAW264.7 cells after varied 
treatments. WB shown are representative of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001. 
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6 h and returning to normal levels by 24 h. Next, healthy mice were 
intravenously injected with Nano CO (30 mg/kg), and serum samples 
were collected to measure biochemical indicators. According to Fig. S18, 
serum biochemical indicators showed no significant differences 
compared to healthy mice, suggesting no acute toxicity to the liver and 
kidneys. Hematoxylin-Eosin (H&E) staining of major organs (heart, 
liver, spleen, lung, and kidney) did not reveal any histopathological 
lesions (Fig. S19). In conclusion, Nano CO demonstrated high biocom
patibility, making it a suitable nanomedicine for in vivo drug delivery. 

3.9. Antisepsis therapeutic activity of Nano CO in LPS-induced sepsis 
model 

Following this, we conducted intraperitoneal injections of varying 
doses of LPS into healthy mice to determine the half-lethal dose (LD50), 
clinical scores, survival rate, and body weight of the mice over 5 
consecutive days. Clinical score and body temperature were important 
features of sepsis severity, directly reflecting the severity of sepsis and 
the damage caused by immune response to the body (Clinical scoring 
criteria are listed in the method section). Through assessment of these 
three key physiological parameters, it was observed that the mouse 
mortality rate reached 50% at an injection dose of 25 mg/kg, which was 
selected for further animal experiments (Fig. S20). 

Next, we assayed the anti-septic therapeutic activity of Nano CO in 
an LPS-induced sepsis model. Following the established experimental 
protocol (Fig. 7a), we assessed the body weight, clinical score, and 
mortality of septic mice over 7 consecutive days after treatment with 
different regimens. Additionally, serum samples and major organs were 
collected 24 h post-treatment for pathological analysis. As illustrated in 
Fig. 7b, the clinical scores of septic mice treated with Nano CO or PSP 
were significantly reduced, pointing an improvement in the physical 
condition of the mice post-treatment. Initially, the survival rate of the 
mice was less than 30% due to the severe impact of prolonged sepsis. 
However, after treatment with Nano CO or PSP, the survival rates 
increased to 80% or 50%, respectively (Fig. 7c). LPS injection resulted in 
a rapid drop in the body temperature of the mice, while Nano CO 
treatment significantly alleviated the hypothermic effect associated with 
LPS intervention, denominating the ability of Nano CO to prevent sepsis- 
induced hypothermia (Fig. 7d). Furthermore, the surviving mice showed 
a gradual recovery in body weight post-treatment, indicating an 
improvement in their overall physical condition (Fig. S21). Moreover, 
we examined the efficacy of Nano CO in treating varying degrees of 
sepsis by assessing the survival rate. As shown in Fig. S22, under lethal 
dose conditions (30 mg/kg), the survival rate of mice with severe sepsis 
treated with CO increased to 30%. At the semi-lethal dose (25 mg/kg), 
the survival rate of mildly septic mice was maintained at 80%. These 
results indicated that Nano CO has a significant therapeutic effect on 
sepsis. 

Given that multi-organ failure is a prevalent clinical manifestation of 
severe sepsis, we examined the potential for repairing multi-organ 
damage through histopathology. H&E staining images (Fig. 7e) 
showed that compared with PBS group, LPS induced extensive 
ballooning changes in the liver, accompanied by significant lung dam
age. Moreover, inflammatory cells infiltration was observed in the kid
neys and spleen (marked by red arrows). After PSP treatment, there was 
partial restoration of organ functions in the mice, mainly manifested by 
reduced inflammatory cells presence in the kidney and spleen, although 
the lung and liver lesions were not effectively alleviated. Excitingly, 
after Nano CO treatment, the main organs of septic mice returned to 
normal state, with no inflammatory cell infiltration in the kidney and 
spleen, and there were no lesions in the liver and lungs. Furthermore, we 
collected serum for AST, AST, BUN and CRE test to evaluate the thera
peutic impact on liver and kidney functions in different mice. As shown 
in Fig. S23, the liver and kidney functions of septic mice deteriorated 
significantly. Nevertheless, the liver and kidney functions of sepsis mice 
can be effectively restored after Nano CO treatment. These encouraging 

results suggested that Nano CO plays a role in restoring immune ho
meostasis in the body and alleviating multi-organ damage by clearing 
multiple inflammatory mediators in sepsis. 

