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ROS‑responsive nanoparticles 
for bioimaging and treating acute lung injury 
by releasing dexamethasone and improving 
alveolar macrophage homeostasis
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Abstract 

Background  Acute lung injury (ALI) triggers the activation of pulmonary macrophages, which in turn produce exces-
sive amounts of reactive oxygen species (ROS).

Results  We synthesized ROS-responsive red light-emitting carbon dots (RCMNs) that target lung macrophages, 
possess bioimaging capabilities, and efficiently eliminate intracellular ROS, thereby demonstrating anti-inflammatory 
effects for treating acute lung injury (ALI). In an LPS-induced ALI mouse model, RCMNs showed bioimaging and thera-
peutic potential, reducing lung damage and inflammation by targeting ROS-damaged tissue. RCMNs also improved 
alveolar macrophage activity, decreased inflammatory cytokines (TNF-α and IL-6), and enhanced survival in endotoxic 
shock, indicating their therapeutic potential for ALI. RNA-seq analysis revealed that RCMNs modulate signaling path-
ways related to calcium, TNF, and Toll-like receptors, highlighting their role in regulating inflammation and immune 
responses. Mechanistically, RCMNs alleviate inflammation in ALI by enhancing mitochondrial function in lung mac-
rophages, as evidenced by improved mitochondrial morphology and membrane potential.

Conclusions  This protective effect is mediated through the regulation of intracellular Ca2+ levels and mitochondrial 
respiratory chain complexes, suggesting RCMNs as a therapeutic strategy for mitochondrial dysfunction in ALI.
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Introduction
Acute lung injury (ALI) is a severe clinical syndrome 
characterized by pulmonary inflammation, edema, and 
disruption of the alveolar capillary barrier. This dis-
ease can lead to respiratory dysfunction, and may even 
lead to multiple organ dysfunction and death [1–5]. 
Although there has been some progress in research 
on acute lung injury in the past few decades, its spe-
cific pathogenesis has not been fully elucidated. Mac-
rophages, as the main immune cells in the lungs, play 
a crucial role in the pathogenesis of acute lung injury. 
Macrophages can not only eliminate pathogens and 
necrotic cells through phagocytosis, but also secrete 
various cytokines and inflammatory mediators, par-
ticipating in regulating lung inflammatory response 
[4, 6–9]. However, in the case of acute lung injury, the 
response of macrophages is often too strong, leading to 
uncontrolled inflammatory response and worsening of 
lung injury.

In recent years, an increasing number of studies have 
shown that mitochondrial dysfunction of macrophages 
plays a crucial role in acute lung injury. Mitochondria 

are important organelles within cells, responsible for 
generating energy, synthesizing key molecules, and 
regulating processes such as cell death. In acute lung 
injury, mitochondrial dysfunction of macrophages can 
lead to excessive production of reactive oxygen species 
(ROS). These ROS not only directly cause cell damage, 
but also trigger and amplify inflammatory responses, 
exacerbating lung injury [10–13].The mechanism of 
action of ROS in acute lung injury includes disruption 
of the alveolar capillary barrier, activation of inflam-
matory cells, and degradation of extracellular matrix. 
In addition, ROS can induce macrophage polarization 
towards a pro-inflammatory phenotype, further exacer-
bating the inflammatory response [14–16]. Therefore, 
ROS produced by mitochondrial dysfunction of mac-
rophages plays an important role in promoting acute 
lung injury. The development of multifunctional nano-
particles targeting macrophage mitochondria for ROS 
scavenging and anti-inflammatory therapy will be a 
promising strategy for treating ALI [17–19].

In this study, ROS responsive red light carbon dots 
TK-methylprednisolone nanoparticles (RCMNs) target-
ing macrophages were synthesized by adding NH2-TK 
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methylprednisolone to the carbon dots after EDC and 
NHS reactions, upon reaction, followed by DSPE-PEG-
YEQDPWGVKWWY treatment via ultrasound and 
liposome extruder. The responsiveness of coordination 
bonds, formed between drug molecules and red carbon 
dots, ensures limited drug leakage under normal physi-
ological conditions. However, within the high ROS level 
microenvironment of ALI, these bonds facilitate the 
rapid decomposition and release of drugs. To optimize 
targeting and prolong blood circulation, the nanopar-
ticles are encapsulated within liposomes and equipped 
with macrophage-targeting peptides. Following systemic 
administration in ALI models, RCMN nanoparticles are 
primarily attracted to alveolar macrophages, leading to 
the prompt release of methylprednisolone and red light 
carbon dots. The RCMN nanoparticles represent a novel 
platform for activating immune homeostatic patterns of 
anti-inflammatory responses, thereby paving the way for 
improved efficacy of combination therapies.

Materials and methods
Synthesis of RCMNs
ROS-responsive red fluorescent carbon dot-TK-
methylprednisolone nanoparticles (RCMNs) were 
successfully generated through a series of chemical 
reactions and purification steps. In brief, 30  mg of red 
fluorescent carbon dots were reacted with 1-Ethyl-3-
(3’-dimethylaminopropyl)-carbodiimide(EDC) and 
N-hydroxysuccinimide (NHS) for 3  h, followed by an 
overnight reaction with NH2-TK-methylprednisolone. 
Subsequently, the mixture was dialyzed using a 1KD dial-
ysis bag for 24 h to yield a pure product. Soybean phos-
phatidylcholine (SPC), cholesterol, DSPE-TK-PEG2K, 
and DSPE-PEG-YEQDPWGVKWWY were dissolved in 
3  mL of chloroform. The solution was then reduced in 
a vacuum and evaporated to form a membrane within 
a sample bottle. This membrane was then immersed in 
the previously prepared red fluorescent carbon dot-TK-
methylprednisolone complex and reconstituted with 
deionized water to a volume of 2 mL. To generate stable 
liposomes, the mixture was processed using ultrasound 
and a lipid extruder equipped with a polycarbonate 
membrane of 100  nm pore size. For further purifica-
tion, the liposomes were dialyzed using a nanofiltration 
device equipped with a polycarbonate membrane of 
30  nm pore size to remove any unencapsulated drug. 
Finally, the liposomes were reconstituted with deionized 
water to a volume of 10 mL. To maintain the stability of 
the liposomes, a cryoprotectant was added during the 
freeze-drying process. The preparation of red fluorescent 
carbon dot-TK-methylprednisolone liposomes offers a 
unique opportunity to investigate their biodistribution 
and pharmacokinetics in vivo. These liposomes are stable 

in suspension and can be easily administered intrave-
nously for further evaluation in ALI models.

Characterization of RCMNs
The comprehensive evaluation of the synthesized RCMN 
nanomaterials has been conducted, utilizing multi-
ple characterization methods. The morphology, par-
ticle size, and possible aggregation states of the RCMN 
were observed through transmission electron micros-
copy (TEM). The absorption spectra of the RCMN 
nanomaterials were accurately measured over specific 
wavelength ranges via ultraviolet–visible spectroscopy 
(UV–Vis). Through the analysis of these absorption spec-
tra, the chemical composition of the RCMN, along with 
the properties of specific chemical bonds or functional 
groups present, could be determined. Additionally, the 
emission spectra of the RCMN under specific wavelength 
excitation were detected using a fluorescence spectrome-
ter (FluoroMax-4). The particle size distribution, average 
particle size, and Zeta potential of the RCMN nano-
materials were measured via dynamic light scattering 
(DLS). To gain insight into the fluorescent behavior of the 
RCMN nanomaterials after interacting with cells, con-
focal laser scanning microscopy (CLSM) was employed 
for in-depth observations. To assess the imaging capa-
bilities of the RCMN nanomaterials in an ALI mouse 
model, small animal live imaging equipment was utilized 
for imaging detection. By observing the distribution and 
changes in fluorescent signals in the mice, the potential 
of the RCMNs as a bioimaging agent for detecting ROS 
could be evaluated, thus exploring its potential applica-
tion value in ALI models.

Experimental animal
Wild type C57BL/6 male mice aged 8–10 weeks (weigh-
ing 20-25  g) were purchased from the Experimental 
Animal Center of Chongqing Medical University. The 
mice were placed in a pathogen free environment with 
constant temperature (22 ± 2  ℃), constant humidity 
(50% ± 10%), and a 12 h light dark cycle, and given stand-
ard feed and drinking water. This research protocol has 
been approved by the Experimental Animal Management 
and Use Committee of Chongqing Medical University 
(Approval Number: IACUC-CQMU-2023-0289).

LPS induced ALI mouse model
6–8  weeks old C57BL/6 wild-type male were anesthe-
tized by intraperitoneal injection of 2% pentobarbital 
sodium and subjected to non-invasive nebulization of 
LPS (2  mg/kg) using a laryngoscope and a microtra-
cheal nebulizer. Immediately following administration, 
the mice’s heads were positioned upright to facilitate 
the entry of the medication into the lungs for 1 min. The 
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establishment of an acute lung injury model has been 
proven successful when moist rales appear in the lungs 
of mice. Four hours post-injury, 10ug/kg RCMNs were 
administered via the tail vein or abdominal cavity. Subse-
quently, drug distribution was monitored every 4 h using 
a small animal live imaging device. Twenty-four hours 
after the acute injury, the mice were euthanized by inha-
lation of excess carbon dioxide, and blood and bronchoal-
veolar lavage fluid (BALF) were collected for analysis. 
The concentrations of inflammatory factors, including 
IL-1, IL-6, and IL-10 were detected using enzyme-linked 
immunosorbent assay (ELISA). The proportion changes 
of alveolar macrophages (anti CD11c, anti Siglec F) and 
macrophages (anti F4/80, anti CD11b) were identified by 
flow cytometry.

Lung histopathology
Mouse lung tissue was meticulously collected and fixed 
with 4% formaldehyde to ensure the preservation of its 
structural integrity and cellular morphology. After fixa-
tion, the tissue underwent a series of dehydration steps 
using graded alcohol solutions to effectively remove 
water and prepare the sample for embedding. Subse-
quently, the tissue was embedded in paraffin wax, facili-
tating the production of thin and uniform sections. These 
paraffin-embedded sections were then precisely cut using 
a microtome and mounted onto glass slides for further 
analysis. For histological examination, the sections were 
first deparaffinized and rehydrated through a series of 
alcohol solutions with decreasing concentrations. The 
sections were stained with Hematoxylin and Eosin (H&E) 
to enhance visualization of cellular and tissue structures 
under a light microscope.