Next, we delved deeper into understanding the mechanisms behind 
the therapeutic effects of CO on sepsis. Specifically, we assessed the role 
of Nano CO in promoting HO-1 secretion and clearing multiple media
tors of sepsis from the bloodstream. As illustrated in Fig. 8a, there was an 
increase in HO-1 expression in the serum of LPS-induced septic mice, 
primarily attributed to compensatory increase. Furthermore, exogenous 
CO stimulation amplified the secretion of HO-1 enzymes in septic mice, 
contributing to intracellular protective regulation and subsequent 
initiation of anti-inflammatory and antioxidant responses. Inflammatory 
mediators were significantly increased in the serum of septic mice, 
including NO, TNF-α and IL-6. The serum NO concentration of septic 
mice treated with Nano CO returned to normal levels, indicating that CO 
can effectively regulate inflammation in septic mice (Fig. 8b). Similarly, 
cytokine (TNF-α and IL-6) levels in treated mice also decreased syn
chronously compared with septic mice. However, septic mice treated 
with PSP had little effect on reducing inflammatory factors in the blood 
(Fig. 8c–d). Remarkably, a substantial amount of cfDNA was detected in 
mice with LPS-induced sepsis. PSP exhibited a capacity to adsorb cfDNA, 
resulting in a notable reduction in cfDNA concentration in mice. How
ever, Nano CO treatment resulted in an even more significant decrease 
in cfDNA concentration compared to the PSP group. This reduction can 
be attributed not only to the adsorption capacity of cfDNA but also to the 
therapeutic effect of Nano CO in reducing the release of cfDNA during 
sepsis (Fig. 8e). Additionally, to evaluate the in vivo antioxidant effects 
of Nano CO, we measured the level of lipid peroxidation (MDA) and 
protein oxidative damage (protein carbonyls) in the serum of septic mice 
after different treatments. As illustrated in Fig. 8f, the MDA concentra
tion in the serum of septic mice treated with Nano CO was significantly 
decreased compared to that of septic mice, nearly returning to normal 
levels. This normalization indicated a reduction in lipid peroxidation in 
the body, highlighting the antioxidant efficacy of Nano CO in vivo. 
Similarly, the protein carbonyl concentration, which reflects protein 
oxidative damage, also returned to normal levels (Fig. 8g). These ex
periments collectively proved that Nano CO could effectively remove 
various inflammatory mediators in the body and diminish the inflam
matory cascade reaction. 

Subsequently, we assessed bacterial burden, ROS level and activated 
macrophages in the peritoneal cavity. In mice treated with Nano CO, the 
peritoneal bacterial burden was significantly lower than that in septic 
mice, approaching levels observed in healthy subjects (Fig. 8h–i). 
Compared to the LPS-septic mice group, Nano CO-treated mice showed a 
reduction in the proportion of peritoneal cells with high ROS levels 
(Fig. 8j–k), indicating an improvement in the peritoneal inflammatory 
environment. Simultaneously, the proportion of peritoneal M1- 
polarized macrophages decreased in Nano CO treated mice, affirming 
the hindrance of macrophage activation (Fig. 8l-m). The aforementioned 
results illustrated that treatment with Nano CO gradually restored the 
inflammatory storm and immune system to normal levels in septic mice, 
confirming that Nano CO is an ideal treatment for sepsis. 