Analysis of mitochondrial function using mitotracker 
fluorescent probes
MitoTracker Green is specific green fluorescent probe 
that selectively targets mitochondria, incorporating a 
carbocyanine fluorochrome. Its staining mechanism is 
independent of the mitochondrial membrane potential, 
enabling it to provide a thorough and unbiased depic-
tion of the entire mitochondrial population within the 
cell. In contrast, MitoTracker Red accumulates within 
mitochondria in a manner that is contingent upon the 
membrane potential, functioning as a sensitive indica-
tor for monitoring mitochondrial membrane potential 
dynamics. This probe is particularly advantageous for 
detecting cellular apoptosis by capturing alterations in 
membrane potential. Furthermore, MitoTracker Red, a 
red fluorescent dye, also exhibits accumulation in mito-
chondria driven by membrane potential. Upon oxidation 
within respiratory-active mitochondria, it fluoresces, 
serving as a marker for functionally intact mitochondrial 

subpopulations. In this study, we utilize flow cytometry 
to isolate a subpopulation of cells displaying a Green + /
Red- staining profile. This staining pattern is indicative of 
compromised mitochondrial function, as evidenced by 
the absence of functional (Red-fluorescent) mitochondria 
despite the presence of the overall mitochondrial popu-
lation (Green-fluorescent). MH-S cells were incubated 
with 100 nM of MitoTracker Green (Beyotime, China) for 
30 min at 37 °C to quantify mitochondrial content. Sub-
sequently, cells were treated with 50 nM of MitoTracker 
Red (Beyotime, China) for another 30  min at 37  °C to 
assess mitochondrial membrane potential. After incuba-
tion, cells were rinsed with pre-warmed staining buffer 
and analyzed using flow cytometry. The appropriate exci-
tation and emission wavelengths for each fluorochrome 
were chosen in accordance with the manufacturer’s 
guidelines.

MH‑S cell treatment
MH-S mouse macrophages were procured from the Pro-
cell Life Science&Technology cell bank and were cul-
tured in RPMI-1640 medium enriched with 10% fetal 
bovine serum. These macrophages were then incubated 
in a 37 ℃, 5% CO2 incubator to facilitate their cultiva-
tion. After LPS stimulation (100  ng/mL) for 12  h, PBS, 
RCMNs, and dexamethasone were introduced for 
treatment.

ATP Measurement
Following the lysis of MH-S cells from various treatment 
groups, the resulting lysate was dispensed into white 
96-well plates at a volume of 100 μL per well, in accord-
ance with the established protocols. Subsequently, ATP 
levels were quantified using an ATP bioluminescent assay 
kit obtained from Beyotime Biotechnology (Shanghai, 
China), strictly following the manufacturer’s recom-
mended guidelines.

RNA‑Seq and bioinformatics analysis
After acquiring RNA-Seq data derived from MH-S 
macrophages stimulated with RCMNs (1  μg/mL) in the 
presence of LPS (100  ng/mL), a comprehensive bioin-
formatics analysis was conducted to decipher the tran-
scriptome profiles and pinpoint differentially expressed 
genes (DEGs). The raw bulk RNA-Seq data and pro-
cessed datasets generated for this study have been con-
currently deposited in the Gene Expression Omnibus 
(GEO) repository and can be accessed using the acces-
sion number GSE277635. Initially, the raw sequencing 
reads underwent meticulous quality control assessments 
utilizing tools such as FastQC, aimed at evaluating 
sequence quality metrics. These reads might have been 
subjected to preprocessing procedures, including 
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adapter trimming and filtering, to eliminate low-quality 
sequences. Subsequently, the refined reads were meticu-
lously aligned to a reference genome, typically leverag-
ing alignment algorithms like HISAT2. FeatureCounts 
was then employed to precisely quantify the abundance 
of reads mapped to each gene. Principal Component 
Analysis (PCA) was executed using the built-in R func-
tion prcomp` to reduce data dimensionality and visual-
ize disparities between groups. Differential expression 
analysis between treatment groups was conducted utiliz-
ing the DESeq2 R package (version 1.26.0). Genes exhib-
iting an adjusted P-value < 0.05 and an absolute Log2 
Fold Change exceeding 1 (|Log2FC|> 1) were deemed 
as differentially expressed. To gain deeper insights into 
the biological implications of the identified DEGs, path-
way analysis was conducted using the Cluster Profiler R 
package. The KEGG (Kyoto Encyclopedia of Genes and 
Genomes) pathway database served as a vital reference 
for annotating and categorizing genes into biologically 
relevant pathways. Amongst the DEGs, the ones with an 
adjusted P-value < 0.05 were further subjected to pathway 
analysis. The top significantly enriched pathways, based 
on statistical significance and pertinence to the experi-
mental setup, were carefully selected for presentation, 
providing valuable insights into the underlying biological 
mechanisms.

Mouse mitochondrial energy metabolism PCR array
Total RNA was extracted from the samples using Trizol 
reagent (Thermo, USA), and 1 μg of the extracted RNA 
was then subjected to mRNA reverse transcription using 
the HiScriptII One Step RT-PCR Kit (TAKARA, Beijing, 
China) to generate total cDNA. Following the manufac-
turer’s prescribed protocol, the gene expression profile 
was analyzed using mouse mitochondrial energy metabo-
lism PCR array (Wcgene Biotech, Shanghai, China). To 
ensure precision, β-actin (ACTB) and glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) were selected as 
endogenous controls. The cDNA was then used in quan-
titative PCR reactions, which were performed in 96-well 
plates using the TB Green Premix (TAKARA, Beijing, 
China) on the CFX 96 (Bio-Rad, USA) under the fol-
lowing conditions: 95  °C for 5  min, 40 cles of 95  °C for 
5 s, and 60 °C for 30 s. The mouse mitochondrial energy 
metabolism PCR array contains 90 genes and 4 endog-
enous reference genes. The quantitative expression levels 
were analyzed using the 2−ΔΔCt method.

Flow cytometry detection of Ca2+ and ROS levels
MH-S cells were seeded in a confocal microscopy culture 
dish and incubated overnight under appropriate condi-
tions to ensure cell fusion degree of 60%. This was fol-
lowed by stimulating the cells with LPS for 6 h to mimic 

the inflammatory environment of acute lung injury. To 
assess the intracellular calcium ion concentration and 
ROS levels, fluorescent probes Fluo-3/AM (1  μM) and 
DCFH2-DA (1  μM) were used. These probes bind spe-
cifically to their target molecules, allowing for the detec-
tion of intracellular calcium ion concentration and ROS 
levels, respectively. After incubating with the cells for a 
certain period of time, the fluorescent probes bound to 
their target molecules. The specific excitation wavelength 
was used to excite the fluorescent probes and detect the 
fluorescence intensity. The collected data were processed 
and analyzed using computer software to quantitatively 
analyze the changes in Ca2+ and ROS levels.

Statistical analysis
The data were meticulously analyzed using Prism 8.0 
(GraphPad, USA) software. When comparing two sets 
of data, the unpaired two-tailed Student’s t-test was 
employed. Prior to the t-test, a test for variance similar-
ity (F-test) was conducted to ensure that there were no 
significant differences in the variances of the two data-
sets, thereby fulfilling the prerequisite assumption of the 
t-test. In this study, p < 0.05 was considered to be statisti-
cally significant.

Results
Preparation and characterization of ROS responsive 
nanoparticles targeting acute lung injury
Previous research has established a strong associa-
tion between acute lung injury (ALI) and uncontrolled 
reactive oxygen species (ROS), which play a crucial 
role in lung damage. Consequently, scavenging ROS 
is regarded as a promising therapeutic approach for 
these conditions. In acute lung injury, the abnormal 
activation of macrophages with mitochondrial dys-
function is closely linked to ROS production and sig-
nificantly affects the progression of lung inflammation 
and injury [20]. In this study, we have carefully synthe-
sized ROS-responsive red fluorescent carbon dot-TK-
methylprednisolone nanoparticles (RCMNs) through 
a series of precisely controlled chemical reactions and 
rigorous purification steps, specifically tailored to tar-
get acute lung injury. The morphological features of 
RCMNs were characterized by transmission electron 
microscope (TEM, Fig. 1A), showing an average size of 
78 ± 5.2 nm which matched the hydrodynamic diameter 
of 83 ± 4.8  nm measured by dynamic light scattering 
(DLS, Fig.  1B). The absorption bands located at 2924 
and 3000 cm−1 correspond to the stretching vibrations 
of N–H and O–H, respectively (Fig.  1C). Meanwhile, 
the RCMNs particles exhibit a UV–Vis absorption 
wavelength of approximately 214  nm, as depicted in 
Figs. 1D. Furthermore, RCMNs demonstrated excellent 
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solubility and stability in water, phosphate buffered 
saline (PBS), and cell culture medium, maintaining their 
properties for up to one week. Additional fluorescence 
spectroscopy analysis further revealed that RCMNs 
possess a red fluorescence excitation wavelength of 
520 nm and an emission wavelength of 620 nm, exhib-
iting intense red fluorescence in all three solvents 
(Fig. 1E). To assess the drug release rate of RCMNs in 
response to ROS, cumulative release experiments were 
performed using varying concentrations of hydrogen 
peroxide (H2O2). As depicted in figure  1F, RCMNs 
remain largely inactive in the absence of 0  mM H2O2, 
releasing only approximately 17% of the drug over a 
50-h incubation period. Notably, the presence of ROS 
triggers a rapid release of drugs from the RCMNs. Spe-
cifically, in the presence of 0.1  mM H2O2, the release 
rate increases significantly to 70% over the same 50-h 
period (Fig.  1F). These results indicate that the syn-
thesized RCMNs can remain stable in the bloodstream 
to eliminate premature drug release, and can quickly 
expose loaded drugs targeting ROS and inflammation.

Bioimaging and therapeutic effects of RCMNs 
nanoparticles in LPS‑Induced ALI mouse model
To investigate the efficacy of RCMNs in scavenging 
ROS and treating acute lung injury, an LPS-Induced 
ALI mouse model was constructed. Following intraperi-
toneal injection, the RCMNs are efficiently absorbed 
into the bloodstream through the peritoneal membrane 
and the omental vessels. The fluorescent properties of 
the RCMNs facilitate their detection and visualization 
within tissues, providing insights into their biodistribu-
tion and targeting efficiency. When comparing the dis-
tribution of RCMNs nanoparticles in healthy mice versus 
those with ALI, it was noticed that these RCMNs were 
significantly more concentrated in the lungs of ALI mice 
(Fig. 2A). This suggests that the RCMNs have an inher-
ent ability to target sites of inflammation. To further 
investigate the pharmacokinetic behavior of RCMNs, 
their fluorescence was tracked in both healthy and ALI 
mice. Following injection, significant accumulation of 
RCMNs was observed in the liver and lungs. However, 
the rapid decrease in RCMN accumulation in healthy 