Moreover, we selected the liver and lung, which exhibited more se
vere lesions, as representative organs to investigate the expression of 
HO-1 through immunofluorescence. As anticipated, LPS triggered a 
compensatory increase in HO-1 expression in organs (Fig. 8n). 
Remarkably, exogenous CO intervention further enhanced the expres
sion of HO-1. Given the HO-1 increasing capacity, we conducted 
immunofluorescence staining to assess ROS levels in internal organs. As 
demonstrated in Fig. S24, there was a substantial increase in ROS levels 
within the internal organs of septic mice. However, post Nano CO 
treatment, ROS levels in Nano CO-treated mice significantly decreased, 
suggesting that CO treatment contributed to the amelioration of organ 
oxidative stress. These combined results affirm that CO administration 
elicits antioxidant effects in mice, resulting in a marked reduction in 
oxidative damage among septic mice. Subsequently, we explored the 
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Fig. 7. Therapeutic effect of Nano CO on LPS-induced sepsis. (a) Schematic diagram of animal experiment schedule. (b) Clinical score, (c) survival rate and (d) body 
temperature of mice in different treatment groups recorded for seven consecutive days, respectively. (e) H&E Staining of mice in different treatment groups. Scale 
bars: 100 μm. 
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Fig. 8. Effect on multiple meditators of sepsis in vivo. (a) HO-1, (b) NO, (c) TNF-α, (d) IL-6, (e) cfDNA, (f) MDA and (g) protein carbonylation in serum of mice 
after different treatment. (g) Bacterial colony image and (i) bacteria burden from peritoneal cavity of mice in different treatment groups. (j) Flow cytometry and (k) 
intensity quantification exhibiting with ROS level in peritoneal cells following different treatment. (l) Flow cytometry and (m) intensity quantification exhibiting M1 
polarization ratio of macrophages following different treatment. (n) Representative images of HO-1 immunofluorescence staining in liver and lung. Scale bars: 100 
μm. *p < 0.05, **p < 0.01, ***p < 0.001. 
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oxidative protection of nanoparticles in liver and lung by detecting DNA 
damage. As shown in Fig. S25, the injection of Nano CO reversed the LPS 
induced DNA damage in tissues. These results indicated that Nano CO 
had potential in scavenging ROS in vivo, protecting the body from 
oxidative damage. Furthermore, we evaluated the expression of TNF-α 
and IL-6 cytokines in the organs (Fig. S26–S27). Under LPS induction, 
the levels of cytokines in liver and lung were abundant, indicating the 
occurrence of an inflammatory storm in the mice. Notably, the levels of 
cytokines in septic mice treated with Nano CO decreased deeply, illus
trating the reversal of the inflammatory response. However, PSP inter
vention did not yield significant improvements in tissue inflammation 
levels. Furthermore, inflammation triggered severe pyroptosis in the 
internal organs of septic mice, exacerbating the inflammatory response 
and causing severe lesions (Fig. S28). Nano CO intervention effectively 
suppressed pyroptosis and ameliorated inflammation levels. As antici
pated, autophagy was significantly suppressed in septic mouse organs. 
Nevertheless, Nano CO treatment effectively promoted autophagy, 
contributing to reduced inflammation (Fig. S29). In conclusion, Nano 
CO improved sepsis survival rate by scavenging RONS and cfNDA, 
activating HO-1 system, reducing pro-inflammatory cytokines, inhibit
ing pyroptosis, and activating autophagy, exhibiting extensive thera
peutic benefits in sepsis models. 

4. Conclusion 

The heightened mortality and unfavorable treatment prognosis 
associated with sepsis have prompted increased attention towards the 
development of novel drugs in this field. The primary contributing factor 
may be linked to immune dysregulation in affected patients. Therefore, 
this study aims to alleviating the inflammatory storm of sepsis by 
removing inflammatory mediators and activing intracellular self- 
protection system. Given the cytoprotective and homeostatic proper
ties of CO, it is hypothesized to play a pivotal role in immune regulation 
in sepsis. However, the challenges of transforming it into an injectable 
drug with a controllable dose supply have impeded its widespread 
application. In this investigation, we employed nano-self-assembly 
technology to graft metal carbonyl compounds onto polymers to form 
water-soluble nanodrugs (Nano CO). These nanodrugs can selectively 
release CO in response to the ROS environment, offering a controlled 
approach for the injectable treatment of sepsis. Nano CO exhibited 
notable efficacy in eliminating various sepsis mediators by binding to 
cfDNA, removing harmful RONS and bacteria, blocking macrophage 
activation, inhibiting pyroptosis and activating autophagy, thereby 
alleviating the inflammatory storm. Experimental findings demon
strated good in vivo biocompatibility of Nano CO, and increased the 
survival rate of mice with sepsis up to 80%. Pathological assessments 
revealed that Nano CO significantly alleviated systemic inflammation, 
mitigated organ failure, and provided robust protection in sepsis models. 
Convincingly, the strategy of scavenging or targeting multiple inflam
matory mediators with multifunctional Nano CO provided a promising 
avenue for the development of effective treatments for sepsis as well as 
many other inflammation-related diseases. 

Developing strategies to minimize potential toxic effects is a key 
focus in the development of new drugs. While we have confirmed the 
biological safety of Nano CO at specific doses, it’s essential to recognize 
that all substances, including CO, can become toxic beyond certain 
thresholds. Apart from investigating the protective effects of CO against 
organ damage, it’s imperative to thoroughly explore its potential side 
effects from metabolic and toxicological perspectives. CO, whether 
administered as a gas or through a carrier, has demonstrated beneficial 
effects in animal disease models. However, it encounters numerous 
challenges during clinical trials, including safety concerns, distribution 
issues, and metabolic considerations. Although CO may appear as a 
hazardous gas, it’s crucial to acknowledge its potential therapeutic ap
plications without underestimating them. At the very least, the 
simplicity of CO will continue to lead to intriguing new avenues of 

research as we delve deeper into the intricacies of cellular processes. 
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