Fig. 1  Physical characterization of RCMNs. A The morphology of RCMNs was detected by TEM. B The hydrodynamic dimensions of RCMNs 
in different solutions were detected by DLS. C Detection of RCMNs using fourier transform infrared spectrometer. D UV spectra of RCMNs. 
E Fluorescence spectra of RCMNs and fluorescence detection of RCMNs in different solutions. F The cumulative release of RCMNs in H2O2 
with different concentrations
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mice indicated effective metabolism and clearance from 
the body. Importantly, higher accumulation of RCMNs 
was observed in the lungs of ALI mice compared to 
healthy mice (Fig. 2B), further demonstrating the ability 
of RCMNs to target ROS-damaged tissue. The therapeu-
tic potential of RCMNs was comprehensively evaluated 
in an LPS-induced acute lung injury (ALI) mouse model, 
utilizing a dose of 10  mg/kg. To facilitate robust data 
comparison, dexamethasone was employed as a posi-
tive control. Twenty-four hours after the LPS challenge, 
lung tissue was harvested and stained with hematoxy-
lin and eosin (H&E) to enable histological assessment 

of inflammatory cell infiltration. Notably, animals that 
received RCMNs exhibited significantly alleviated lung 
damage, evidenced by reduced inflammatory cell infil-
tration and thinning of the alveolar wall (Fig. 2C). These 
results suggest valuable insights into the potential of 
RCMNs as effective therapeutic agents for ALI.

Anti‑inflammatory properties of RCMNs in LPS‑induced ALI
Furthermore, we conducted a comprehensive evalua-
tion of the anti-inflammatory effects of RCMNs in LPS-
induced acute lung injury (ALI). Utilizing flow cytometry, 
the administration of RCMNs was found to significantly 

Fig. 2  Bioimaging and therapeutic effects of RCMNs in ALI mouse model. A The distribution of RCMNs was observed in vivo in both healthy 
and ALI mice following a 2 h injection, and statistics were collected on the intensity of red fluorescence in the mice. B The distribution of RCMNs 
in the primary organs of healthy and ALI mice was examined, along with a statistical analysis of the corresponding red fluorescence intensity. 
C The histological images depict H&E-stained lung sections, and the lung injury score was determined by evaluating five pathophysiological 
characteristics observed in these images. The scale bar represents 50 μm
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increase the percentage of alveolar macrophages (AMs) 
in bronchoalveolar lavage fluid (BALF), which play a cru-
cial role in maintaining tissue homeostasis and facilitating 

repair processes during ALI (Fig.  3A). Alveolar mac-
rophages (AMs) can facilitate lung tissue repair during 
ALI. They secrete growth factors and other molecules 

Fig. 3  Therapeutic effects of RCMNs in alleviating lung inflammation and injury in mice. A Flow cytometry analysis of bronchoalveolar lavage fluid 
(BALF) reveals the population of alveolar macrophages (CD11c+SiglecF+), identified by gating on CD45+SiglecF+CD11c+ cells. B The proportion 
of classical monocytes (CD45+CD11b+ Ly6Chi) in the blood was found to decrease following treatment with RCMNs (C) Flow cytometry analysis 
of blood neutrophils (CD45+CD11b+ Ly6G+) shows a decrease in neutrophil counts in ALI mice receiving RCMNs. D Survival curves demonstrate 
a significant improvement in the survival rate of mice challenged with a high dose of LPS (10 mg/kg) and subsequently treated with RCMNs 
compared to the PBS control group. E, F Quantification of interleukin-6 (IL-6) and tumor necrosis factor (TNF) levels in BAL fluid
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that promote the proliferation and migration of lung epi-
thelial cells, which is crucial for restoring the integrity 
of the alveolar barrier. Conversely, a notable decrease in 
the presence of inflammatory CD45+CD11b+ Ly6Chigh 
monocytes and CD45+CD11b+Ly6G+ neutrophils in the 
blood was observed following RCMN treatment (Fig. 3B, 
C). These findings are providing compelling evidence 
for the anti-inflammatory and tissue-protective proper-
ties of RCMNs in severe inflammatory lung disorders. 
To further validate these observations, the study also 
investigated the protective effects of RCMNs in a mice 
model of endotoxic shock. The administration of RCMNs 
led to a substantial improvement in the survival rate of 
mice exposed to a lethal dose of endotoxin (Fig. 3D). A 
key aspect of this study involved assessing the impact 
of RCMNs on biomarkers of acute inflammation, spe-
cifically tumor necrosis factor (TNF-α) and interleukin-6 
(IL-6). The results indicated that RCMNs significantly 
reduced the levels of TNF-α and IL-6 in the bronchoal-
veolar lavage fluid (BALF) of mice with LPS-induced ALI 
(Fig. 3E, F).This finding provides further evidence for the 
anti-inflammatory properties of RCMNs and suggests 
their potential therapeutic benefits in modulating the 
inflammatory response in ALI.

RCMNs alleviate inflammation by regulating the metabolic 
homeostasis of macrophage mitochondria
Macrophage mitochondria are critical regulators in 
acute lung injury (ALI), influencing energy metabolism, 
oxidative stress responses, inflammatory signaling, and 
cell death pathways. Dysfunctional mitochondria within 
these immune cells can exacerbate lung tissue damage 
and hinder repair processes. We investigated the effects 
of RCMNs on mitochondrial morphology and function 
in primary macrophages isolated from mouse lungs fol-
lowing LPS stimulation. Our results showed that RCMNs 
effectively alleviated mitochondrial ROS stress and 
reduced the proportion of dysfunctional mitochondria 
in these cells, as evidenced by MitoRed/Green Tracker 
staining (Fig. 4A, B). Furthermore, TEM analysis revealed 
ultrastructural changes in mitochondria from LPS-chal-
lenged mice lung tissue, including a reduced number of 
mitochondria with disorganized cristae and vacuolar for-
mations. However, in LPS-challenged mice treated with 
RCMNs, we observed an increase in mitochondrial num-
ber and improved mitochondrial morphology, along with 
enhanced mitochondrial membrane potential (Fig.  4C). 
These findings suggest that RCMNs alleviate mitochon-
drial ROS stress, reduce dysfunctional mitochondria, 
and improve mitochondrial morphology in primary mac-
rophages from mouse lungs with acute lung injury, indi-
cating their potential to mitigate lung tissue damage and 
promote repair processes.

Targeting specificity and ROS‑scavenging capabilities 
of RCMNs on lung macrophages in vitro
To further validate the possibility of RCMNs specifically 
targeting mitochondrial components of macrophages, 
MH-S cells, a mouse alveolar macrophage cell line, 
were first incubated with 10ug/ml of RCMNs. Confocal 
laser scanning microscopy (CLSM) demonstrated that 
the red fluorescent RCMNs were internalized and co-
localized with the mitochondria of MH-S cells labeled 
by Mito Tracker Green (Fig.  5A). As shown in Fig.  5B, 
the administration of RCMNs significantly reduced the 
apoptosis rate (AnV+/PI+) of MH-S cells induced by LPS. 
The application of RCMNs after LPS treatment allevi-
ated mitochondrial ROS stress as detected by Mito Sox 
Green (Fig. 5C). Mitochondrial dysfunction during LPS-
induced acute lung injury can lead to a decrease in ATP 
production, which is essential for cellular functions. This 
reduction in ATP may exacerbate cellular damage and 
inflammatory responses, highlighting the importance of 
mitochondrial integrity and ATP production in limiting 
the severity of LPS-induced lung injury. Furthermore, 
RCMNs promote ATP production and decrease the per-
centage of macrophages with dysfunctional mitochondria 
in LPS stimulated MH-S cells, as detected by MitoRed/
Green Tracker stacking (Fig.  5D, E). These data dem-
onstrate that RCMNs specifically target mitochondrial 
components of macrophages, reducing apoptosis, mito-
chondrial ROS stress, and dysfunction while promoting 
ATP production in LPS-induced acute lung injury in 
mouse alveolar macrophage cell line MH-S.

Identification of mitochondrial respiratory chain 
as anti‑inflammatory mechanism of RCMNs
To reveal the molecular biological mechanism of RCMNs 
in the treatment of acute lung injury, MH-S cells were 
stimulated by LPS and treated with RCMNs followed by 
RNA-seq transcriptome analysis. Principal Component 
Analysis (PCA) validates previous observations indicat-
ing that, in response to LPS-induced ALI, RCMNs sig-
nificantly alter their gene expression profile (Fig.  6A). 
Moreover, after 48 h of RCMNs treatment, there remains 
a notable difference between the ALI group and the 
RCMNs-treatment group, with the latter aligning closely 
with the control group (Fig.  6A). The differentially 
expressed genes (≥ twofold absolute change from sea 
level baseline, q < 0.05) in the control group, LPS group 
and LPS + RCMNs group were shown in the volcano 
plot (Fig. 6B). The heatmap showed the top 80 differen-
tially expressed genes in the control group, as well as in 
the LPS group and the LPS + RCMNs group (Fig.  6C). 
Functional enrichment analysis of the genes that exhib-
ited significant differential expression following RCMNs 
treatment revealed their primary involvement in several 
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key biological processes, including mitochondrial res-
piratory chain complex IV assembly, oxidative phospho-
rylation, and mitochondrial respiratory chain complex I 
assembly. These findings suggest that RCMNs exert their 
therapeutic effects by modulating the expression of genes 
critical to mitochondrial function and energy metabo-
lism. The Kyoto Encyclopedia of Genes and Genomes 

(KEGG) pathway analysis has revealed that RCMs pri-
marily exert their biological functions by modulating 
several key signaling pathways, including the Calcium 
signaling pathway, TNF signaling pathway, and Toll-
like receptor signaling pathway. These findings suggest 
that RCMs play a crucial role in regulating cellular pro-
cesses such as calcium homeostasis, inflammation, and 

Fig. 4  RCMNs effectively scavenge reactive oxygen species (ROS) in macrophages and improve mitochondrial function. A Flow cytometry analysis 
of mitochondria stained with Mito Tracker Red and Mito Tracker Green (Green+/Red−). B Quantification of mitochondrial ROS levels by staining 
with MitoSox and subsequent flow cytometry analysis revealed the effects of RCMNs on mitochondrial function. C Representative transmission 
electron micrographs (TEM) provided visual evidence of mitochondrial amount, morphology, and cristae structure, while the histogram quantified 
changes in mitochondrial size and number



Page 11 of 16Fan et al. Journal of Nanobiotechnology          (2024) 22:729 	

immune responses, which are essential for maintaining 
normal physiological functions and responding to vari-
ous environmental stimuli and pathological conditions 
(Fig. 6D). Further analysis of the co-expression network 
of differentially expressed genes has shown that CCL5, 
ISG15, CCR2, and CXCL2 play crucial roles in the anti-
inflammatory response mediated by RCMNs (Fig.  6E). 
These genes are differently expressed in response to 

RCMNs treatment and are closely interconnected within 
the gene network, suggesting that they work together to 
regulate inflammatory processes. CCL5 and CCR2 are 
involved in the recruitment and activation of immune 
cells, while ISG15 and CXCL2 have been implicated in 
the modulation of inflammatory signaling and the pro-
duction of inflammatory mediators. Gene Set Enrich-
ment Analysis (GSEA) results have also confirmed that 

Fig. 5  Targeting capability of RCMNs to pulmonary macrophages. A The co-localization of RCMNs and mitochondria in MH-S cells was examined 
through confocal microscopy, revealing that RCMNs emitted red fluorescence. Meanwhile, the nuclei were distinctly stained blue with Hochest, 
and the mitochondria appeared green due to staining with Mito Tracker green. The accompanying graph on the right depicts the fluorescence 
intensity, measured in arbitrary units (AU), on the y-axis, plotted against the distance in nanometers on the x-axis. B Detection of the effect 
of RCMNs on LPS-induced apoptosis in MH-S Cells using Annexin V/PI staining. C Quantitative effect of RCMNs on mitochondrial reactive oxygen 
species (ROS) levels in LPS treated MH-S cells by flow cytometry after MitoSox staining. D The effect of RCMNs on ATP levels in LPS treated MH-S 
cells. E Flow cytometric analysis of Mitochondria stained with Mito Tracker Red and Mito Tracker Green, focusing on the Green+/Red− population
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RCMNs primarily exert their effects in LPS-stimulated 
MH-S cells through the Toll-like receptor signaling path-
way, mitochondrial respiratory chain complex I assembly, 
and chemokine-mediated signaling pathway. These find-
ings suggest that RCMNs modulate immune responses, 
mitochondrial function, and chemotactic signaling to 
exert their therapeutic effects in inflamed cells (Fig. 6F). 
Together, these findings highlight the multifaceted mech-
anisms by which RCMNs may exert their protective 
effects in LPS-induced inflammation.

RCMNs improve LPS‑induced macrophage mitochondrial 
dysfunction by regulating intracellular Ca2+ levels
Mitochondria are crucial organelles in cells that are 
responsible for energy production, cellular metabo-
lism, and apoptosis. However, during acute lung injury 
(ALI), mitochondrial dysfunction can occur, leading to 

impaired cellular energetic, increased oxidative stress, 
and altered calcium homeostasis. Our above experi-
mental results demonstrate that, in the context of acute 
lung injury, the primary anti-inflammatory mecha-
nism of RCMNs is achieved by specifically targeting 
the mitochondria of pulmonary macrophages, thereby 
mitigating their dysfunctional state. To further validate 
these findings, PCR array for mitochondrial energy 
metabolism in mice was employed. Notably, the find-
ings revealed elevated expression of mitochondrial 
gene networks representing respiratory chain com-
plexes I, II, III, IV, and V in with LPS-stimulated MH-S 
cells treated with RCMNs (Fig. 7A–E). Abnormal Ca2+ 
levels can contribute to the development and severity 
of acute lung injury, as calcium ions play a crucial role 

Fig. 6  Identify the mechanism of RCMNs in improving ALI through RNA-seq transcriptome analysis. A Principal component analysis (PCA) 
of the control group, LPS group, and LPS + RCMNs group. B Global analysis of differentially expressed genes in Ctrl vs. LPS and LPS vs. LPS + RCMNs 
(C) The heatmap displays the top 80 differentially expressed genes across three study groups: control, LPS, and LPS + RCMNs. D Functional 
enrichment analysis of differential genes and KEGG pathway enrichment analysis. E Co-expression network of significantly differential genes 
after RCMNs treatment in ALI. F Significantly different gene enrichment analysis (GSEA) after treating ALI with RCMNs
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in cell signaling and maintaining lung epithelial integ-
rity. Conversely, acute lung injury can disrupt calcium 
homeostasis, leading to further calcium ion abnor-
malities that exacerbate lung damage. To investigate 
whether RCMNs can mediate abnormal Ca2+ levels 
in ALI, we treated MH-S cells with LPS and utilized a 
Ca2+-related probe fluo-4. Flow cytometry assays dem-
onstrated that the level of Ca2+ increased significantly 
in cells treated with LPS alone, whereas the presence 
of RCMNs suppressed this LPS-induced Ca2+ release, 
indicating their potential role in down-regulating intra-
cellular Ca2+ concentration (Fig. 7F). These results sug-
gest that RCMNs specifically target mitochondria in 
pulmonary macrophages to mitigate mitochondrial dys-
function during acute lung injury, leading to improved 
mitochondrial gene networks, respiratory chain com-
plexes expression, and normalized intracellular calcium 

levels, indicating a potential therapeutic approach to 
reducing lung damage.

Biocompatibility evaluation of RCMNs in vivo
Evaluating the biocompatibility of RCMNs in vivo 
involves assessing their interactions with living tissues 
and the potential for adverse biological responses. This 
evaluation typically includes studies on the distribution, 
clearance, and long-term effects of the RCMNs within 
the body. The in vivo toxicity of RCMNs was assessed at a 
dose of 10 mg kg−1, with results indicating minimal to no 
adverse effects on vital organs, including the heart, liver, 
intestine, lung, kidney and spleen as confirmed through 
hematoxylin and eosin (H&E) staining imaging(Fig. 8A). 
Blood routine results for mice in the PBS group, as well 
as those at 7 days and 30 days post-injection of RCMNs, 
were all within normal ranges (Fig. 8B). Levels of alanine 
transaminase (ALT), aspartate transaminase (AST), cre-
atinine (CREA), and blood urea nitrogen (BUN) were 

Fig. 7  RCMNs regulate mitochondrial respiratory chain genes and downregulate intracellular Ca2+levels. A–E Heatmap depicting qPCR-based 
detection of mitochondrial respiratory chain complex I, II, III, IV, and V associated gene expression in MH-S cells. F Flow cytometry determination 
of Ca2+ fluorescence intensity in MH-S cells
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measured to assess the potential impact of RCMNs on 
liver and kidney functions. The levels of ALT, AST, ALP, 
CREA, and BUN in mice at 7 and 30 days post-injection 
of RCMNs were comparable to those in the PBS group, 
indicating that RCMNs did not cause any damage to the 
kidneys or liver of the mice (Fig. 8C). Collectively, these 
findings suggest that RCMNs are both effective and safe 
for the treatment of acute lung injury (ALI).

Discussion
Acute Lung Injury (ALI) is a severe lung condition caused 
by various factors including infections, trauma, and inha-
lation of harmful substances, marked by lung inflam-
mation leading to impaired gas exchange and breathing 
difficulties [21–23]. Previous studies have demonstrated 
a strong correlation between ALI and unregulated Reac-
tive Oxygen Species (ROS). ROS are highly reactive 
molecules that can damage cells and tissues, leading to 
inflammation and tissue injury. Therefore, scavenging 
ROS has been identified as a promising therapeutic strat-
egy for treating ALI [24–27].

In this study, we aimed to develop a novel therapeutic 
strategy targeting ROS-mediated inflammation in ALI by 
synthesizing ROS-responsive red fluorescent carbon dot-
TK-methylprednisolone nanoparticles (RCMNs). Our 
findings demonstrate the potential of these nanoparti-
cles as an effective treatment for ALI due to their unique 
ability to specifically target and scavenge ROS in lung 
macrophages. One of the primary findings of this study 
is that RCMNs accumulate specifically in the lungs of 
ALI mice, as evidenced by in vivo imaging experiments. 
This observation suggests that RCMNs possess inherent 
targeting capabilities towards sites of inflammation and 
ROS-damaged tissue. The specific targeting of lung mac-
rophages, which are the primary immune cells involved 
in pathogenesis of ALI, further underscores the potential 
therapeutic benefit of RCMNs. Our results indicate that 
RCMNs effectively reduce lung damage and inflamma-
tion in ALI models. Histological assessment of lung tis-
sue from treated mice revealed reduced inflammatory 
cell infiltration and thinning of the alveolar wall, indicat-
ing alleviation of lung injury. This finding is supported by 

Fig. 8  Toxicity of RCMN in vivo. A H&E staining of heart, liver, intestine, lung, kidney and spleen after RCMNs treatment at 7 and 30 days.B 
Blood routine data were collected from the PBS injection group, serving as a control, as well as from mice that underwent RCMNs injection at 7 
and 30 days. C Analysis of serum biochemical indicators from PBS injection group (used as blank control) and mice receiving RCMNs injection 
at different time points
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the improved survival rate observed in endotoxic shock 
models, further demonstrating the protective effects of 
RCMNs.

Nanoparticles exhibit numerous advantages in elimi-
nating ROS during ALI. These particles efficiently scav-
enge excessive ROS, thereby reducing oxidative stress 
and inflammation within lung tissue [28–30]. Their 
diminutive size facilitates precise targeting to specific 
lung regions, thereby boosting treatment effectiveness. 
Nanoparticles can be tailored to respond to distinct bio-
logical signals, facilitating the controlled release of ROS- 
scavenging agents for targeted ALI therapy [31–33].

Mechanistically, RCMNs alleviate inflammation in 
ALI by targeting the dysfunctional mitochondria of 
macrophages. Dysfunctional mitochondria within 
these immune cells lead to excessive ROS production, 
which exacerbates lung tissue damage and inflamma-
tory responses. Our studies demonstrate that RCMNs 
alleviate mitochondrial ROS stress, reduce dysfunc-
tional mitochondria, and improve mitochondrial mor-
phology in primary macrophages isolated from mice 
with ALI. These effects were accompanied by improved 
mitochondrial membrane potential and ATP produc-
tion, indicating enhanced mitochondrial function. To 
gain further insights into the molecular mechanisms of 
RCMNs, we performed RNA-seq transcriptome analy-
sis of LPS-stimulated MH-S cells treated with RCMNs. 
Functional enrichment analysis revealed that RCMNs 
modulate genes critical to mitochondrial respiratory 
chain complex assembly, oxidative phosphorylation, and 
energy metabolism. This finding is consistent with the 
observed improvements in mitochondrial function and 
energy production in macrophages treated with RCMNs. 
Additionally, RCMNs were found to regulate key sign-
aling pathways involved in inflammation and immune 
responses, including the Calcium signaling pathway, 
TNF signaling pathway, and Toll-like receptor signal-
ing pathway.The suppression of LPS-induced calcium 
ion abnormalities by RCMNs is particularly noteworthy, 
as abnormal Ca2+ levels can contribute to the severity 
of ALI. In summary, we have developed a nanoparticle 
RCMNs for scavenging intracellular ROS and synergisti-
cally mitigating inflammation during the progression of 
ALI.

Conclusion
In summary, this study demonstrates the therapeutic 
potential of ROS-responsive RCMNs in the treatment 
of acute lung injury (ALI). By specifically targeting dys-
functional mitochondria in lung macrophages, RCMNs 
effectively scavenge reactive oxygen species (ROS), alle-
viate inflammation, and enhance mitochondrial function. 
The regulation of key signaling pathways and intracellular 

calcium levels by RCMNs further underscores their sig-
nificance in maintaining normal physiological functions 
in ALI. Overall, our findings suggest that RCMNs repre-
sent a promising therapeutic approach for ALI and war-
rant further investigation in clinical settings.
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